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Abstract

Optical satellite remote sensing is an ideal tool to monitor surface albedo over polar re-
gions, facilitating synoptic observations of expansive areas with a high temporal cover-
age, which would be unachievable through in situ field measurements. Sea ice does not
reflect solar radiation isotropically, therefore the knowledge of the bidirectional distribu-
tion function (BRDF) of sea ice is necessary to normalise the data obtained from different
sensor viewing angles, and derive surface albedo products. Satellite sensors are limited
by a discrete number of viewing angles and spectral bands, and rely on a priori knowledge
of the angular distribution of the reflected radiation above the sea ice. Few studies have
fully characterised the BRDF of bare sea ice, and the effects of anthropogenic and natural
impurities deposited from the atmosphere on the BRDF of sea ice are poorly understood.
This study investigates the effects of black carbon and mineral aerosol deposits on the
BRDF of sea ice for the calibration and validation of Earth Observation satellite products,
based on radiative-transfer modelling, laboratory experiments and field studies. Mod-
elling the impact of different mineral aerosol deposits on the surface albedo of snow and
sea ice shows that although mineral light-absorbing impurities significantly change the
radiation budget, the type of snow or sea ice has a larger effect than the type of mineral
aerosol deposited. The reflectance of a black carbon bearing surface layer of sea ice is
recorded in an artificial sea ice laboratory. The reflectance of the doped sea ice is com-
pared to radiative-transfer calculations performed by the TUV-snow radiative-transfer
code, in order to validate the model against realistic sea ice conditions. Calculations of
downwelling photosynthetically active radiation (PAR) throughout a layer of snow and
sea ice help provide an explanation for the observations of an early algae bloom under
sea ice in North-East Greenland. PlanarRad, a radiative-transfer model that calculates the
angular distribution of radiance, is used to investigate the response of the BRDF of sea
ice to varying physical properties. The results highlight the importance of surface rough-
ness, which cannot be considered independently from other parameters. The BRDF of sea
ice in response to increasing quantities of black carbon and mineral aerosol deposits in a
surface layer are measured in the sea ice laboratory. The results, used to validate Planar-
Rad, show that the mineral aerosol deposits have a larger effect on the quasi-lambertian
part of the hemisphere than on the typical forward scattering peak of the BRDF, however
the pattern of the BRDF over the hemisphere does not change. The angular reflectance of
bare young sea ice is measured for the first time in an outdoor artificial facility, providing
controlled sea ice conditions with natural illumination. Radiative-transfer calculations
provided further insight on the optical properties and impurity content of the sea ice.
The work presented here provides a better understanding of the BRDF of sea ice, and
the impact of atmospheric particulates deposited on the sea ice. Furthermore, the study
validates a radiative-transfer model that is of use to the remote sensing community for
more accurate satellite retrievals of sea ice.
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Chapter 1

Introduction

1.1 Background

Sea ice in the Arctic has been undergoing rapid changes over the last decades. Obser-
vations have shown a large decrease in the extent of the sea ice (e.g. Stroeve et al., 2007;
Kwok et al., 2009; Stroeve et al., 2012; Serreze et al., 2016), with record minima in 2007
and 2012 (Kirchmeier-Young et al., 2016), leading to the idea of an ice-free Arctic Ocean
in the close future (Wang and Overland, 2012). Associated with the loss in extent and
volume of sea ice, transitions from thick multi-year sea ice to a thinner sea ice cover pre-
dominantly composed of first year sea ice (e.g. Rigor and Wallace, 2004; Maslanik et al.,
2007; Nghiem et al., 2007) have been underlined. The changes occurring in the Arctic
have a significant impact on the global climate system, affecting atmospheric circulation
patterns in the northern hemisphere (e.g. Deser et al., 2010; Overland and Wang, 2010;
Vihma, 2014), and potentially leading to extreme weather events (Simmonds and Keay,
2009). Furthermore, the loss of sea ice is predicted to have important socioeconomic im-
pacts, with for example, new shipping route possibilities (Ho, 2010) and natural resource
availabilities leading to the question of the ecological consequences of the human use of
the Arctic (Post et al., 2013), as well as challenges faced by people living in the Arctic
(Meier et al., 2014).

Developments in remote sensing technology have allowed increasingly accurate re-
trievals of the properties of sea ice, which in turn have lead to a better understanding of
the processes occurring in polar regions. Indeed satellite observations of sea ice allow
data assimilation with a high spatial coverage, and the repeat coverage has allowed to
monitor trends in sea ice spanning over multiple decades (e.g. Cavalieri, 2003). Amongst
the sea ice parameters observed from spaceborne platforms including cloud coverage,
sea ice extent, surface temperature, and sea ice thickness, the surface albedo is of specific
importance, having been shown to provide a significant positive-feedback effect on the
climate (Curry et al., 1995). The high surface albedo of sea ice compared to open seawa-
ter is the principle driver of the radiative forcing in the Arctic, and is highly sensitive to
the variations in the physical properties of the sea ice. Indeed, reductions in the sea ice
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thickness, as well as changes in the type of sea ice, from multi-year to first-year, and en-
hanced melting of sea ice which leads to the formation of melt ponds, substantially lower
the surface albedo (Hanesiak et al., 2001; Serreze et al., 2007; Perovich and Polashenski,
2012), and therefore lead to increased solar radiation absorption that in turn amplifies
warming. The surface albedo of sea ice is also reduced by light-absorbing aerosols which
are deposited on the surface of the sea ice, and warm the surface by absorbing solar radi-
ation (Jacobson, 2004).

The light-absorbing particles typically found in the snow or sea ice in the Arctic orig-
inate from natural or anthropogenic sources, with the main contributions being black
carbon or soot particles (Hansen and Nazarenko, 2004), mineral particles (Zdanowicz et
al., 1998) and organic matter (Doherty et al., 2013). The black carbon particles, which are
considered to be the most absorbing of carbonaceous aerosols (Koch and Hansen, 2005a)
originate principally from the combustion of fossil fuels in industry, transport and resi-
dential sectors, as well as from open burning of biomass (Ramanathan et al., 2008; Bond
et al., 2013a). Mineral aerosol deposits principally originate from arid and semi-arid re-
gions, which are the most important source of mineral aerosols in the atmosphere (Gi-
noux et al., 2010), and high-latitude volcanic eruptions that frequently emit large quan-
tities of ash into the Arctic (e.g. Young et al., 2012). Whilst coarse particles quickly drop
out of the atmosphere, the smaller particles are prone to long-range transport, which may
be transported to the Arctic. The particles are deposited onto the surface of the snow or
sea ice either by direct deposition or by snow scavenging (Penner and Novakov, 1996).
Aerosol deposits in snow and sea ice have been shown to significantly reduce the albedo,
owing to the much larger absorption of the particles compared to ice in the ultraviolet and
visible wavelengths (Wiscombe and Warren, 1980a). The absorption of light by black car-
bon aerosol deposits is significantly higher than by mineral aerosols (Lamare et al., 2016),
however larger mass-ratios of mineral aerosol deposits are found in the Arctic due to
seasonal deposition events (ZDANOWICZ1998a). The effect of the light-absorbing par-
ticles are enhanced in polar regions, as the particles increase melting through the albedo
feedback effect (Doherty et al., 2010a).

Sea ice, as most natural surfaces, is not a lambertian scatterer, and therefore the albedo
cannot be retrieved by measuring the nadir reflectance. The algorithms used to calculate
surface albedo from satellite observations rely on the knowledge of the angular distri-
bution of reflectance to provide accurate measurements of the sea ice. However, most
satellite sensors are limited by the number of viewing angles and rely on semi-empirical
models to compute surface albedo. Advances in remote sensing have enabled the de-
velopment of remote sensing platforms that provide multi-angular measurements of the
surface of the Earth. However, in the case of sea ice, the rapidly changing intensities
in the forward scattering part of the hemisphere, cannot be accurately described by the
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discrete number of viewing angles provided by these instruments. Current albedo algo-
rithms rely on semi-empirical models, which in some cases use libraries of in-situ angular
measurements to extrapolate the measurements over the hemisphere (Lucht et al., 2000).
However, the radiative-transfer modelling used to generate albedo is based on a limited
number of field measurements which do not account for the variability of sea ice con-
ditions. Furthermore, field measurements are labour intensive and require multiple re-
peated measurements to account for varying sea ice conditions. The parameterisation of
the Bidirectional Reflectance Distribution Function (BRDF), which provides information
on the anisotropy of the radiation reflected for a surface is therefore essential to provide
improved remote sensing products of sea ice. To do so, the effects of the physical and
optical properties of sea ice on the BRDF of sea ice need to be characterised, and an as-
sessment of the impact of impurities in the sea ice on the angular reflectance of the sea
ice is necessary.

1.2 Research aims

The principal motivation behind the work presented here was to attempt to provide a
parameterisation of the BRDF of sea ice, which will improve the semi-empirical models
used to derive albedo products from multi-angular satellite data. A radiative-transfer
model calculating directional radiance and irradiance fluxes was tailored to perform
BRDF calculations for sea ice with varying physical and optical properties. The aim of
the radiative-transfer calculations was to understand the effects of the individual param-
eters on the angular distribution and intensity of the reflected radiation from the surface
of the sea ice. With the effects of the physical and optical properties of the sea ice con-
strained, the effects of anthropogenic and natural aerosol deposits on the BRDF of sea ice
was investigated. The effects of different mineral aerosol sources on the light-absorption
in snow and sea ice, and the effects of layering within the medium were not previously
characterised. Therefore, a modelling study was performed to assess the importance
of different mineral aerosol types on the radiative forcing of snow and sea ice, prior to
the calculations of BRDF. The radiative-transfer model used to calculate the BRDF of
sea ice was validated with empirical measurements of the bidirectional reflectance factor
(BRF) performed in an interior sea ice laboratory, as an approximation for BRDF. Fur-
thermore, the radiative-transfer calculation were compared to the measurements of the
hemispherical-directional reflectance factor (HDRF), with natural solar illumination in a
sea ice facility.

The work throughout the chapters was guided by three main scientific questions,
which will be discussed in the concluding chapter.
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• Which physical and optical parameters affect the BRDF of bare clean sea ice,and
what are the individual effects of the parameters?

• How do impurities, which are know to strongly impact the nadir reflectance of sea
ice, affect the anisotropy of sea ice?

• Can radiative-transfer modelling provide an accurate representation of the BRDF
of sea ice for varying physical and optical parameters, to provide the remote sens-
ing community with better inputs for satellite products, and can radiative-transfer
modelling replace in-situ measurements?

1.3 Outline of the thesis

The present work is divided into nine chapters. The present introduction sets the overall
background and defines the aims of the work presented in this thesis. The introduction
is complemented by the individual introductions of the chapters 3 to 8. In chapter 2, the
methods and instrumentation employed to collect and analyse the data used in this the-
sis are presented. Chapters 3 to 8 are presented as published peer-reviewed papers or
paper drafts in preparation for publication. Chapter 3 focusses on the impact of different
types of mineral aerosol deposits on the albedo of snow and sea ice, using the TUV-snow
radiative-transfer model. Chapter 4 validates the radiative-transfer model by comparing
the modelled reflectance of sea ice with measurements performed in the Royal Holloway
sea ice laboratory, and investigates the effects of black carbon aerosol deposits on the
reflectance of sea ice. Chapter 5 presents the first observations of an early onset of al-
gae bloom under sea ice covered in a thick layer of snow. Radiative-transfer calculations
provide an explanation on the amounts of light available for photosynthesis owing to a
metamorphosing snow pack. In chapter 6, an extensive characterisation of the BRDF of
sea ice is proposed for different types of sea ice with varying thicknesses as a function
of surface roughness, using the PlanarRad radiative-transfer model. The model is com-
pared to BRF measurements of sea ice acquired at the Royal Holloway sea ice laboratory
in chapter 7. Known amounts of black carbon and volcanic ash particles were placed in
a 5 cm surface layer of sea ice to investigate the angular dependance of impurities on the
BRF of sea ice, and the PlanarRad model was used to reproduce the measurements, pro-
viding information on the optical characteristics of the laboratory sea ice, characterising
the effects of impurities on the BRF of sea ice and validating the model. In chapter 8, the
first in-situ measurements of the HDRF of bare sea ice for natural illumination conditions
are presented. The measurements performed with afield goniometer at the University of
Manitoba sea ice facility were reproduced with the PlanarRad radiative-transfer model
to derive the optical properties of the sea ice, as well as the amount of black carbon de-
posits and algae present in the sea ice. A final discussion, recommendations for further
work, and the conclusions of the thesis are included in chapter 9. At the end of the thesis,
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the appendix presents further work that was carried out during the PhD project, where
the initial characterisation of a new autonomous radiometric calibration target was per-
formed in the Namib desert. The HDRF of the mineral desert surface was characterised
using the field goniometer presented in chapter 8.
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Chapter 2

Methods

In this chapter, the approaches used to produce the results discussed in chapters 3, 4,
5, 6, 7, and 8 are presented. Firstly, the experimental setup, instrumentation, testing,
data collection, and data processing at the artificial sea ice laboratory located at Royal
Holloway University of London (RHUL) are described. In a second step, the collection,
instrumental setup and testing, and the processing of the multi-angular reflectance of
the artificial sea ice at the Sea-ice Environmental Research Facility at the University of
Manitoba, Winnipeg is reported. The third section of the chapter discusses the radiative-
transfer models used to compute radiative fluxes in polar snow and sea ice, and explains
the modelling methods employed to fit the observational data

2.1 Laboratory sea ice

The experiments reported in chapters 4 and 7 were performed on artificial sea ice gen-
erated in a sea ice simulator, located on the campus of Royal Holloway University of
London. The facility and setup have been described by Marks (2014) (chapter 5), who
participated in the construction of the sea ice simulator and performed e-folding depth
and nadir reflectance measurements of sea ice doped with black carbon. A description of
the sea ice simulator is also found in Ball (2015) who performed initial BRF measurements
of clean sea ice. A short description of the facility and experimental setup are also present
in chapters 4 and 7 . In this section, an overview of the sea ice simulator is presented, and
the experimental setup which differs from the ones previously described (Marks, 2014;
Ball, 2015), is described.

2.1.1 Sea ice simulator description

The RHUL sea ice simulator consists of a seawater tank, placed in an environmental
chamber which allows control over the air temperature. A refrigerated international
shipping container was used to house the seawater tank and provide polar tempera-
tures during the experiments. A Daikin reefer with dimensions of 11.95 m (length) x 2.56
m (height) x 2.29 m (width) allowed the interior temperature to be controlled between
−25 ◦C and 25 ◦C. The interior panels of the container are made of stainless steel sheets,
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and an aluminium raised flooring grid allows a flow of air along the container. An air cir-
culation system transports cold air beneath the flooring grid and back along the ceiling of
the container, maintaining a constant flow of cold air in the reefer. The container is cooled
using a compression refrigeration system with refrigerant flowing across a condenser and
an evaporator. Episodically, the compressor system was automatically reversed to heat
the cooling circuit, in order to remove the ice build-up on the system. Owing to the high
levels of humidity in the container caused by the large body of water in the sea ice tank,
the defrosting cycle was frequent, therefore the container was unable to maintain stable
temperatures. Monitoring the air temperature inside the container highlighted the cycles:
during the freezing cycle, a temperature of −18 ◦C was maintained in the container for a
period of approximately seven hours, after which the room temperature rose rapidly to
−12 ◦C over a period of 1 hour. Furthermore, the heat generated by the tungsten-halogen
lamps (described in section 2.1.3) during the experiments caused an increase in ambient
temperatures, typically reaching −4 ◦C and a maximum of 0 ◦C.

The sea ice was formed in a white polyethylene cylindrical tank (132 cm in height,
and 139 cm in diameter). A diagram of the sea ice simulator setup is presented in figure
2.1. The tank is supported by an aluminium structure that provides structural stability. In
order to insulate the side walls and the bottom of the tank, and prevent the seawater from
freezing at the base or on the sides of the tank (see section 2.1.2.1), a layer of neoprene and
expanded foam is attached to the sides of the tank, between the tank and the supporting
structure. Furthermore, the tank is raised on a wooden pallet and polystyrene insulation
is placed between the tank and the floor, providing insulation to the base of the tank. The
tank, insulation and aluminium structure was housed in a plywood housing, painted
with black water-resistant paint. An aluminium frame with a black plywood ceiling was
placed above the tank during previous experiments (Ball, 2015). The vertical struts of the
frame were covered with matte black aluminium foil to eliminate reflections during the
BRF measurements. Furthermore, matte black rubberised curtains were attached to the
top of the frame on three sides of the tank, to prevent stray light from the stainless steel
walls and the operator’s clothing from affecting the measurements.
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FIGURE 2.1: Schematic diagram of the seawater tank in the sea ice simula-
tor, including the sterilisation and filtration system, and the heating circuit.

2.1.2 Creating artificial sea ice

The artificial sea ice was formed by subjecting the seawater in the tank to polar temper-
atures. In the following sections, the conditions necessary to form realistic sea ice are
discussed.

2.1.2.1 Sea water

A proxy for seawater was created by mixing Tropic Marin salt with fresh water. Tropic
Marin salt, designed for aquariums, is made of pharmaceutical pure salts and contains
70 trace elements found in natural seawater. The salt does not contain nitrates or phos-
phates, to limit algae growth. Atkinson and Bingman (1997) compared 8 types of artificial
seawater created with commercially available salts (including Tropic Marin) with natural
ocean seawater. The results showed that the major cations and anions were within ap-
proximately 10% of seawater.
The typical salinity of the upper layer of open seawater in the polar oceanic waters is
between 30.4 and 34.4 practical salinity units (PSU) (Weeks, 2010). Although the surface
layer salinity of the Arctic Ocean is not spatially homogeneous (Jones and Anderson,
1986), Aagaard et al. (1981) report a typical surface layer salinity of 32.5 PSU for the Arc-
tic Ocean. During the experiments described in chapters 4 and 7, the salinity of the water
was adjusted to 32 ±1 PSU. The sea ice tank (described in section 2.1.1) was filled with
approximately 2000 L of fresh tap water and Tropic Marin salt was added in known quan-
tities over the period of a few days to reach the desired salinity. Marks (2014) compared
solutions of Tropic Marin dissolved in ultra pure water (>18 mΩ)and tap water, showing
that the difference between the two were negligible. Therefore, tap water was used out
of convenience. An initial mass of 60 kg of Tropic Marin was added to the fresh water in
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the tank over the period of 48 h. The water was stirred using a plastic oar, and the salt
was left to dissolve over the period of 24 hours after each addition. The salinity was mea-
sured before each addition of salt using a Fisher Scientific seawater refractometer, which
has previously been shown to be as accurate as the more widely used conductivity probe
(Marks, 2014). Further smaller masses of salt were added until an average salinity of 32
PSU was achieved. Table 2.1 shows typical quantities of salt added to the water and the
resulting salinity measured.

TABLE 2.1: Mass of Tropic Marin salt added to the seawater in the sea ice
simulator tank, and the resulting salinity measured after dissolution.

Cumulative mass of Tropic Marin salt
added to the tank / kg

(Total = 78 kg)

Average salinity measured
after dissolution / PSU

30 16.33
60 28
67 29
72 29.66
78 32

In order to limit the development of algae and remove particulates in suspension in
the tank, the seawater was circulated through a sterilising and filtration system. The
circuit, shown in figure 2.2, was powered with a 120 HP magnet-driven Iwaki MD-40
centrifugal pump, circulating the water at a rate of 10 l min−1. A non-metallic magnet-
driven pump was selected to avoid corrosion by the seawater. The seawater was driven
through a UV sterilising lamp followed by a series of two 10 inch water filter housings
with 20 µm and 1µm spun polypropylene filters. The filters were replaced between each
experiment. The pump, UV steriliser, and the filters were located in an enclosed heated
cabinet, placed under an insulated foam and aluminium cover to avoid the water in the
tubing to freeze.

In order to fit the BRF of the artificial sea ice grown in the sea ice simulator with a
radiative-transfer model (see section 2.3), knowledge of the reflectance of the underlying
water and tank are required. The reflectance of the seawater tank was measured and
provided by A. Marks. The tank was filled with seawater, and reflectance measurements
were performed at nadir under diffuse illumination conditions. The diffuse illumina-
tion was achieved by using an array of fluorescent lighting tubes placed above the tank
in combination with white boards placed around the edges of the tank, as described by
Marks (2014). The measurements, shown in figure 2.3 were provided over the wave-
length range 300–800 nm.
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FIGURE 2.2: Sterilising and filtration system in a heated and insulated en-
closure. The black arrows in the image indicate the direction of flow of the

seawater.

FIGURE 2.3: Nadir reflectance of the seawater tank under diffuse illumina-
tion conditions. Data provided by A. Marks.
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2.1.2.2 Sea ice growth and thickness

The growth of the sea ice was initiated by setting the ambient temperature thermostat to
-18◦C in the sea ice simulator. As the air temperature dropped, frazil ice started develop-
ing on the surface of the seawater over a period of 48 h, forming a "skin" of dark nilas ice
on the surface. As the ice grew to approximately 5 cm in thickness, surface brine expul-
sion was observed. The surface of the ice appeared wet and brinicles developed across
the surface (figure 2.4 b). The features disappeared over the course of approximately 48
h. Furthermore, the brinicle events were only observed when the air circulation above
the ice was low and the features did not appear consistently during each experiment.
Over the three weeks following the formation of nilas, the thin elastic layer of sea ice
grew vertically downwards, reaching thicknesses of 25 to 35 cm. As the ice grew thicker,
becoming grey ice, then thin first year ice, a change in the appearance of the sea ice was
observable, with a whitening of the surface (figure 2.4 a). After an initial thin layer of
ice formed, two electric air circulation fans were used to blow air on the surface of the
ice, to remove heat by convection, facilitating heat transfer from the tank. The cold air
blown on the surface, lead to a quicker formation of the ice. However, the air circulation
contributed to forming surface roughness features, examples of which can be found in
figure 2.34.

To ensure a realistic growth sequence of the artificial sea ice, with ice forming from the
surface of the seawater, then growing vertically downwards, a heating system was placed
in the bottom of the seawater tank. A Cole-Parmer temperature-controlled recirculator
was connected to a closed circuit of pipes running (shown in figure 2.1 and 2.2) around
the bottom of the tank. A solution of 1:1 water and glycol was pumped around the sys-
tem with a flow rate of 5 l min−1 at +4◦C. The closed loop circulation, in conjunction with
the insulation around the tank (described in section 2.1.1) prevented the seawater from
freezing at the bottom or on the sides of the tank. Furthermore, to insure mixing of the
seawater below the ice and prevent temperature and salinity stratification, a circulation
system was placed at the bottom of the tank. The circulation of the seawater in the tank,
mimicking oceanic currents, was achieved by using the return flow from the sterilising
and filtration system described in section 2.1.2.1. Originally, a rotating flow of seawater
was observed in the tank because of the configuration of the circulation system, causing
an uneven sea ice growth. To avoid the formation of an eddy under the ice, a diffuser
head was attached to the output hose of the circulation system, spreading the flow of wa-
ter in three directions. After the diffuser was installed, the sea ice grew homogeneously
across the surface of the tank.

The thickness of the sea ice was monitored using a thermocouple array and confirmed
by regular drilling of the sea ice. A polypropylene tube with holes drilled every centime-
tre was placed vertically in the tank and held in place with an aluminium clamp. Type-T
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FIGURE 2.4: a) Time-lapse of the artificial sea ice growth over 18 days. The
number of days since the start of the ice growth period and the ice thick-
ness are indicated in each image. b) Left: example of a brinicle formation
on the sea ice 5 days after the start of the sea ice growth. Right: 2 days after

the appearance of the brinicles, the features disappeared.
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thermocouples were threaded through the holes at varying intervals and connected to a
switch box. In the work presented in chapter 7, 26 thermocouples were placed on the rod
with a spacing of 20×2 cm, 4×4 cm and 6×10 cm, the last thermocouple being at a height
of 16 cm from the bottom of the tank. The spacing was chosen to insure better resolution
in the upper part of the tank to monitor the ice growth, whilst providing temperature
information throughout the tank.The temperature profiles were recorded manually on
a regular basis, using a handheld thermocouple data-logger. The recorded temperature
profiles provided an estimate of the thickness of the artificial sea ice, and allowed to
monitor its growth. The ice / water interface depth was estimated from the temperature
profiles, from the discontinuity in the profile where the temperature became linear as a
function of depth. An example of the evolution of the temperature profile during an ex-
periment and the estimated thickness of the sea ice is shown in figure 2.5. The thickness
of the ice was also assessed by drilling boreholes within 10 cm of the edge of the tank and
marking the drill bit as it went through the ice. The main purpose of drilling holes in the
ice during the growth phase, was to avoid excessive hydrostatic pressure build up under
the ice, which leads to excessive brine rejection and may change the physical properties
of the ice. Drilling was performed approximately 10 cm from the edge of the tank (away
from the measurement area) with a 65 cm steel bit attached to a low-speed high-torque
electric drill. The excess water was collected in a plastic container and removed to avoid
disturbing the surface of the ice.

To investigate the effects of black carbon and mineral aerosol deposits on the BRF of
the laboratory grown sea ice, a 5 cm layer of doped sea ice was formed on the surface
of the existing artificial ice. At the start of each experiment, 75L of the artificial seawater
were drained into sterilised polypropylene containers using an outlet valve in the filtra-
tion system. The containers were sealed and placed in a dark storage unit during the
growth and measurements of the clean ice. After the BRF measurements of the clean ice
were performed, a known aqueous solution of black carbon or volcanic ash was poured
into the seawater containers. The provenance and properties of the particulates used, as
well as the procedures of the preparation of the solutions are described in section 2.1.5.
The laboratory goniometer was removed from the surface of the sea ice, and after being
cooled in the sea ice simulator to prevent melting of the sea ice, the 75 L of seawater
containing the impurities were poured onto the surface of the existing artificial sea ice.
The water on the surface of the ice froze over a period of approximately 48 hours. For
a period of approximately 5 days, brine rejection was observed on the surface of the ice,
forming a wet layer on the surface of the new ice. Contrarily to the clean ice layer, the
doped sea ice was not drilled to prevent impurities from being flushed out of the top
layer into the seawater. The measurements of the BRF of the sea ice with a surface layer
were performed approximately 7 days after the seawater was placed on the ice, after the
surface was visually similar to the previous layer. The list of experiments performed with
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a clean ice, followed by a poisoned layer is reported in chapter 7.

At the end of each experiment, an ice sample was collected using a 3 cm diameter
ice core auger operated using the drill described above. The ice core was photographed,
measured and cut into sections of 2 to 5 cm immediately after coring. The sections were
placed in sealed teflon pots and left to melt at room temperature. Once melted, the salin-
ity of the individual sections was recorded using the refractometer mentioned in section
2.1.2.1. Figure 2.6 shows a photograph of a typical core with a plot of the measured tem-
perature (using the thermocouples in the tank before coring) and salinity. The salinity
is plotted as a bar plot, where each bar represents the salinity of the section of the core.
The figure shows a steep gradient in temperature throughout the sea ice layer, and con-
stant temperature with depth in the underlying water. The sea ice was visually uniform
throughout the core, consisting of columnar ice, with the exception of the top layer (cor-
responding to the added layer) which consisted of granular sea ice. The salinity profile
of the ice forms a crude C shape, which is in agreement with the shape of in-situ salinity
observations of first-year sea ice in the literature (e.g. Weeks and Lee, 1962; Tucker III
et al., 1984). In the example shown here, the profile indicates a more saline subsurface
layer located between 2 and 6 cm deep. The layer with a higher salinity corresponds to
the surface layer containing impurities that was added in the second phase of the exper-
iment.
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FIGURE 2.5: Example of temperature profiles in the tank measured over
the course of 3 weeks. The thickness of ice is determined by the change in

slope, and represented in dotted lines in the figure.
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FIGURE 2.6: Typical ice core, salinity and temperature of the artificial sea
ice at the end of an experiment. The salinity is plotted in red and the tem-
perature in blue. Each vertical section of the salinity plot corresponds to

the temperature for the section of the core that was melted.
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2.1.3 Illumination

Laboratory BRF measurements require an artificial light source providing the incident
irradiance flux. An ideal illumination source generates uniform and stable illumination
across the measurement target (Sandmeier and Strahler, 2000), with the smallest possible
solid angle and a parallel beam (Schaepman-Strub et al., 2006). However, owing to the
weakly absorbing, highly scattering sea ice, the illumination was required over the largest
possible area to account for the contribution of scattered light to the viewing target from
the surrounding sea ice. In the following sections, the characteristics of the illumination
source used in the sea ice simulator are presented.

2.1.3.1 Light source

To perform the BRF measurements reported in chapter 7, the artificial sea ice was illumi-
nated using 9 tungsten-halogen floodlight lamps mounted as an array (figure 2.7). Each
lamp had an output of 400 W, producing 9500 lumen with a colour temperature of 3000
K. The floodlight housings were mounted on a plywood board attached to a tripod, cov-
ering an area of 550 mm x 485 mm. The lamps provided a sufficiently strong signal for
the detector in the electromagnetic spectrum region of 400 nm to 1000 nm.

FIGURE 2.7: Illumination source for the BRF measurements.
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2.1.3.2 Illumination angles and uncertainties

The moving tripod allowed the adjustment of the height and inclination of the plywood
board supporting the lamps, and therefore the adjustment of the illumination angle.
Throughout the BRF measurements, the illumination was set to a fixed zenith angle of
60◦. To ensure a consistent illumination angle of 60◦, the lamps were aligned using a
laser. The laser pointer was inserted in a mount at the base of the lamp array (shown in
figure 2.7), perpendicularly to the plane of the lamps. The lamp array was tilted forward
to an angle of 30◦, using a digital angle reader with a precision of ±0.1◦. The tripod was
adjusted in height and distance so that the centre of the array was at a distance of 155
cm from the centre of the measurement target on the ice, and the beam of the laser illu-
minated a target on a measuring rod placed across the sea ice tank. The position of the
target was calculated to take in account the offset between the centre of the lamps and
the laser pointer.

2.1.3.3 Lamp stability

The drift in the illumination intensity was monitored by measuring the nadir radiance of
a quasi-lossless lambertian panel. The lamps were turned on for 1 hour prior to the mea-
surements to allow the power supply to stabilise. The radiance of a Spectralon panel was
recorded over a period of 200 minutes using an Ocean Optics USB 2000+ spectrometer.
The change in radiance over 200 minutes, shown in figure 2.8 for 3 example wavelengths,
was less than 1.5% over the wavelength range 400 – 850 nm. The lamp stability was con-
sidered to be uniform over the duration of the measurements performed in the sea ice
simulator, and therefore not corrected for.

FIGURE 2.8: Change in the intensity of the illumination source output over
a period of 200 minutes at wavelengths 500 nm, 600 nm and 700 nm.
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The homogeneity of the illumination footprint was characterised to account for the
variations in the sampling area of the sensor as a function of zenith and azimuth angles
(described in section 2.1.4.2). Indeed, an uncollimated illumination beam and thus the
heterogeneity of the footprint are a source of error for BRF measurements, particularly
at high illumination zenith angles (Sandmeier et al., 1998). The irradiance homogene-
ity across the target surface was assessed by measuring the radiance from a Spectralon
panel across a grid using an Ocean Optics USB 2000+ spectrometer. The footprint of the
lamps was compared to the footprint using a series of collimating baffles. The experi-
ment was produced in collaboration with C. Ball, and the results were reported in Ball
(2015). Therefore, the characterisation will not be described in detail here. The test results
showed an asymmetry of the illumination in the principal plane for the uncollimated
lights. The direction of the inhomogeneity can be explained by the large illumination
solid angle: owing to the non-parallelism of the beam, the surface closer to the lamps
is more intensely illuminated. However, the addition of collimating baffles did not cor-
rect for the asymmetry, creating additional asymmetry in illumination in the orthogonal
plane. Ball (2015) proposed a correction factor accounting for the non-uniformity of the
illumination footprint. The theoretical footprint for five viewing zenith angles, over a
viewing azimuth angle range of 360◦ was divided into a 400× 400 pixel grid. The sum of
the intensity of the lamp footprint for each pixel was normalised by the sum of the pixels
of the viewing footprint at nadir, yielding a correction factor. Nevertheless, the correc-
tion factor provided by Ball (2015) was not applied to the measurements performed in
chapter 7. Firstly, the correction factors were not provided for viewing zenith angle over
60◦, owing to the characterisation area of the footprint being too small. Measurements
of the BRF of the artificial sea ice (chapter 7) show a strong forward scattering maximum
located close to the illumination zenith angle, in the forward part of the principal plane.
Therefore, the area of interest on the hemisphere is located at high viewing zenith angles.
Providing a correction factor for lower zenith angles only may lead to a misinterpreta-
tion of the intensity of the forward scattering maxima. Secondly, small changes in the
setup and the alignment of the lamps to the sea ice surface may change the position of
the lamp footprint on the surface of the sea ice, introducing significant errors in the cor-
rection factor. Furthermore, the pixel values within each viewing footprint area were
interpolated over a 10 × 10 cm grid assuming a spatial linearity on the x and y axis of
the illumination distribution, which was considered here too coarse to capture small spa-
tial scale variations. Because the illumination footprint was quasi-symmetrical on each
side of the centre of the viewing target in the principal plane, the changes in illumination
over the viewing footprint may be partly nullified. However, the characterisation of the
illumination inhomogeneities suggested uncertainties of up to 7%.
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2.1.4 BRF measurements of artificial sea ice

The BRF of the artificial sea ice at the sea ice simulator in RHUL was acquired using a
laboratory goniometer. A description of the instrument and the measurement procedures
is found in the following sections.

2.1.4.1 Instrument design and setup

The laboratory goniometer, shown in figure 2.9 was designed and built at RHUL specif-
ically for BRF measurements of the artificial sea ice in the sea ice simulator. The instru-
ment consists of a steel base ring measuring 77 cm in diameter, supported by 8 steel bolts,
that control the height of the base ring. The bolts are attached to polytetrafluoroethylene
(PTFE) disks to limit the disruption of the surface of the ice and spread the load of the in-
strument. A black anodised circular sheet of aluminium was placed on the inside of the
base ring during measurements to limit stray light reflections perturbing the sampling
area. A carriage, clamped to the base ring with steel wheels supports the arm of the in-
strument. The carriage travels along the base ring and has a range of 360◦. The azimuth
angle of the carriage on the base ring is determined by using a digital angle reader with
a precision of ±0.1◦ connected to the base ring with low friction gears. The angle of the
carriage is measured relative to the forward principal plane by calculating the distance
travelled along the ring. A pivoting arm is connected to the carriage and adjusted using
a clamping lever. The arm is made of two square aluminium pieces of tubing forming
an L shape. A diagonal supporting strut provides structural rigidity and stops the arm
from flexing at high viewing zenith angles. The aluminium tubing is covered in matte
black rubber to limit stray light reflections. The arm can be pivoted 180◦, providing a
sensor viewing zenith angle range 0◦ – 90◦. The zenith angle is measured using a digital
angle reader with an accuracy of ±0.1◦ mounted on a holder on the upright section of
the arm. A signal collector is connected to the arm using an optics slip ring connected
to an aluminium optical breadboard that is bolted to the end of the horizontal section of
the arm. The position of the signal collector is adjustable, allowing the signal collector
to be placed above the centre of the base ring. The alignment methodology is presented
in section 2.1.4.2. The signal collector, placed at a height of 48 cm from the surface, con-
sists of an 8◦ field of view lens, connected to a spectroradiometer with a fibre optic. The
combination of the height and field of view were chosen as a compromise. On the one
hand, the smallest field of view possible was required to approximate an infinitely small
viewing solid angle and to keep the viewing footprint within the goniometer’s base ring
at high viewing zenith angles. On the other hand, a wide field of view was required to
provide sufficient light to the spectroradiometer and ensure that the sampling area was
larger than the roughness features observed. With the setup described above, the foot-
print at nadir was circular, with a diameter of 6.71 cm. At larger viewing zenith angles,
the viewing footprint was larger and elliptical, with a field of view reaching a major axis
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of 34.55 cm for a viewing zenith angle of 75◦, taking in account the bias owing to the
offset of 3 cm of the goniometer’s arm pivot point from the surface of the ice.

FIGURE 2.9: Goniometer setup for BRF measurements.

Over the course of the experiments, two different spectroradiometers were used with
the laboratory goniometer. An Ocean Optics USB2000+ spectrometer was used for the
experiments with black carbon, and an ASD FieldSpec pro was used during the experi-
ments with the volcanic ash. The ASD spectroradiometer was obtained through a Nat-
ural Environment Research Council (NERC) Field Spectroscopy Facility (FSF) loan. The
Ocean Optics spectrometer is an Ultra-Violet to Visible (UV-VIS) spectrometer that oper-
ates over a wavelength range 300–875 nm. The detector consists of a 2048 pixel silicon
CCD array with an optical full width at half maximum (FWHM) optical resolution of 0.1
nm and a sampling resolution of 0.3 nm. The signal-to-noise ratio of the instrument of
the instrument for a full signal is 250:1. The spectrometer was attached to the arm of the
goniometer, and measurements were taken using the Ocean Optics SpectraSuite software
on a Panasonic Toughbook ruggedised laptop. The ASD FieldSpec pro spectroradiometer
covers a wavelength range of 400–2500 nm using three detectors. A 512 element silicon
photodiode array is used between 350 nm and 1050 nm, and two separate thermoelec-
trically cooled, near-infrared indium gallium arsenide photodiododes measure incoming
radiation between 900 nm and 1850 nm and between 1700 and 2500 nm respectively. The
ASD has a FWHM resolution of 3 nm at 700 nm, 10 nm at 1400 nm and 12 nm at 2100 nm,
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and a sampling resolution of 1 nm in the visible range and 2 nm in the near-infrared. The
signal to noise ratio of the ASD is larger than the Ocean Optics spectrometer, with ratios
of approximately 10000:1 at 600 nm, 1000:1 at 1500 nm and 350:1 at 2200 nm. The 8◦ field
of view optic of the ASD was connected to the optical breadboard on the goniometer’s
arm and placed in the same position as the signal collector used with the Ocean Optics
spectrometer. The ASD has been shown to stop operating at temperatures below −10 ◦C

(Greenwell et al., 2015). As a consequence, the instrument was placed in an insulated
polystyrene container. Measurements were recorded using the RS3 software on a Dell
laptop.

The measurements of the radiance of the artificial sea ice were normalised using a
white reference Labsphere Spectralon panel. As defined in chapter 7, BRF requires the
angular measurement of radiance to be ratioed by the radiance of a lossless lambertian
reflector. Spectralon, made from pressed PTFE spheres, offers quasi-lossless and near-
lambertian properties. A 20×20 cm panel was placed on a horizontal perspex frame with
three adjustable legs and a circular bullseye spirit level. The adjustable feet minimised
the disruption of the sea ice surface and allowed the spectralon panel to be levelled, lim-
iting the errors owing to the anisotropy of Spectralon (Sandmeier et al., 1998; Sandmeier
and Strahler, 2000; Peddle et al., 2001). To correct the deviation from a lossless reflector,
the Spectralon panel was calibrated by Ball (2015) at the National Physical Laboratory,
Teddington, UK. The suggested broadband correction factor of 0.97 for an illumination
zenith angle of 60◦ was applied to the BRF equations in chapter 7. During the measure-
ments, the radiance of the panel at nadir was acquired immediately before or after each
angular radiance measurement of the sea ice. Ideally, the panel measurements should
have been performed at the same viewing angles as the ice measurements. However,
a panel with minimum dimensions of 50 × 50 cm would have been required to include
the viewing footprint at high viewing zenith angles, and a full characterisation of the
BDRF response of the panel, which is not feasible (Sandmeier et al., 1998) would have
been necessitated. Further uncertainties would have also been introduced owing to the
heterogeneity of the illumination (further from the centre of the illumination footprint).
Owing to the intensity of each point on a Lambertian surface being reflected in a cosine
response, and the surface being sampled by the signal collector proportionally to the re-
ciprocal of the cosine of the viewing zenith angle, the radiance of the Spectralon panel
was considered to be independent of the viewing angle. Therefore, nadir measurements
of the Spectralon panel was used to normalise measurements for all viewing zenith an-
gles. Moreover, the approach of normalising the measurements with a nadir viewing
angle of the Spectralon panel has been widely followed for field angular measurements
(e.g. Peltoniemi et al., 2005; Schopfer et al., 2007; Ball et al., 2015).
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2.1.4.2 Measurement procedure

To ensure a good repeatability of the measurements, a standard protocol for setting up
the experiments was developed. The different steps are listed below.

• Goniometer

– Perform the geometrical calibration of the signal collector holder.

– Place the goniometer on the ice and align the goniometer to the reference
points.

– Level the goniometer’s base ring, whilst maintaining it as close as possible to
the surface.

– Verify that the alignment of the signal collector holder is correct.

– Install the instruments (digital inclinometers, spectrometer, computer) and
turn the instruments on for warm-up (minimum 1 hour).

The geometrical calibration and alignment of the signal collector holder was per-
formed by using a laser pointer. The laser pointer was inserted in the signal collector
holder. As the carriage was rotated around the ring, the position of the laser spot was
traced on millimetre graph paper placed on the sampling surface, every 30◦ in azimuth.
The tilt of the signal collector was adjusted until the spot deviation was within a circle
with a diameter of 0.5 cm. The adjustments were carried out at nadir and at a viewing
zenith angle of 45◦. Once the goniometer was placed on the surface of the ice, the laser
pointer was replaced with the signal collector. To ensure that the alignment was valid
for the signal collector, the laser beam was shone reversely into the fibre optic cable con-
nected to the signal collector and the laser footprint projected on the ice was recorded on
millimetre paper. Figure 2.10 shows a digitalised example of the variation in the nadir
footprint of the signal collector. The grey area represents the deviation in the centre of
the footprints. Although the laser dot alignment was within 0.5 cm, the signal collector
deviation was within a circle with a diameter of 1.8 cm. The extent of the footprint for a
viewing zenith angle of 75◦ is also shown for comparison.

The goniometer base ring was aligned to reference marks on the sea ice tank. The
centre of the base ring was placed as close as possible to the centre of the tank, whilst en-
abling the goniometer carriage and arm to be unobstructed by tank structures. However,
the range of measurements over the hemisphere was restricted by the thermocouple rod.
Therefore, the instrument was not able to perform BRF acquisitions between azimuth an-
gles of 225◦ and 270◦ (with an illumination azimuth angle of 180◦).The levelling of the
base ring was achieved using a digital angle reader, placed on a rigid plastic support.
The support was placed across the base ring of the goniometer and the height of the feet
was adjusted until the base ring was within 0.1◦ of 0◦ (horizontal). The height of the ring
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above the surface of the ice was kept as small as possible to minimise the offset of the
pivot point of the goniometer’s arm and reduce shadowing from the ring.

FIGURE 2.10: Digitalised outlines of the footprint of the signal collector
traced on millimetre graph paper for different viewing azimuth angles.
The viewing footprint of the signal collector at a azimuth angle of 90◦ and
a zenith angle of 75◦ is also shown. The grey spot represents the maximum

deviation of the centres of the nadir footprints over 360◦ in azimuth.

• Illumination

– Position the lamps connected to the tripod on a designated platform on the
side of the sea ice tank.

– Adjust the inclination of the light board using a digital inclinometer to an angle
of 30◦ to the horizontal, to obtain an illumination zenith angle of 60◦.

– Adjust the position of the tripod so that the centre lamp is at a distance of 155
cm from the centre of the goniometer.

– Align the laser pointer on the predetermined target on the measuring rod by
adjusting the height and position of the tripod.

– Place a shield between the lamps and the ice to limit melting of the sea ice, and
turn the lamps on for warm-up (minimum 1 hour).

After the instruments and lamps were setup and stabilised, measurements of the BRF
were performed over a discrete number of angles across the hemisphere. For the initial
tests, the sampling was done in fixed steps in azimuth and zenith angles (figure 2.11 a).
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Preliminary results of the angular distribution of the reflectance of the artificial sea ice
highlighted a strong forward scattering peak centred across the forward principal plane
and around the illumination zenith angle. The sampling distribution was modified (fig-
ure 2.11 b), with a higher sampling resolution in the forward direction to capture the
rapid change of intensity. The number of sampling points varied between the exper-
iments, with an average of 75 points for each BRF acquisition. The number of points
was chosen to provide a sufficient coverage of the hemisphere whilst limiting the du-
ration of the experiment. The acquisition time for the 75 points was approximately 4
hours. The measurements were performed in a sequential manner across the viewing
zenith angles for each azimuth angle. However, the order of the measurements across
the viewing azimuth angles was randomised. Regular nadir measurements of the sea ice
were made during the experiment, to monitor changes to the sea ice surface and assess
the reproducibility of the measurements. The goniometer was manually operated. The
measurements sequence was as follows:

• Rotate the goniometer’s arm to achieve a viewing zenith angle of 0◦ (nadir).

• Normalise with the Spectralon panel at nadir. The panel is placed in the centre of
the goniometer’s base ring making sure the panel is level.

• Remove the Spectralon panel, rotate the goniometer to the desired azimuth and
zenith angle and acquire a measurement of the ice.

During the measurements, particular care was taken to shield the operators behind
the optical curtains described in section 2.1.1 to prevent errors caused by the reflection
of diffuse light from the operator’s clothing, that can significantly impact radiometric
measurements (Kimes, D S et al., 1983).

A total of six experiments were performed at the sea ice simulator, after the testing
phase was completed. The results of the experiments are reported in chapter 7. Each
experiment was broken down into 6 phases: (1) the preparation of the seawater, (2) the
growth of a layer of clean sea ice, (3) the BRF measurements of the clean sea ice surface, (4)
the growth of an additional overlying layer of poisoned sea ice, (5) the BRF measurements
of the poisoned sea ice, and (6) the melting of the sea ice and the filtering / cleaning of
the seawater tank. Each experiment lasted a period of approximately 2 months.
The six experiments were in turn divided into two stages. The first three experiments
were performed using black carbon particles as impurities in the poisoned layer. In the
second stage, the black carbon was replaced with varying mass-ratios of volcanic ash
particles from the Eyjafjallajökull volcano. Table 2.2 reports the different mass-ratios of
impurities placed in the sea ice, and the thickness derived from the temperature profiles
at the time of the measurements.
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FIGURE 2.11: Polar plots of the distribution of the measurement points
across the hemisphere. a) Original sampling distribution. b) Adjusted
sampling distribution after initial tests. The red circles indicate the illu-

mination zenith angle (60◦).

TABLE 2.2: Summary of the experiments performed in the sea ice simula-
tor at RHUL.

Experiment number
Type of impurity added to
the upper layer of sea ice

Mass-ratio of the impurities in
the top layer / ng g−1

Thickness of the sea ice
(Clean run/ Poisoned run) / cm

1 Black carbon 68.6 33.5 / 36
2 Black carbon 34.3 40 / 44
3 Black carbon 205.9 28 / 33
4 Volcanic ash 550 27.5 / 32
5 Volcanic ash 2202.6 35 / 46
6 Volcanic ash 5506.6 36 / 43.5

2.1.4.3 BRF calculations

Based on the definition of BRF found in chapter 7, the following procedure was used
to calculate the values of the BRF of the artificial sea ice. The differences between the
two spectrometer systems, meant that the procedure was adapted for each instrument.
When processing the data collected with the Ocean Optics spectrometer, the raw radiance
measurements of the surface of the ice and of the Spectralon panel were corrected for the
baseline noise, by subtracting the dark spectrum for each integration time from the raw
measurements. All measurements were divided by the integration time, which was set
manually for each measurement to obtain the highest signal-to-noise ratio possible. The
radiance of the ice was then divided by the radiance of the Spectralon panel, to which the
correction factor described in section 2.1.4.1 was applied. The BRF of the laboratory sea
ice was therefore expressed as:

BRFλ(θr, φr) =

Lrawλ (θr,φr,IT )−Dλ(IT )
IT

Lid
λ
(IT )−Dλ(IT )

IT Cf

, (2.1)
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with Lrawλ the raw surface radiance of the sea ice at the viewing zenith angle θr and
the viewing azimuth angle φr for a wavelength λ, Lidλ the raw radiance of the Spec-
tralon panel, Dλ the dark spectrum at the integration time IT , and Cf the wavelength-
independent Spectralon correction factor of 0.88.
The BRF values were derived differently for the ASD, which allowed a quicker and sim-
plified acquisition of data points compared to the Ocean Optics spectrometer. The base-
line noise was corrected in the acquisition software quasi-simultaneously to the radiance
measurements, and the output files were corrected for the integration time (automati-
cally set by the instrument). Therefore, the radiance of the ice directly output from the
instrument was divided by the corrected Spectralon panel radiance.
The values of BRF across the hemisphere were visually represented using circular plots
based on a polar coordinate system. The circumference of the polar plot represents the
viewing azimuth angle relative to the forward principal plane increasing clockwise. In
the work presented here, the illumination azimuth angle is fixed at 180◦ on the plots
(oriented left), meaning that 0◦ represents the viewing point directly opposite the illu-
mination source. The increasing radii of the plot represents the viewing zenith angles
and ranges from 0◦ (nadir) to 80◦. To represent the complete hemisphere from a discrete
number of measurements, the BRF values were interpolated between measurements. The
interpolation was based on a triangulation natural neighbour method (Sibson et al., 1981).

2.1.5 Laboratory preparation of the impurities

The effect of two types of impurities of the BRF of sea ice were investigated in the RHUL
sea ice simulator. Black carbon was used to simulate black carbon aerosol deposits that
have been observed in naturally occurring sea ice (e.g. Koch and Hansen, 2005b; Doherty
et al., 2010b; Bond et al., 2013b). Volcanic ash from the Eyjafjallajökull volcano, was
used as a proxy for mineral aerosol deposits found in sea ice (e.g. VanCuren et al., 2012;
Zdanowicz et al., 2016). The black carbon and volcanic ash samples were made into
aqueous solutions that were placed in a known amount of seawater, that was frozen
into a layer of sea ice over an existing clean sea ice layer. The solutions prepared in
the chemistry laboratory of the RHUL Earth Sciences department are described in the
following sections.

2.1.5.1 Black carbon

To recreate black carbon impurities that are representative of the black carbon atmo-
spheric deposits found in snow or sea ice, the method described by Clarke (1982) was
adapted. A commercial sample of Cabot Monarch 120 Carbon Black was used. Monarch
120 is oxidised carbon black that comes in an insoluble black power form with a density
of 1.7–1.9 g cm−3. Firstly, 1 g of the carbon black was added to a solution of 1000 ml of
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a 1:4 ratio of pure water and isopropyl alcohol. The isopropyl alcohol was added to fa-
cilitate the dispersal of the black carbon in the suspension. The solution was placed in a
Decon FS200b ultrasonic bath at a temperature of 50 ◦C for 4 hours, to disperse the black
carbon particles homogeneously in the solution. Following the sonication of the sam-
ple, the black carbon solution was filtered to obtain particle sizes that are representative
of atmospheric transported black carbon. Atmospheric black carbon particle diameters
range from 0.1 to 1 µm (Gottschalk, 2016). Clarke (1982) showed that filtering a solution
of Cabot Monarch 71 Carbon Black throught 2 µm Nuclepore filters followed by 0.8 µm

filters yielded a size distribution similar to atmospheric soot. Following the method of
Clarke (1982), the black carbon solution was vacuum filtered through a 2 µm Whatman
Nuclepore track-etched polycarbonate membrane in aliquots of 100 ml to prevent the fil-
ter from clogging (figure 2.14 a). The filtered solution was then filtered a second time,
using a Nuclepore 0.8 µm filter. Known quantities of the filtered solution were added to
the 75 L of seawater to generate a black carbon poisoned layer of sea ice.
The mass-ratio of black carbon in the solution was determined by performing a gravi-
metric analysis, thus allowing the calculation of the mass-ratio of black carbon in the sea
ice. Three 50 ml glass beakers were cleaned and placed in an oven at 90 ◦C for 24 hours,
to remove residual water. After cooling, the mass of each beaker was measured using a
microbalance. After having been weighted, the beakers were placed in the 90 ◦C oven,
and 50 ml aliquots of the black carbon solution were added every 24 hours to be evap-
orated. A total of 400 ml of solution was evaporated from each beaker. The mass of the
beakers containing the precipitates was measured using the microbalance, allowing the
mass-ratio of black carbon in the solution to be determined. The mass-ratio of the black
carbon in the solution used in chapter 7 was 6.36 ± 0.22 µg ml−1 (± 1 σ).

2.1.5.2 Volcanic ash

The modelling study on the effects of mineral aerosol deposits on the albedo of sea ice
presented in chapter 3, showed that the change in albedo was more sensitive to the type
of sea ice than to the optical properties of the mineral aerosol deposit in the sea ice. There-
fore, in the work presented in chapter 7, a sample of volcanic ash from the Eyjafjallajökull
eruption was considered to be representative of mineral aerosol deposits. A sample of
volcanic ash was collected south of the Eyjafjallajökull volcano (approximately 63.545◦,
−19.633◦) and provided by C. Manning from RHUL. The sample was collected from the
ground two months after the eruption after having removed a weathered dark surface
layer of approximately 5 cm thick. The sample was composed of coarse particles that
are not representative of long distance transported aerosol particles. To obtain a realistic
particle size, a sample of the collected volcanic ash was placed in a vibrating mill at 1500
rpm for a duration of 3 minutes. Mineral dust particles deposited in snow have been
shown to be typically 2–3 order of magnitude larger than black carbon particles (Flanner
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et al., 2007). Zdanowicz et al. (2016) found a mean diameter of 2.3 µm for atmospheric
dust deposited in snow in Baffin Island, Canada. The long-range transported (> 500 km)
Eyjafjallajökull ash particle size was derived by Derimian et al. (2012), who showed a
bimodal size distribution of the particles, with radii maxima at 0.1 µm and 1.5 µm. A
similar bimodal distribution was derived from satellite observations of a plume 30 hours
after the eruption (Waquet et al., 2014), with particle radii distributed around 0.25 µm and
1.75 µm. Therefore, the sample of Eyjafjallajökull ash was not filtered in the same way as
the black carbon solution. Because the volcanic ash was placed in a layer of seawater, the
rate of sedimentation of the ash particles had to be slower than the rate of the seawater
freezing (48 hours). A aqueous solution of Eyjafjallajökull ash was prepared by adding a
ratio of 1:50 of the milled ash sample to a ratio of 1:4 pure water and isopropyl alcohol.
The solution was left to settle for 48 hours, the equivalent duration of the freezing of the
upper layer of sea ice in the sea ice simulator. After 48 hours, the solution of volcanic ash
was separated in two layers by decanting: the upper layer with suspended ash, and the
lower layer consisting of the larger precipitated particles. The upper layer of the suspen-
sion was extracted under vacuum, and diluted with pure water with a 1:4 ratio. Known
quantities of the suspension were placed in the 75 L containers of seawater in the second
part of the experiments described in chapter 7. The mass-ratio of the volcanic ash in the
suspension was determined with the gravimetric analysis described in the previous sec-
tion. The mass-ratio of the Eyjafjallajökull ash solution was 413.00 ± 0.90 µg ml−1 (± 1
σ).

2.1.5.3 Determining the optical properties of black carbon and volcanic ash

To determine the mass absorption cross-section of the black carbon used in the sea ice
simulator, a method using an integrating sandwich spectrometer, described by Grenfell et
al. (2011), based on the method of Clarke (1982) was adapted. The integrating sandwich
spectrometer measures the absorption spectrum of particulate matter on filter samples
in a diffuse radiance environment. Two scattering diffusers "sandwiched" around the
sample allow for multiple scattering which results in the attenuation of the light though
the sample to be caused solely by the absorption of the sample, and not scattering or
shadowing. An integrating spectrometer, shown in figure 2.14 b, was built at RHUL for
the purpose of the experiments presented in chapter 4 and chapter 7. A Hitech Scientific
stabilised quartz-halogen lamp, with an output between 300 and 760 nm was aligned
with the input port of a 5 cm diameter Thor Labs Spectralon integrating sphere. A sap-
phire filter holder was mounted on the exit port of the integrating sphere. A weighted
holder containing a second sapphire window placed against a diffusing quartz filter was
designed to "sandwich" the Nuclepore filters between the two sapphire filters. The light
transmitted through the system was recorded using an Ocean Optics USB 2000+ spec-
trometer, operated with the SpectraSuite software on a laptop computer. Using different
calibration sheets (described below), the absorption spectra of multiple filters containing
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black carbon loadings were converted to a mass absorption cross-section.
Six known aliquots of the filtered black carbon solution described in 2.1.5.1 were fil-
tered through 0.4 µm Nuclepore filters, providing filter loadings of 10.076, 15.115, 20.153,
25.191, 50.383 and 100.765 µg cm−2 (shown in figure 2.14 c). The absorbance spectra of
the filters, shown in figure 2.13 b, was calculated as:

A(σ) = −ln I(λ)

I0(λ)
, (2.2)

where I is the intensity measured from the loaded filter measured in the integrating sand-
wich spectrometer, and I0 is a blank 0.4 µm filter measured following the same procedure
as the loaded filter.

FIGURE 2.12: Integrating sandwich spectrometer initial tests. a) Mean ab-
sorbance of five different filters with loadings of 20.153 µg cm−2. b) Mean
absorbance of a filter with a loading of 20.153 µg cm−2 measured five times
with an interval of 10 minutes. c) Mean absorbance of a filter with a loading
of 20.153 µg cm−2 measured three time, rotating the filter by 90◦ between

measurements. All error bars represent ± 1 σ.

The repeatability of the measurements in the integrating sphere and the lamp stabil-
ity were tested prior the experiments. The lamps were left to warm up and stabilise for
2 hours before each experiment. The repeatability of the measurements were tested by
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recording the absorbance (see equation 2.2) of five different filters with loadings of 20.153
µg cm−2 (figure 2.12 a). The temporal repeatability of the measurements was investigated
by recording the absorbance of a filter with a loading of 20.153 µg cm−2, five times at 10
minute intervals (figure 2.12 b). The positioning accuracy of the filters in the holder was
tested by measuring the absorbance of a filter with a loading of 20.153 µg cm−2 three
times, rotating the filter by 90◦ between each measurement (figure 2.12 c). The results
showed a good repeatability of the measurements using multiple filters, as well as no
significant drift over time. Furthermore, the positioning of the filter in the holder was not
considered to be significant for the experiment.

To calibrate the response of the integrating sandwich spectrometer, two sets of stan-
dard materials were tested: translucent Light Blue Acetate film sheets, with a thickness of
150 µm and translucent Light Blue Polypropylene sheets, with a thickness of 100 µm. The
sheets were placed on a 0.4 µm Nuclepore filter and measured in the integrating sand-
wich spectrometer using the same method as for the black carbon filters. Multiple sheets
of each plastic type were stacked, providing mass-loadings of 0.0254, 0.0508, 0.0762 and
0.1016 g cm−2 for the Acetate film and 0.011, 0.0219, 0.0329, 0.0439 and 0.0548 g cm−2 for
the Polypropylene plastic. The absorbance of the Acetate film is shown in figure 2.13 b.

FIGURE 2.13: Spectral absorbance of: a) the black carbon filters with vary-
ing mass-loadings, b) the Light Blue Acetate film sheets, stacked to provide

different mass-loadings.
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Grenfell et al. (2011) showed that the mass loading of black carbon in the snow es-
timated from the filters, and the mass ratio determined using the integrating sandwich
spectrometer initially have a linear relationship. In this study, the linear sensitivity be-
tween the black carbon mass loading on the filter and the black carbon absorbance was
considered with the ratio between black carbon and plastic, and the ratio of sensitivi-
ties to the ratio of the mass absorption cross-section was equated. Therefore, the mass
absorption cross-section of the black carbon was expressed as:

σBC = σpl
mpl

mBC
, (2.3)

where mpl is the slope of the linear regression between the mass loading of the plastic
calibration sheets and the relative absorbance of the plastic measured in the integrating
sandwich spectrometer, mBC is the slope of the linear regression between the mass load-
ing of the black carbon filters and the relative absorbance of the black carbon measured
in the integrating sandwich spectrometer and σpl is the mass absorption cross-section of
the plastic, given by the Beer-Lambert law:

σpl =
A(λ)

ρl
, (2.4)

with A(λ), the absorbance measured with a absorbance spectrometer system, ρ is the
density of the plastic and l is the geometric path length through the plastic. To mea-
sure σpl, a direct absorbance spectrometer system was setup. The instrument consists of
a white light illumination from an Ocean Optics DT-MINI-2-GS tungsten-halogen lamp
into a fibre optic cable connected to a lens mounted on a hollow holder. A second lens
connected with a fibre optic cable to a spectrometer was aligned with the first lens. The
plastic calibration sheets were placed in the slot between the two lenses and the transmit-
ted light was normalised to the signal detected without the presence of a sheet of plastic.
The resulting measured absorption was 45.77 ± 0.04 cm2 g−1, at a wavelength of λ = 610
nm for the Acetate plastic and 229.23 ± 0.02 cm2 g−1, at a wavelength of λ = 610 nm for
the Polypropylene plastic.

A mass absorption cross-section between 0.58 and 2.1 m2 g−1 at a wavelength, λ = 610
nm was estimated for the black carbon placed in the artificial sea ice from the methods
described above. The values found are a factor of 3–11 smaller than the black carbon
mass absorption cross-section of 6.57 m2 g−1 at a wavelength λ = 610 nm (Flanner et al.,
2007) typically used in radiative transfer calculations. Furthermore, Grenfell et al. (2011)
reported a mass absorption cross-section of 6 m2 g−1 for the Monarch 71 Carbon Black
solution. To validate the results obtained in the integrating sandwich spectrometer and
obtain a closer estimation of the mass absorption cross-section of the black carbon and
volcanic ash used in the sea ice simulator, Mie calculations (Bohren and Huffman, 2008)
were performed.
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FIGURE 2.14: Laboratory setup for the measurements of the absorption
cross-section of black carbon particles. a) The filtering setup of the black
carbon on 2 µm Nuclepore filters. b) The integrating sandwich spectrome-
ter. c) A selection of the filters containing different mass-loadings of black

carbon.

The calculation of the absorption cross-section using Mie theory requires the knowl-
edge of the particle size distribution, the particle shape, the density of the particles, and
the refractive index of the particle and surrounding medium. An estimation of the size
of the particles in the solutions poured onto the surface of the ice was obtained using
a scanning electron microscopy (SEM). The solutions of black carbon and volcanic ash
were filtered through Nuclepore 0.4 µm filters, and SEM images of the filters were taken.
A further description of the SEM methods is found in chapter 4. The circularity of the
particles, described in chapter 4 (Heilbronner and Barrett, 2013), and the Feret diameter
was computed for the black carbon and volcanic ash particles from the SEM images using
the image analysis software, Image J (Abràmoff and Magalhães, 2004). An example SEM
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FIGURE 2.15: Mass absorption cross-section of Monarch 120 black carbon,
calculated using the integrating sandwich spectrometer technique, with

two different standards.

image is shown in chapter 4 and an image of the mineral dust is shown in figure 2.16.
The average circularity of the black carbon particles was 0.842 ± 0.189 µm (±2σ), indicat-
ing spherical-like particles. The average Feret diameter of the black carbon particles was
0.461 ± 0.331 µm (±2σ). The average circularity of the volcanic ash particles was 0.731 ±
0.245 (±2σ), indicating that although the particles were rounded, they were less rounded
than the black carbon particles. The average maximum Feret diameter was 1.691 ± 1.270
µm (±2σ). The volcanic ash particles Feret diameter varied between 0.559 and 3.053 µm,
which was similar to the sizes observed by Derimian et al. (2012) and Waquet et al. (2014).

The black carbon absorption cross-section was calculated based on the Mie theory in
the MiePlot software (Laven, 2006) using the BHMIE code (Bohren and Huffman, 2008),
using a mean particle diameter of 0.461 µm, a density of 1.8 g cm−3 (mean range speci-
fied by the manufacturer), and a black carbon refractive index of 1.95 - 0.79 from Bond
and Bergstrom (2006). The calculated mass absorption cross-section value of Monarch
120 carbon black was in agreement with the values obtained in the integrating sand-
wich spectrometer, with a value of 2.97 m2 g−1 at 550 nm. Therefore, the absorption
cross-section obtained from the Mie calculations (shown in figure 2.15) was used for the
radiative-transfer modelling of the black carbon in chapter 4 and chapter 7. The volcanic
ash absorption was calculated in the same way as the black carbon, with a mean diameter
of 1.691 µm was assumed in the calculations. A density of 2300 kg m−3 was obtained from
Johnson et al. (2012). The refractive index of the Eyjafjallajökull, shown in chapter 3, was
estimated by Derimian et al. (2012). The refractive index of pure ice was used for the sea
ice (Warren and Brandt, 2008). The mass absorption cross-section of the Eyjafjallajökull
ash, used in chapter 7 was calculated as 0.11 m2 g−1 at 550 nm.
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FIGURE 2.16: SEM photograph of the volcanic ash particles used in the
sea ice simulator trapped on a Nuclepore 0.4 µm filter. The black circular

features in the image are the holes in the filter paper.

2.2 HDRF of experimental first year sea ice

The HDRF measurements of thin first year sea ice reported in chaper 8 were performed at
the Sea-ice Environmental Research Facility (SERF) in Canada. In this section, the facility
and the instrumentation used are described, and the experimental protocol is reported.

2.2.1 Description of the artificial sea ice facility

SERF is a sea ice research facility, located on the campus of the University of Manitoba,
Winnipeg, Canada (49.80◦, −97.14◦). The facility, shown in figure 2.17, features an out-
door pool with dimensions of 18.3 m (length) x 9.1 m (width) x 2.1 m (depth). The pool
is covered by a removable roof on a set of tracks, allowing the sea ice to be protected
from or exposed to snowfall events. At the start of the experiment campaign run over
winter, the pool is filled with seawater mimicking the composition of natural seawater
(Hare et al., 2013). The pool is heated using a closed hose circuit, through which warmed
ethylene glycol is circulated. The heating system is turned off at the start of the experi-
ments and the seawater, exposed to the cold outdoor temperatures, forms sea ice. Sensors
are deployed in the pool before the experiments, providing ancillary information on the
salinity and temperature of the sea ice and underlying seawater. SERF has been in oper-
ation since the beginning of 2012, and has been used to study the physical and chemical
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properties of sea ice (e.g. Hare et al., 2013; Rysgaard et al., 2014; Galley et al., 2015; Landy
et al., 2015) in a controlled environment. A detailed description of SERF can be found in
the literature (e.g. Hare et al., 2013; Else et al., 2015).

FIGURE 2.17: SERF, University of Manitoba, Canada. a) The sea ice pool
with the retractable roof installed. b) GRASS on the artificial sea ice, with

the roof removed.

The 2016 campaign at SERF was run from the beginning of January 2016 to the end of
February 2016. Two experiments were planned, each carried out over three weeks. The
work presented in chapter 8 was performed during the second experiment between the
15th Febraury 2016 and the 28th February 2016. At the end of the January experiment,
the heaters in the sea ice pool were turned on and the sea ice was melted. The heaters
were turned off for the second experiment on the 9th.February 2016. The sea ice grew to
a thickness of 2.5 cm in 3 days, and reached 13 cm on the 17th February 2016, remaining
constant thereafter, until the end of the experiment The monitoring of the sea ice thickness
is described in section 2.2.2.5. HDRF measurements were performed on the sea ice in 4
locations on the ice. The number of HDRF acquisitions was dependent on the number of
days with clear atmospheric conditions. A total of 9 HDRF acquisitions were carried out
during the experiment. However, owing to overcast sky illumination, and instrument
instabilities reported in section 2.2.3, only 4 HDRF measurements were usable.

2.2.2 HDRF measurements of the sea ice

The HDRF characterisation of the sea ice surface at SERF was performed with a field
goniometer. In the following sections, the instrument setup is described, and the mea-
surement procedures are reported.

2.2.2.1 Instrument design

HDRF measurements of the sea ice were performed with the Gonio RAdiometric Spec-
trometer System (GRASS), designed at the National Physical Laboratory, Teddington,
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UK. The original concept and design of the instrument were described by Pegrum et al.
(2006) and Pegrum-Browning et al. (2008). GRASS has previously been used to charac-
terise the HDRF of a variety of natural surfaces. GRASS was first used to characterise
the HDRF of a potential vicarious radiometric calibration site for optical satellites located
on a salt lake in Turkey (Leigh et al., 2011) . The HDRF of snow was measured in Dome
C, Antarctica (Marks et al., 2015), and compared with previous angular reflectance mea-
surements at the same location (Hudson et al., 2006) to support the inter-comparison and
inter-calibration of satellite optical sensors. The HRDF of windblown snow and the ef-
fects of surface roughness on HDRF were investigated in Ny-Ålesund (Ball et al., 2015).
A new vicarious radiometric calibration site for optical satellites, which will be part of
the Radiometric Calibration Network (RadCalNet) (Bialek et al., In preparation), was
characterised using GRASS (Bialek et al., 2016) and the results will be compared to an
automated station that will operate in 2017.
GRASS, shown in figure 2.18, consists of an aluminium base ring measuring 4 m in di-
ameter. A structure formed by five curved arms and two straight supporting segments,
connected to an upper base ring are mounted on a rail located on the lower base ring.
The upper structure rotates 360◦ around the base ring, providing a full coverage of the
azimuth angles (0◦ – 360◦). Three of the curved arms are placed at 30◦ intervals on the
upper base ring, and are used to support the signal collectors described below. The two
other curved arms are used to support the structure and are each placed at an azimuth
angle of 90◦ from the central measurement arm. For previous studies (Ball et al., 2015;
Marks et al., 2015), the two straight arms providing structural support to the frame were
placed at a relative azimuth angle of 150◦ on each side of the centre measurement arm.
During some of the experiments at SERF, the supporting straight sections of the structure
caused shadowing across the target surface. The arm were moved to a relative azimuth
angle of 90◦ from the centre measurement arm, extending the range of measurements
across the hemisphere. No change in stability of structure was noticeable.
For the purpose of the study presented in chapter 8, five signal collectors were mounted
on each of the three curved measurement arms. The signal collectors were placed at
viewing zenith angles of 0◦ (nadir), 15◦, 30◦, 40◦, 50◦ and 60◦. Measurements of the an-
gular reflectance of artificial sea ice (chapter 7) and modelling of the BRDF of sea ice
(chapter 6) have shown that sea ice has a quasi-lambertian response, except for a strong
forward scattering peak located on the forward part of the principal plane, around the
same zenith angle as the illumination zenith angle. Therefore, the positioning of the sig-
nal collectors was weighted towards larger viewing zenith angles, to measure the rapid
changes in intensities around the forward scattering maximum. However, the position
of the signal collectors was limited to a maximum viewing zenith angle of 60◦, as Marks
et al. (2015) showed that the base ring affected the measurements at larger viewing zenith
angles. The signal collectors consist of an optical lens with a field-of-view of 8◦, and are
each connected to an Ocean Optics 400 µm ruggedised fibre optic. As it was shown for
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the laboratory goniometer in section 2.1.4.1, the viewing footprint of the GRASS is circu-
lar at nadir, but becomes elliptical at larger zenith angles. With the setup described here,
the nadir viewing footprint has a diameter of approximately 27.97 cm and the major axis
of the viewing footprint of the signal collectors at 60◦ viewing zenith angle is approxi-
mately 56.77 cm. The optical lenses are mounted on aluminium brackets that slide along
the curved arms, which have etched markings every 1◦ in zenith, allowing the signal col-
lectors to be aligned to the desired viewing zenith angle. Ball et al. (2015) assessed the
pointing accuracy of the goniometer in a dark room at RHUL by shining a laser pointer
down the fibre optics connected to each signal collector and tranced the illuminated area
on a white surface beneath GRASS. The results suggest a pointing accuracy of approxi-
mately ±20 cm for signal collectors between 0◦ and 50◦ zenith angle. As shown in section
2.2.2.2, the sea ice at SERF was homogenous. Therefore the pointing accuracy of GRASS
was considered to be acceptable. The ruggedised fibre optic cables attached to the sig-
nal collector are connected to a Ocean Optics MPM 2000 multiplexer. The multiplexer
is in turn connected to the spectrometer system with an separate fibre optic cable, al-
lowing sequential measurements of the radiance of the target with the signal collectors.
A custom visible to shortwave infrared (V-SWIR) spectroradiometer was used to record
the radiance of the sea ice. The V-SWIR spectrometer is composed of two separate spec-
trometers, operating over a wavelength range of 400–1700 nm with a spectral interval
of 1 nm. The visible part of the spectrum is recorded with an Ocean Optics 2000+ spec-
trometer, between 400 nm and 969 nm. The same spectrometer model was used in the
laboratory measurements at RHUL, described in section 2.1. The SWIR measurements
were performed between 970 nm and 1700 nm using a BWTEK Sol 1.7 spectrometer. The
incoming radiance was measured simultaneously with the two spectrometers, using a
beam splitter. The wavelength dependence of the spectrometers was calibrated before
the field campaign by Greenwell et al. (2015), who measured the response of the individ-
ual spectrometers to a stable illumination source. The GRASS spectrometer was piloted
with a custom LabVIEW software, developed at NPL. A Panasonic Toughbook, that was
able to function at polar temperatures, was used to operate the software.

After the measurements were performed in each location on the surface of the sea ice,
the signal collectors / fibre optics were inter-calibrated, to minimise errors introduced
by the individual response of each signal collector. The purpose of the calibration was
to normalise the response of the spectrometer system for each signal collector and fibre
optic, correcting for differences in radiance owing to changes in the alignment of the con-
nections between the optics and the spectrometer system. Signal collector calibrations
were performed after the measurements of the sea ice target were acquired in each loca-
tion on the sea ice pool, rather than between each individual HDRF acquisition, because
the calibration process required an operator to walk over the measurement target in or-
der to access the signal collectors, disrupting the sea ice. To perform the calibration, a
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FIGURE 2.18: The Gonio RAdiometric Spectrometer System (GRASS). In-
set: Spectralon reference panel used to derive HDRF.

stable light source was connected to each signal collector, and the radiance of the cali-
bration lamp was recorded with the GRASS spectrometer system. The calibration lamp
consists of a tungsten-halogen lamp connected to the input port of a Spectralon integrat-
ing sphere, providing a uniform and stable illumination source through the exit port of
the integrating sphere. The calibration lamp was designed for the signal collectors to slot
into the exit port of the integrating sphere, preventing stray light interference or intensity
loss. Marks (2014) reported an average relative standard deviation of 3.1% for repeated
measurements of the calibration lamp using the same detector. An example of the raw
radiance response of the GRASS spectrometer system over the wavelength range 400–969
nm (for clarity) to the calibration lamp for each signal collector is shown in figure 2.19.
The response of the spectrometer to the calibration lamp shows differences of up to 36.2
% between different signal collectors. The correction factor applied to the computation
of the HDRF values is reported in chapter 8.

An integrating sphere with a cosine collector was attached to the top of the goniome-
ter’s frame above the downward looking nadir signal collector, as shown in figure 2.20.
The integrating sphere was directly connected to the spectrometer with a 400 µm fibre
optic. For each radiance acquisition, a measurement of the downwelling irradiance was
obtained, using a flipping mirror that switched between the signal from the downward
looking signal collectors and the upward looking integrating sphere. Downwelling ir-
radiance and upwelling radiance measurements were quasi-simultaneous, allowing to
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FIGURE 2.19: Raw radiance counts of the GRASS spectrometer system
(400–969 nm) for each signal collector attached to the calibration lamp. The
position of the signal collectors is described by the arm number (facing the
instrument, from left to right) and the viewing zenith angle of each collec-

tor.

correct for small changes in illumination owing to changes in atmospheric conditions.

The Lambertian reference used to calculate HDRF (see chapter 8) was a 60 × 60 cm

Labsphere Spectralon panel (shown in figure 2.20). After each set of HDRF measure-
ments, the Spectralon panel was placed on a horizontal aluminium ladder laid across the
base ring of GRASS. The setup allowed the Spectralon panel to be centred at the nadir
of the downward facing signal collector with a viewing zenith angle of 0◦ without dis-
rupting the surface of the sea ice. The ladder also guaranteed a constant level of the
surface of the panel, limiting errors owing to the anisotropy of the panel. A measure-
ment of the Spectralon panel should have been performed for every measurement of the
sea ice and with each signal collector. However, a sampling of the panel after each set of
measurements was performed to limit the acquisition time, and the changes in illumina-
tion during the HDRF acquisition were corrected for using the downwelling irradiance
integrating sphere. Furthermore, the nadir measurement of the panel limited significant
errors owing to the positioning of the panel because of the footprint size at larger viewing
zenith angles. Based on the assumption of a Lambertian response of the radiance from
the Spectralon panel, measurements were considered to be independent of the viewing
angle. After the campaign, the response of the Spectralon panel was characterised at
NPL by A. Bialek, using the National Reference Reflectometer (Williams, 1999), to cor-
rect for the departure of the panel from a lossless reflector. The panel was calibrated
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FIGURE 2.20: Signal collectors and downwelling cosine collector on the
GRASS structure.

for a 0 – 60◦ configuration (0◦ illumination zenith angle, 60◦ viewing zenith angle). The
correction factor was considered to be representative of the Spectralon measurement con-
ditions during the experiment (0◦ viewing zenith angle, 60◦ illumination zenith angle),
as the BRDF of Spectralon obeys Helmholtz’s reciprocity theorem (Meister et al., 1996).
A reflectance calibration factor for a wavelength range 409 – 1001 nm was expressed as
(Williams, 1999):

β =
R(2s/d)2

cosθ
, (2.5)

with R the measured ratio of reflected power to incident power, s the distance be-
tween the Spectralon panel and the detector of the National Reference Reflectometer, d
the diameter of the viewing footprint of the detector on the spectralon panel and θ the
viewing angle of the detector relative to the illumination beam. The calibration factor β,
plotted in figure 2.21 as a function of wavelength, was measured over a discrete number
of wavelengths. The correction values were linearly interpolated over the 1 nm step of the
measurements with GRASS, and the value of β at the wavelength number λ = 1001 nm

was used for wavelengths between 1001 nm and 1700 nm, as the variation of reflectance of
Spectralon has been shown to be less than 1 % over the wavelength range 1000 – 1700 nm

(Jackson et al., 1992).
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FIGURE 2.21: Reflectance correction factor for the Spectralon panel used
during the Winnipeg experiments as a function of wavelength.

In addition to the measurements performed with GRASS, ancillary measurements of
nadir reflectance and tests were carried out using an ASD FieldSpec 4 Hi-Res spectro-
radiometer. The ASD FieldSpec 4 performs radiance measurements over a wavelength
range 350–2500 nm, although most measurements presented in this work are reported
for wavelengths between 400 and 1700 nm. The wavelength step of the instrument was
set to 1 nm. The spectroradiometer has a spectral resolution (FWHM) of 3 nm at 700 nm

and 8 nm in the infrared. Similarly to the ASD FieldSpec Pro, described in section 2.1.4.1,
the FieldSpec 4 is composed of three detectors. A 512 element silicon array operates be-
tween 350 and 100 nm, and two graded index InGaAs photodiode detectors operate over
the wavelength ranges 1001–1800 nm and 1801–2500 nm. During the measurements re-
ported in the following sections, the ASD spectroradiometer was placed in an insulated
polystyrene box, preventing the instrument stopping operating owing to cold outdoor
temperatures. The instrument was controlled using a laptop computer running the soft-
ware RS3 through a wifi link. Operating the ASD from a distance allowed to reduce the
effects of the operators on the spectral measurements (Kimes, D S et al., 1983).

2.2.2.2 Homogeneity of the sea ice

Alongside the HDRF measurements obtained with GRASS, additional reflectance mea-
surements were performed using the ASD FieldSpec Pro spectroradiometer to charac-
terise the heterogeneity of the sea ice within the base ring of the goniometer. Firstly,
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reflectance measurements at regular intervals across the sea ice were performed along
the principal plane and the orthogonal plane (figure 2.22). The signal collector of the
ASD spectroradiometer was attached to the end of a 1 m carbon fibre boom connected
to a tripod at a height of 1 m above the surface of the sea ice. Reflectance measurements
were performed along two transects with a relative azimuth angle of 90◦ across the base
ring of GRASS every 40 cm, starting and ending 40 cm from the edge of the base ring.
The viewing footprint of the instrument was circular with an approximate diameter of
13.98 cm. For each point along the transects, 10 nadir spectra of the raw radiance of the
sea ice were acquired, immediately followed by 10 nadir radiance measurements of the
Spectralon panel. The radiance of the sea ice was normalised to the corrected Spectralon
panel. Figure 2.22 shows the relative change in reflectance from the centre of the go-
niometer ring (located at nadir from the 0◦ viewing zenith angle GRASS signal collector).
At the points on the transect located 40 cm away from the centre (200 cm from the edge
of the base ring) which represent the maximum footprint sampling distance from nadir,
the change in reflectance was less than 10 % over all the wavelengths up to 1000 nm and
less than 6 % for wavelengths between 400 and 800 nm. Across the full transects, the sea
ice was more heterogenous, with a maximum change in reflectance of 22.49 % at 1000 nm
and 12.62 % at 800 nm. The HDRF results presented in chapter 8 were spatially averaged
across all the measurement sites at SERF to remove the effects of the small scale inhomo-
geneities.

FIGURE 2.22: Absolute change in reflectance along two transects across the
sea ice beneath GRASS. The reflectance was measured ever 40 cm and is
shown normalised to the central point. Inset: photograph of the surface of

the sea ice sampled.
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TABLE 2.3: Nadir viewing footprint sizes for varying signal collector
heights. The field of view of the signal collector was 8◦.

Height of the ASD signal collector
above the surface / cm

Equivalent viewing footprint
diameter / cm

25 3.49
50 6.99
75 10.49
100 13.98
200 27.97

In a second step, the effect of the surface features on the reflectance in relation to
the viewing footprint was investigated. Reflectance measurements were performed with
the ASD spectroradiometer at varying heights, thus with a varying footprint size. The
instrumental setup was identical to configuration described above. The signal collector
was placed vertically above the centre of the goniometer base ring and the height of the
tripod was adjusted so that the signal collector was at a height of 25, 50, 75 and 100 cm
above the surface of the sea ice. An additional radiance measurement with the signal
collector attached to the mount of the nadir GRASS signal collector (200 cm from the sur-
face of the ice) was acquired, replicating the nadir footprint of GRASS. The raw radiances
of the sea ice were normalised to the corrected Spectralon panel for each elevation. The
equivalent viewing footprint diameters of the ASD on the surface of the sea ice for the
different heights are reported in table 2.3. The relative change in reflectance from the re-
flectance measured at a height of 200 cm for each elevation is shown in figure 2.23. The
change in reflectance as a function of sensor height is almost wavelength independent
over the visible. At 400, 600 and 800 nm, the change in reflectance is less than 1.5% be-
tween 50 cm and 200 cm from the surface. The effect of a varying sampling footprint is
more pronounced at 1000 nm with a change of 3.0% between a sensor height of 50 cm and
200 cm. The change in reflectance increases significantly for a lower sensor height, with a
variation of 5.2 – 5.8 % over the wavelength range 400–800 nm between a sensor height of
25 cm and 200 cm, and 12.6% for a 1000 nm wavelength. The small change in reflectance
between a sensor height of 25 and 200 cm indicates that the the viewing footprint size
of the GRASS instrument was large enough to contain a representative distribution of
surface roughness features.
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FIGURE 2.23: Absolute change in reflectance of the SERF artificial sea ice
at nadir, measured with the ASD spectroradiometer. The measurements

are reported for wavlengths 400, 600, 800 and 1000 nm.

2.2.2.3 Measurements procedure

To perform the HDRF measurements consistently, a measurement protocol was prepared,
similarly to the procedure check-list created for the sea ice simulator in section 2.1.4.2.
The steps of the procedure are listed hereafter.

• Instrument set up

– Verify the structural integrity of the field goniometer frame.

– Attach the signal collectors and fibre optics to the signal holder brackets on the
arms of the instrument.

– Connect the downwelling irradiance integration sphere to the summit of the
structure, ensuring that the base of the integrating sphere is horizontal.

– Move the ring to a new sampling location taking care not to disrupt the sur-
face.

The order of the instrument preparation was essential to ensure that the instrument
was sampling an undisrupted area of sea ice. On the account of the finite area of the pool,
the instrument placement was prepared in advance to optimise the available area, and the
sampling areas were cordoned off to limit access to the ice. The number of displacements
to the instrument on the ice were limited to a minimum, using set paths on the ice.

• Measurements

– Setup the instrumentation on the GRASS instrument holders, turn on and
leave instruments to warm up for 1 hour.
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– Record the all-sky illumination conditions using the ASD spectroradiometer
described in section 2.2.2.1.

– Perform a measurement sequence (all signal collectors and quasi-simultaneous
downwelling irradiance).

– Record the solar azimuth angle, rotate the upper part of the structure to a
predetermined location, taking in account the change in solar azimuth angle.

– Perform nadir measurements of the Spectralon panel on the horizontal frame,
placed below the nadir looking signal collector.

– When the measurements at the current location are finished, perform a signal
collector inter-calibration.

After having connected the instruments to the structure and left the spectrometer sys-
tem to stabilise, the HDRF measurements of the sea ice were performed. Owing to the
changing illumination conditions, the solar azimuth angle was recorded for each rota-
tion of the instrument (measurement sequence) and the angle of rotation of the frame
was corrected as a consequence. The measurements were performed close to solar noon,
when the rate of change of the solar zenith angle was minimal. Between 12h00 and 13h00
local time, the change in solar zenith angle was approximately 0.6◦, and therefore not ac-
counted for in the data processing. Each HDRF acquisition was obtained with 4 rotations,
generating 64 measurement angles (including 4 nadir repeats). Prior knowledge of the
BRF of sea ice, led the measurements to be weighted with an emphasis on the forward
scattering part of the hemisphere. The acquisition time for the four rotations was ap-
proximately 45 minutes in total. After the sampling of the sea ice surface was completed,
the inter-calibration of the signal collectors was performed. Because of acquisition time
constraints and because the inter-calibration process was destructive, as it required the
operator to stand in the measured area, the calibration could not be performed between
each rotation. Therefore, the corrections were assumed to hold true over multiple struc-
ture rotations. At then end of each measurement day, the instruments, signal collectors
and fibre optics were dismantled to limit the exposure to the outdoor conditions.

2.2.2.4 HDRF data analysis

The HDRF of the sea ice was calculated based on equation 2, in chapter 8. The flowchart
in figure 2.24 shows the different steps of the processing chain that was programatically
implemented. The raw measurements were corrected for the errors reported in section
2.2.3. In a second step the radiance measurements were corrected for differences in the
response of the signal collectors using the calibration lamp. The small changes in at-
mospheric conditions were corrected, using the downwelling irradiance measurements.
The Spectralon panel readings were corrected for the non-lossless properties of the mate-
rial. Finally, the corrected sea ice measurements were normalised to the reference panel,
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yielding HDRF. The equation for the HDRF measurements at SERF is reported in chapter
8.

Import GRASS raw data of ice Import GRASS raw data of panel Import calibration lamps data

Apply spectrometer step correction at the 969 / 970 nm join

Divide Lr  of ice by Lr  
of lamps

Divide Lr  of 
panel by Lr  of 

lamps

Divide Lr  by Li Divide Lr  by Li 

Correction factor for the 
Spectralon panel = 

Calibration / Spectralon 
mean

Mean of all Spectralon 
measurements

Calibration = 
Measured Spectralon in 

NRR (NPL)

Multiply Lr /Li  by 
correction factor

Multiply Lr /Li  by 
correction factor

Divide the 
processed ice by 

the processed panel

Sea ice
HDRF

Li : Downwelling 
irradiance

Lr : Upwelling
radiance

Li : Downwelling 
irradiance

Lr : Upwelling
radiance

Lr : Upwelling
radiance

FIGURE 2.24: Flowchart describing the processing chain to generate HDRF
quantities from raw measurements.

2.2.2.5 Ancillary measurements

During the HDRF measurements the atmospheric conditions were monitored using the
upward looking ASD spectroradiometer described in section 2.2.2.1, and cloud cover was
visually inspected in the post-processing phase using a GoPro camera that recorded sky
conditions. To monitor changes in downwelling irradiance, a Remote Cosine Receptor
(RCR) optic was connected to the fibre optic of the instrument. The RCR consists of a
polymer diffuser disk attached to a fibre optic holder. The signal collector provides a co-
sine response of the radiant energy over a field of view of 180◦. The RCR was mounted
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on a tripod (figure 2.25, inset), facing upwards and levelled using a circular bullseye
spirit level. Daily measurements of the downwelling irradiance, plotted in figure 2.25,
were carried out automatically over periods of 30 minutes, with a 30 second temporal
acquisition interval over the duration of the campaign, at different times between 09h00
and 16h00 local time. The downwelling irradiance was acquired continuously between
10h45 and 15h15 on the 21st February 2016. The sky was cloud-free over the duration of
the measurements, except for the presence of small cirrus clouds at approximately 11h50
and 12h45, which appear in the plotted data in figure 2.25. The continuous dataset was
fitted with a second order polynomial, shown with the averaged residuals added and
subtracted. The downwelling irradiance was monitored during the HDRF measurements
with GRASS. Downwelling irradiance measurements synchronised with each HDRF ac-
quisition were used to assess the atmospheric conditions. Measurements outside of the
residuals (i.e. measurements affected by cloud cover) led to the HDRF acquisition to be
discarded.

FIGURE 2.25: Daily composite of the narrowband downwelling irradiance
for the wavelength 500 nm for the duration of the campaign. Measure-
ments acquired on the 21st February 2016 are shown as blue markers and
were fitted with a second order polynomial. The averaged residuals are
shown as a red dashed line. The data presented in this figure was pro-
cessed by C. Greenwell. Inset: The upward facing RCR on a tripod con-

nected to the ASD spectrometer (in an insulation box).

Owing to technical difficulties with the ASD battery, a number of HDRF measure-
ments did not have corresponding downwelling irradiance measurements. For the HDRF
sets with missing downwelling irradiance, the sky conditions were monitored with a Go-
Pro digital camera. The manufacturer specifications report a diagonal field of view of
149.2◦, a vertical field of view of 94.4◦ and a horizontal field of view of 122.6◦. The cam-
era was placed on the end of a 1m carbon fibre boom facing upwards and images were
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taken during each rotation of GRASS. The images were visually assessed, and only mea-
surements without cumulus or less than 10 % cirrus were used in the study presented in
chapter 8.

For the modelling of the sea ice observed at SERF with the radiative-transfer model
PlanarRad, described in section 2.3.1.2, the reflectance of the seawater and the bottom of
the pool below the sea ice was measured using the ASD spectrometer. A section of 2 × 2

m of the sea ice was cut out and and removed from a corner of the sea ice pool to avoid
disrupting the measurements. The floating debris of ice in the water were removed with
a surface skimming net before the measurements. The 8◦ field of view signal collector
of the ASD was placed on the end of the carbon fibre boom that was connected to the
tripod. The lens was placed at a height of 1m above the centre of the seawater, yielding a
viewing footprint of 13.98 cm on the surface. A series of 10 measurements of the radiance
of the water were acquired, immediately followed by measurements of the Spectralon
panel. The reflectance of the seawater, shown in figure 2.26, was low in the visible, with
a peak reflectance of 0.031 at 560 nm, and no signal was recorded past 750 nm. However,
the reflectance values were not statistically different from zero, showing that the spectra
recorded was at the limit of the sensitivity of the instrument.

FIGURE 2.26: Open seawater nadir reflectance measurements with the
ASD spectrometer at SERF. The error bars represent ± 2 σ.

The thickness of the sea ice was monitored by measuring the length of ice cores sam-
pled with a Kovacs Mark II corer. Cores samples (figure 2.27 b) were taken from the
sea ice pool close to the GRASS instrument, and measured using a graduated ruler. As
shown in figure 2.27 e, the growth of the sea ice was rapid at the start of the experiment,
reaching a thickness of 10 cm in five days. However, owing to day-time ambient tem-
peratures ranging from -11.00 to −0.18 ◦C, the sea ice did not grow thicker than 13.5 cm
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over the course of the experiment. Measurements of the temperature profile throughout
the ambient air, the sea ice and the underlying seawater were monitored at the facility
using an automated type-T thermocouple array. However, owing to an operational error
by the facility management, the data were overwritten, and therefore unavailable. The
structure of the sea ice at SERF was similar to the typical ice texture found in naturally
occurring first-year sea ice (Petrich and Eicken, 2010). A visual analysis of a 13 cm sea
ice core, taken on the 21st February 2016 showed a top 2 cm layer of white granular ice,
formed during the early stages of ice growth (frazil and nilas ice) (figure 2.27 c). Granular
ice is composed of randomly orientated spherical-like ice crystals, generally less than 5
mm in diameter (Weeks, 2010) and is representative of rapid sea ice formation. Beneath
the granular ice layer, congelation ice or columnar ice was formed as the ice grew down-
wards (figure 2.27 d). The texture of the sea ice was characterised by elongated grains,
with a horizontal c-axis alignment. At the bottom of the ice core, a skeleton layer, with
individual ice platelets extending into the seawater was observed. The salinity of six 13
cm long ice cores sampled at random locations of the sea ice pool was measured in the
middle of the campaign. The ice cores were cut into three sections of 4 cm, 4 cm and 5 cm

in length. The ice core sections were placed in sample bags and left to melt at room tem-
perature. The salinity of the melted cores was measured using a seawater refractometer.
The average salinity of each section is shown in figure 2.27 a. A C-shape profile of salinity
as a function of depth is observable, typical of first-year sea ice (e.g. Weeks and Lee, 1962;
Tucker III et al., 1984).

Two different methods were used to quantify the mass-ratio of algae in the sea ice and
underlying seawater. Six samples of 100 ml of seawater were collected using a syringe
connected to a plastic hose. The water was sampled through a borehole in the ice at a
depth of 15 cm. Markers were placed on the weighted hose to ensure consistent mea-
surements. Six ice cores were also taken with the Kovacs Mark II corer, from six random
uncontaminated locations on the surface of the ice. Each core was cut into 2 equal size
sections and placed in plastic sampling bags. The bags were placed in a light-sealed box
in the SERF laboratory at room temperature, and the ice was left to melt for 24 hours. For
each sample of seawater and ice, an aliquot of 100 ml was filtered through a 0.22 µm Mil-
lipore GSWP 025 00 biologically inert cellulose filter placed in a PTFE syringe filter. Half
of the filters were folded, bagged and placed in a −80 ◦C freezer for further chlorophyll-a
content analysis. At the time of the study presented in chapter 8, the samples were yet
to be analysed by the University of Manitoba. The second half of the filters and a set of
blank filters were shipped to RHUL within 48 hours of filtering, to limit the organic decay
of the biological matter on the filters. The samples were placed at −18 ◦C upon arrival.
The integrating sandwich spectrometer method described in section 2.1.5 was employed
to estimate the mass absorption cross-section of the particulates on the filters. However,
owing to the thickness of the filters, the recorded transmittance was too low to detect
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FIGURE 2.27: a) Salinity of 6 sea ice samples as a function of depth. The
dashed lines represent the sections of the ice core. The data are plotted
with 1σ error bars. b) Typical 13 cm long ice core. The red line marks the
limit between granular ice, magnified in c) and columnar ice in d). e) Sea
ice thickness measured as a function of time. HDRF measurements were

performed between 21/02/16 and 28/02/16.

differences between the blank filters and the filter containing impurities. To replace the
lack of measurements, the mass-ratio of algae in the sea ice at SERF was modelled using
the radiative-transfer model PlanarRad. The description of the input parameters used for
algae is found in section 2.3.3.1.

2.2.3 Instrument response characterisation

As described in section 2.2.2.1, a custom built spectrometer system was connected to
GRASS, in order to measure the HDRF of the artificial sea ice at SERF. A LabVIEW soft-
ware, with a graphical user interface was used to control the spectrometers and the mul-
tiplexer. The software was custom designed to operate the hardware in the Spectrom-
eter system, allowing the operator to determine a measurement sequence by selecting
the number and order of acquisitions from each signal collector connected to the mul-
tiplexer. For each acquisition, the integration times of the Ocean Optics USB2000+ and
BWTEK Sol 1.7 spectrometers were set automatically by the software, as using manual
settings caused the measurement sequence to crash. During the measurement campaign
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at SERF, a number of anomalous acquisitions were observed, which appeared to occur
randomly. During the post-campaign data processing phase, an in-depth study of the
spectra recorded at SERF revealed further irregular measurements, owing to a firmware
bug in the UV-VIS spectrometer. To assess the quality of the data, a characterisation of
the spectral response of the instruments was performed.

The spectral response of the GRASS spectrometer system was characterised at NPL
using the Transfer Standard Absolute Radiance Source (TSARS). TSARS is an integrating
sphere illuminated with external stable lamps, and has a 75 mm exit port (Pegrum et al.,
2004). TSARS is calibrated against the primary NPL blackbody (Chu et al., 1994), provid-
ing an illumination stability of less than ±0.2% over 4 hours (Woolliams et al., 2005) and
a uniformity of less than ±0.5% across the exit port. The response of the ASD spectrom-
eter was used for comparison purposes. The GRASS and ASD spectroradiometers used
during the campaign at SERF were setup in the TSARS optics laboratory. The ASD fibre
optic was connected to the 8◦ field of view signal collector used during the field measure-
ments which was aligned with the TSARS exit port. The nadir GRASS signal collector,
with a field of view of 8◦, was aligned with the TSARS exit port, approximately 2 cm
from the ASD signal collector, and connected to the GRASS spectrometer system via the
multiplexer. A bare fibre optic, placed in parallel with the signal collectors facing the exit
port of TSARS was connected to the downwelling input of the GRASS spectrometer sys-
tem. The two signal collectors and the bare fibre optic were placed at an equal distance
from the exit port. TSARS was turned on and left to warm up for a duration of 2 hours.
Once the light source was stabilised, radiance measurements were performed with the
two spectrometer systems. The intensity of the illumination was varied by placing dif-
ferent graded neutral density (ND) filters between the fore-optics and the light source.
ND filters transmitting 64.56, 32.86, 10.15 and 2.75 % of the illumination were used. In a
first step, the raw counts of the instruments were measured for different light intensities.
In a second step, the response of the spectrometers was compared by normalising the
radiance measurements with different intensities to the radiance of the TSARS without
filters. Two types of anomalies in the response of the GRASS spectrometer system were
detected and are discussed in the following sections.

2.2.3.1 Downwelling irradiance systematic error

The spectral response of the GRASS spectrometer system to different illumination in-
tensities was analysed by measuring the output of TSARS with the different ND filters
placed between the illumination source and the detectors. As shown in figure 2.28, the
raw radiance counts of the instrument were quasi-linear as a function of illumination
intensity for the measurements through the upwelling port (via the multiplexer). The re-
sponse of the BWTEK spectrometer was also linear for measurements acquired through
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the downwelling port (bare fibre). However, the response of the Ocean Optics spectrom-
eter showed a non linear response of the intensity measured through the 32.86% ND
filter. The downwelling port reading through the 32.86% ND filter was performed with
an automatic integration time of 750 ms, which was identical to the integration time of
the anomalous measurements observed during the experiments at SERF. The difference
in the counts measured between the upwelling and the downwelling ports is explained
by the difference in the signal collectors connected to the upwelling and downwelling
ports of the spectrometer system (8◦ field of view signal collector for the upwelling and
25◦ field of view bare fibre for the downwelling). The difference in the slope of the re-
sponse between the Ocean Optics Spectrometer (shown at 620 nm in figure 2.28) and the
BWTEK spectrometer (shown at 1200 nm in figure 2.28) is due to a discrepancy between
the two instruments, characterised in section 2.2.3.2.

FIGURE 2.28: GRASS spectrometer system response to varying illumina-
tion intensities from TSARS. The response of the Ocean Optics spectrom-
eter at 620 nm was plotted in blue for the downwelling measurements
(circles) and the upwelling measurements (squares). The response of the

BWTEK Sol spectrometer is shown in red.

The spectral response of the GRASS spectrometer system is shown in figure 2.29. An
anomaly in the spectral shape of the measurement through the 32.86% ND filter with an
integration time of 750 ms appeared consistently during the measurements in the optics
laboratory. The shape of the spectrum suggests a saturation of the instrument, which may
be caused by an error in the piloting software. However, an analysis of the LabVIEW code
(in collaboration with C. Greenwell at NPL) did not reveal errors in the sequence sent
to the hardware. Furthermore, the output spectrum of the spectrometer was identical
when controlled with a VBA macro developed by the National Environmental Research
Council (NERC) Field Spectroscopy Facility (FSF). Following the tests performed at NPL,
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the instrument was recalled by FSF for further testing. The measurements of the artificial
sea ice at SERF with a faulty downwelling measurement were discarded for the purpose
of the study presented in chapter 8.

FIGURE 2.29: GRASS spectrometer system response to varying illumina-
tion intensities from TSARS as a function of wavelength. The plotted spec-
tra was recorded through the downwelling port with a bare fibre optic.

The erroneous measurement is highlighted in red.

2.2.3.2 Spectrometer radiance step

For all the measurements (upwelling and downwelling) performed with the GRASS spec-
trometer system, a jump in intensity was observed between the two spectrometers. To in-
vestigate the effects of the apparent misreading between the two spectrometers, the raw
radiance counts measured with the different ND filters between TSARS and the instru-
ments were normalised to the raw radiance counts measured without the presence of ND
filters. The normalised measurements through the downwelling and the upwelling ports
were compared to the response of the ASD spectrometer. The results are shown in figure
2.30. Measurements with the ASD, plotted with black lines, show a flat-like response
with a slight spectral shape owing to the wavelength dependence of the absorption of
the ND filters. The normalised intensity is consistent with intensity of the transmitted
light through the ND filters. The measurements with GRASS through the downwelling
port show a good agreement with the ASD for all the ND filters, except the 32.86%, ow-
ing to the problem described in the previous section. The NIR measurements with the
BWTEK Sol spectrometer through the upwelling port are also in agreement with the ASD
response. The difference between the normalised measurement using the 2.75% ND filter
through the upwelling port, and the downwelling port and ASD was considered negligi-
ble. Figure 2.30 clearly highlights the spectral jump between the two spectrometers in the
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GRASS system, with the visible spectrum measured by the Ocean Optics spectrometer
underestimating the illumination intensity. However, over the multiple measurements
performed at TSARS, the spectral jump was not systematic. As shown for for the 32.86%
ND filter, the normalised raw radiance for the two GRASS spectrometers through the up-
welling port is in agreement with the downwelling and the ASD measurements. For each
ND filter, the observed spectral discrepancy between the two spectrometers appeared to
be randomly occurring throughout the repeat measurements. The spectral jump, which
had not been observed during the pre-campaign testing phase of the instrument, was
present in a high number of measurements from the SERF campaign. Following the char-
acterisation of the response of the GRASS spectrometer system with TSARS, a correction
was applied to the data, using the stable NIR part of the spectrum. The correction factor
was expressed as:

Cj(400,969nm) =
L(970,980nm)

L(959,969nm)

, (2.6)

with Cj the correction factor applied to the subscripted wavelength range, and L the raw
radiance counts averaged over the subscripted wavelength range. The correction factor
assumes that the radiance from the NIR spectrometer is correct, as shown during the
testing.

FIGURE 2.30: Wavelength dependent normalised radiance counts of the
GRASS spectrometer system and the ASD spectrometer to TSARS for dif-

ferent illumination intensities. The y-axis is plotted on a log scale.
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2.3 Radiative transfer modelling

To understand the effects of impurities on the radiative budget of snow and sea ice,
radiative-transfer calculations were performed. Based on values found in the literature,
the effect of mineral aerosol deposits on the albedo of snow and ice was investigated
in chapter 3. The BRDF of sea ice was modelled from first principles in chapter 6, to
understand the effects of surface roughness, sea ice thickness, and sea ice type on the
angular distribution of reflectance, providing a base to later understand the effects of
different impurities on the radiative budget of sea ice. The radiative-models were also
used to provide an explanation of observed phenomena in the field. The downwelling
PAR was computed throughout the snowpack and sea ice to highlight the effect of a
changing snowpack on the primary production of sea ice algae in chapter 5. Further-
more, the radiative-transfer models provided a validation of laboratory experiments on
artificial sea ice (chapter 4, 7, 8), allowing the isolation of the effects of impurities on the
reflectance or BDRF of sea ice, and providing a tool for the remote sensing community.
In the following sections, the approaches to the radiative-transfer modelling in this work
are described.

2.3.1 Model descriptions

Two models based on different numerical methods were used in this work to solve the
radiative-transfer calculations throughout the snow and sea ice. The following sections
outline the characteristics and the quantities calculated by each of the models.

2.3.1.1 TUV-snow model

A modified version of the Tropospheric Ultraviolet Visible (TUV) model, developed at
the National Centre for Atmospheric Research, USA (NCAR) was used to perform the
radiative-transfer calculations in snow and sea ice. TUV is a one-dimensional radiative-
transfer model, based on the discrete ordinate method for radiative-transfer (DISORT)
code (Stamnes et al., 1988b) that calculates the electromagnetic radiation propagation
through atmospheric layers in the ultra-violet and visible wavelength range. The modi-
fied version used in chapter 3 and chapter 5, called TUV-snow (Lee-Taylor and Madronich,
2002) , was optimised to perform radiative-transfer calculations throughout layers of
snow or sea ice, placed below the atmosphere. A description of the model applied to
highly scattering media can be found in Lee-Taylor and Madronich (2002). TUV-snow
has been previously used to calculate the scattering and absorption cross-section of snow
from field measurements (e.g. Fisher et al., 2005; King et al., 2005), and model the effects
of black carbon deposits on the surface albedo of snow and sea ice (Marks and King,
2013a; Marks and King, 2014).
The snow / sea ice layers were input in the model in a similar manner to clouds. The
model is based on the plane-parallel approximation, assuming that the atmosphere and
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the snow or sea ice are vertically inhomogeneous but horizontally homogeneous. The
atmosphere and snow or sea ice are computed as multilayered media, where the thick-
ness of the layers can be adjusted. Each layer is defined by its thickness, the wavelength
dependent absorption cross-section and scattering cross-section of the medium, the den-
sity, and the asymmetry parameter. The lower boundary of the model is defined by a
specified BRDF, described in Stamnes et al. (1988b). The parameters describing the op-
tical properties of the snow and sea ice in the model are described in section 2.3.2. For
each layer throughout the model, the plane upwelling and downwelling spectral irradi-
ance are computed, which in turn can be converted to albedo. In chapter 3 and chapter
4, albedo was calculated as the ratio of the plane upwelling spectral irradiance to the
plane downwelling spectral irradiance for the surface layer of the snow or sea ice for
the wavelengths range 350–650 and 350–800 nm. To solve the radiative-transfer equa-
tion, the DISORT method relies on calculating a gaussian integration, where the number
of gaussian quadrature angles, called "streams" describe the phase function, resulting in
higher precision calculations. For inhomogeneous layers with forward scattering, the
computation requires a large number of streams. Kuo-Nan (1973), performed numeri-
cal computations of transmission and reflection of clouds using 2, 4, 8 and 16 streams,
reporting the precision obtained and accuracies in the calculations. The author showed
that for 16 streams the results were accurate to 3–4 digits. In this work, the computa-
tional resources allowed to perform the radiative-transfer calculations using 32 streams
with short processing times.

Initial tests in collaboration with one of the authors of the TUV-snow model were
performed to generate a bidirectional response of the upwelling radiance for each layer in
the model. The implementation of the radiative-transfer code dealing with the boundary
conditions for each layer and the continuity of intensity at the layer interfaces did not
allow for sufficient precision in a rapidly changing medium (snow or ice / atmosphere
interface), leaving the model unable to solve the eigenvalues. The computation methods
of the eigenvalues are detailed in Stamnes et al. (1988a). Therefore, a different model,
performing the radiative-transfer calculations of directional fluxes was used.

2.3.1.2 PlanarRad model

PlanarRad (Hedley, 2008) was used to perform the calculations of the BRF of sea ice in
chapter 6, chapter 7 and chapter 8. PlanarRad is a numerical model that uses the in-
variant imbedded numerical integration technique to solve the radiative-transfer equa-
tion. PlanarRad is the open-source implementation of the Hydrolight model based on the
method described in detail by Mobley (1994). Hydrolight was designed to compute the
spectral irradiance distribution within natural bodies of water, such as lakes or oceans,
and provide the directional upwelling radiance at the surface, taking in account waves.
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Functions in PlanarRad were implemented to carry out the radiative-transfer calcula-
tions in highly scattering media such as sea ice for the purpose of the work presented
here. As for the TUV-snow model, PlanarRad assumes that the media in the model is
plane-parallel, therefore the variations of the optical properties of the layers occur verti-
cally only, and the modelled media are horizontally infinite. However, unlike TUV-snow,
the modelled media is not split into vertical layers with different properties, although the
radiative flux quantities are computed throughout the medium in a number of defined
levels. The optical properties of the medium in the model describe a single homogenous
slab, placed on a lower boundary. Furthermore, the downwelling irradiance and the up-
welling radiance are modelled at surface level, and therefore the model does not include
an atmosphere. The quantities of interest generated by the model in the case of the work
presented here are the directional radiance fields (upwelling and downwelling) at the sea
ice / air boundary.
The computation of an infinite number of incident and scattering directions is impossi-
ble, thus the radiance in PlanarRad was directionally discretised, as described in Mobley
(1994). Therefore, the irradiance and radiance were calculated over a sphere consisting of
upward and downward hemispheres, by being averaged over a finite number of quadri-
lateral regions, called "segments" or "quads". A visual representation of the discretised
hemispheres is shown in chapter 6. Each hemispheres were divided into 9×24 segments,
with an additional polar segment. Therefore, the radiance was averaged over segments
of 15◦ in azimuth and 10◦ in zenith, with the exception of the quads located between a
zenith angle of 85◦ and 90◦ on the hemisphere, which were 5◦ wide. Tests were performed
to increase the directional resolution of the model by doubling the amount of quads, how-
ever the computational resources required were too important, and a run with 18 × 48

segments plus the polar caps could not be completed by a modern desktop computer.
For each model run, the quad-averaged radiance is computed by PlanarRad within each
quad of the discretised hemisphere. The illumination in the model is set to a single quad,
defined by the azimuth angle, φ and zenith angle, θ boundaries. Theoretically, to com-
pute the full BRDF of the modelled surface, 217 iterations should be run, changing the
illumination quad for each new run. However, the model was considered to be rotation-
ally invariant, with the output being relative to the input illumination. Thus, the BRDF
of a surface was fully characterised by 10 iterations over the zenith quads, keeping the
azimuth fixed.
The surface of the sea ice is rarely perfectly smooth, having vertical features ranging from
a few millimetres (e.g. brine rejections or frost flowers) to dozens of metres in height
(e.g. pressure ridges). To represent surface roughness in the model, an interface was
implemented based on Monte Carlo statistical modelling. The method used is similar to
the procedure described by Mobley (1994) to represent capillary waves. For each quad,
a mathematical representation of a random roughness interface between the air and a
wind blown water surface is constructed. The surface is formed by a matrix of congruent
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isosceles triangles with the base aligned along the wind direction. The mean elevation of
the matrix nodes is set to 0, and the variance is determined using the statistical method
described by Cox and Munk (1954). The size of the triangles is fixed, and the variance
of the elevation of the nodes is varied to represent more or less roughness. The realisa-
tion of the surface is repeated, to generate a collection of a random surfaces. After the
mathematical surface is generated, a Monte Carlo ray tracing simulation is applied to the
surface. The paths of rays of photons are traced, as they intercept one or multiple facets
of the realised surfaces. Each ray interacting with the surface generates a reflected and a
refracted ray, which can in turn interact with the surface. For each ray, the path is calcu-
lated until the ray is either reflected back into the air, or transmitted into the water. For
each ray, the irradiance reflectance is computed for a random surface realisation, and the
total irradiance reflectance is averaged over the number of realisations, yielding a ratio of
reflected radiance to incident irradiance. The result is then set as a surface condition for
each quad in the model. The roughness model in PlanarRad differs from the model pro-
posed by (Mobley, 1994), as equilateral triangles replace the isosceles triangles, to remove
directionality effects from the surface roughness. Furthermore, rather than deriving the
standard deviation of the height of the nodes from wind speed, the height of the nodes is
set randomly to match a defined standard deviation. A representation of the construction
of a randomised surface is shown in figure 2.31, and a visual representation of surfaces
for different standard deviation values can be found in chapter 6. In the work presented
here, 2000 random surface realisations were built, each containing 100 × 100 nodes, and
the Monte Carlo calculations were carried out with 10 rays per quad. A refractive index
of 1 was used above the surface, and the refractive index of ice was obtained from Warren
and Brandt (2008) for the sea ice. A roughness parameter file for each wavelength was
generated in approximately 10 hours using a modern desktop computer.

To describe the sea ice, PlanarRad requires the knowledge of the attenuation and ab-
sorption coefficients, the phase function, the surface roughness and the thickness of the
sea ice. The optical properties used to described the sea ice in the model are referred to
in each corresponding chapter.

2.3.2 Modelling snow and sea ice with TUV

In chapter 3, TUV-snow was used to model the effects of mineral aerosol deposits on the
albedo of snow and sea ice. The model was also used by A. Marks to model the effect
of black carbon impurities on the reflectance of sea ice in chapter 4. Downwelling PAR
was calculated throughout the snow pack using TUV-snow in chapter 5. The following
chapters will provide insight on the parameters used to model the albedo and PAR, as
well as the modelling approach.
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FIGURE 2.31: Representation of the construction of a random surface. The
roughness parameter σ, is equal to the ratio of the distance, δ between the
triangle nodes η (fixed to 1), and the standard deviation of the nodes η.
The surface roughness is scale invariant. The diagram was modified from

(Mobley, 1994).

2.3.2.1 TUV model parameterisation

For the radiative-transfer modelling presented in chapter 3, the optical and physical prop-
erties of the snow and sea ice were obtained from the literature. Similarly, the properties
of the mineral aerosol deposits were calculated using Mie theory, based on values col-
lected in the literature. The values of the different model parameters used are reported
in chapter 3. In the work presented in chapter 3 and chapter 5, the distance between the
bottom boundary and the top of the atmosphere was set to 90 km, which corresponds ap-
proximately to the top of the mesosphere, including the troposphere and the stratosphere
where most of the scattering and absorption of solar radiation in the Earth’s atmosphere
occurs. The distance from the model’s top-of-atmosphere to the sun was fixed at an ar-
bitrary distance of 1 astronomical unit. The atmosphere in the model was considered to
be aerosol-free for the purpose of the work presented here. A baseline value of 300 Dob-
son units was used for the ozone column. The solar zenith angle was fixed at 60◦, to be
representative of the high solar zenith angles observed in polar regions. For the purpose
of the work reported in chapter 3, chapter 4, and chapter 5, a diffuse illumination was
used. Indeed, because snow and sea ice are not isotropic reflectors, the response of the
surface albedo or downwelling PAR throughout the snow and sea ice varies with the illu-
mination angle (Wiscombe and Warren, 1980b; Simpson et al., 2002). Therefore, a diffuse
illumination was set, to separate the effects of impurities on the reflectance or albedo of
the sea ice or snow, and the effects of the metamorphosing snow on the downwelling PAR
throughout the snow and underlying sea ice from the effects of a changing illumination.
To generate a diffuse illumination, a cumulus cloud layer with a thickness of 1 km was
placed at an altitude of 1 km above the lower boundary of the model. The cloud layer was
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assigned a single scattering albedo of 0.9999, an optical depth of 32, and an asymmetry
parameter, g of 0.85. The single scattering albedo is a measure of the amount of light ex-
tinction owing to scattering, which is expressed as the ratio between the scattering optical
depth and the total optical depth. A single scattering albedo value of 0.9999 signifies that
the absorption of solar radiation by the cloud is insignificant. The optical depth, which
here defines the opacity of the cloud is a measure of the extinction of radiation. Marks
(2014) computed the surface albedo of a 1 m thick snowpack, as a function of solar zenith
angle using the same TUV-snow model setup as described above. The results showed
that a cloud optical depth of 16 was sufficient to create a diffuse environment, where the
albedo was insensitive to the illumination angle. The asymmetry parameter, g defines the
scattering directionality of electromagnetic radiation hitting a particle. The asymmetry
parameter varies from -1 to +1, where -1 represents scattering in a backwards direction
relative to the incident light path, +1 represents forward scattering and 0 is indicative of
isotropic scattering. Therefore, in the cumulus cloud layer used in the model, most of the
incident illumination was forward scattering.
For the lower boundary of the model, a fixed wavelength-independent isotropic reflectance
value of 0.1 was chosen, based on the work of Perovich (1991), Marks and King (2013b),
and Marks and King (2014). Although the under-ice value was considered to be represen-
tative of seawater (Jin et al., 2004), a vast range of values is found in the literature. Rösel
et al. (2012) used a wavelength-independent spectral radiance of 0.08 to represent open
water in the Arctic, for a MODIS retrieval algorithm of melt ponds, based on values from
Tschudi et al. (2008). Perovich (1996) used a slightly lower wavelength-integrated albedo
of 0.05 for open water. In the sea ice radiative-transfer model developped by Grenfell
(1983), and later used in Grenfell (1991), the lower boundary was set to a spectral radi-
ance value of 0. Furthermore, measurements and calculations of the spectral reflectance
of open seawater at high latitudes has been shown to be wavelength dependent, with
values measured bewteen 0.01 and 0.1 at shorter wavelengths (400–550 nm) dropping to
0 – 0.01 in the near-infrared (Morel and Prieur, 1977; Morel and Maritorena, 2001; Siegel
et al., 1994; Siegel et al., 2005). Owing to the large differences in seawater reflectance val-
ues, the sensitivity of the sea ice albedo to the variability of the underlying seawater re-
flectance was assessed by modelling the albedo of sea ice, using the thicknesses described
in chapter 3 and chapter 6. The calculations were performed with a fixed wavelength-
independent isotropic reflectance value of 0, 0.05, 0.08 and 0.1. The change in sea ice
surface albedo relative to the same sea ice (identical optical properties and thickness) is
shown in figure 2.32. Since the underlying surface reflectance does not change the sur-
face albedo of sea ice in the case of an optically thick sea ice layer, the reflectance value
for the modelled semi-infinite sea ice has no effect on the surface albedo, and therefore
semi-infinite cases are not considered here. For the three types of sea ice, the effects of the
undelying reflectance on the surface albedo are more important for thinner sea ice. At 400
nm, the albedo of first year sea ice changes by 5.5% when using an underlying reflectance
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of 0 compared to 0.1 for 50 cm thick sea ice, 2.8% for 80 cm thick sea ice, and by 2% for 1 m
thick sea ice. For multi-year sea ice, the albedo changes by 0.47% for 50 cm thick sea ice,
0.12% for 1 m thick ice, and 0.08% for 1.2 m thick sea ice. For melting sea ice, the surface
albedo changes by 29% for 50 cm thick sea ice when using an underlying reflectance of
0 compared to 0.1, 16% for 1 m thick sea ice, and 13% for 1.2 m thick sea ice. Figure 2.32
also shows that the effect of the underlying reflectance is variable depending on the type
of sea ice, which is linked to the e-folding depth of the sea ice. Indeed, changing the re-
flectance beneath the sea ice has a much smaller effect on the albedo of highly scattering
multi-year sea ice, with a maximum change in albedo of 0.43%, than for melting sea ice
with a maximum change in albedo of 29%. Therefore, with variations of less than 0.5%
with the different underlying reflectance values and thickness for multi-year sea ice, the
impact of the lower boundary may be considered as negligible. However, for first year
sea ice and melting sea ice, where the impact of the lower boundary on the surface albedo
is more important (5.5% and 29% respectively for 50 cm thick sea ice with a lower bound-
ary reflectance of 0, compared to 0.1), the parameterisation of the lower boundary should
be performed with care . Furthermore, the figure highlights the wavelength dependence
of the effects of the under sea ice reflectance on the surface albedo of sea ice. Owing to
the larger absorption of the ice at wavelengths above 700 nm, the albedo of the sea ice is
more sensitive to the reflectance of the medium below the sea ice at shorter wavelengths
than in the near-infrared. In the case of a 50 cm thick first year sea ice layer with an un-
derlying reflectance of 0, compared to an underlying reflectance of 0.1 used in this work,
the change in surface albedo is 5.5% at 350 nm and 0.7% at 800 nm. For multi-year sea
ice in the same configuration, the change in albedo is 0.43% at 350 nm and no change is
observed at 800 nm. For melting sea ice, which is more sensitive to the lower boundary,
the change in albedo is 29% at 350 nm and 10% at 800 nm. When considering recent
measurements of spectral reflectance of seawater (e.g. Morel and Maritorena, 2001), with
values of 0.1 around 400 nm dropping to 0.0001 at 700 nm, the difference in surface albedo
would be less pronounced than for the fixed wavelength-independent values presented
in figure 2.32. Indeed, the change in albedo would be small at smaller wavelengths and
would not exceed the values for an underlying surface reflectance of 0 presented in the
figure at 700 nm. Therefore, for first-year sea ice, the change in albedo would not exceed
1% for sea ice thicker than 80 cm and 3.2% for 50 cm thick sea ice. For multi-year sea ice,
the change in albedo would be less than 0.15% for sea ice thicker than 50 cm. For melting
sea ice however, the change in albedo would be less than 10% for sea ice thicker than 1
m and approximately 25% for 50 cm thick sea ice. Therefore, although the impact of the
underlying surface reflectance is less important for multi-year and first year sea ice than
for melting sea ice, particular attention to the parameterisation of the lower boundary is
recommended when modelling thin sea ice layers using a radiative-transfer model.
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FIGURE 2.32: Change in albedo of a) first year sea ice, b) multi-year sea ice,
c) melting sea ice, with varying thicknesses and underlying surface albe-
dos, relative to sea ice with identical optical properties and thicknesses,

and a fixed underlying reflectance of 0.1.
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2.3.2.2 Modelling PAR in snow and sea ice

In chapter 5, the lead authors detected an early onset of an algae bloom under a layer
of sea ice covered by a layer of snow in a Fjord in the North East of Greenland (Station
North, 82.05, -19.35). The detection of the algae bloom occurred when 1 m of snow was
still present on the surface of the sea ice, which was unusual, as it has been previously
been considered in the literature that 40 cm of snow were sufficient to deprive under ice
algae of available solar irradiance (e.g. Mundy et al., 2007a). To investigate the plausible
causes of the early onset of algae in the sea ice, a collaboration was set up, providing
insight on the radiative fluxes through the snow and ice using the TUV-snow radiative-
transfer model. The physical parameters of the snow and sea ice that were measured in
the field were used as model input parameters: a 1 m of snow was placed on a 1 m layer
of sea ice, with an underlying albedo of 0.1 to represent the ocean below the ice. The
model setup and parameters are further described in chapter 5, and a schematic diagram
of the modelling conditions is shown in figure 2.33. The downwelling photosynthetically
active radiation (PAR) was calculated for each snow and sea ice layer as:

PAR =

∫ λ=800nm

λ=400nm
Iλdλ, (2.7)

with I the downwelling monochromatic irradiance and λ the wavelength. In a first step,
the previously discussed setup was modelled as a function of scattering cross-section to
represent different snow conditions. In a second step, the small decrease in the observed
snow cover was modelled by changing the thickness of the snow pack in the model.
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FIGURE 2.33: Diagram representing the TUV-snow model setup for the
calculations of downwelling PAR through the snow and sea ice presented

in chapter 5.

2.3.3 Fitting the observed sea ice using Planarrad

In chapter 6 the BRDF of sea ice was modelled as a function of surface roughness for dif-
ferent types of sea ice. In chapter 7 and chapter 8, PlanarRad was used to fit the measured
BRF and HDRF of the artificial sea ice. The parameters used in the model were derived
from physical measurements, values from the literature or were varied to fit the mea-
surements. In the following sections, the model parameters are overseen and the fitting
process is explained.

2.3.3.1 Model parameters justification

In the current section, the model parameters are described and the choice of the values is
justified.

• Wavelength

PlanarRad computes radiance quantities over a discrete number of specified wavelength
numbers. For each wavelength, the wavelength number and the band width are speci-
fied and an iteration is performed over the number of specified wavelengths. Therefore, a
trade-off between computational time and spectral resolution is required. To fit the mea-
sured data in SERF, the wavelength range was set to match the instruments (400–1700
nm), with an interval of 100 nm, the wavelength 1400 nm was omitted from calculations,
owing to the atmospheric absorption band removed from the measurements. The band
width was set to 1 nm for all the wavelengths. To fit the measurements in the RHUL
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sea ice simulator, a wavelength range of 400–850 nm with an interval of 50 nm was cho-
sen. Although the ASD measurements covered the wavelength range 400–1700 nm, the
output from the illumination source was not considered to provide sufficient intensity
above 1000 nm. The Ocean Optics measurements were recorded over the wavelength
range 300–875 nm. However, measurements below 400 nm were considered to be too
noisy to be meaningful, owing to the stray light scattered in the spectrometer and the
weak UV irradiance of the lamps.

• Input irradiance angles

As described in section 2.3.1.2, PlanarRad in rotationally invariant. Therefore, to calculate
the BRF of sea ice for a fixed illumination angle, the input illumination angle is defined
by the zenith angle only. During the measurements at SERF using GRASS, the instrument
was rotated to compensate for a changing solar azimuth angle. The zenith angle of the
sun at the time of each acquisition was calculated using the National Oceanic and Atmo-
spheric Administration Solar Calculator (NOAA, 2017). The average solar zenith angle
for the HDRF measurements at SERF of 61.5◦ was used as input in PlanarRad. Because of
the quadrilateral discretisation of the model, the illumination was set to the quad bound
by the zenith angles 55◦ and 65◦ and azimuth angles 175◦ and 185◦. The BRF measure-
ments in the sea ice simulator were performed with a fixed zenith angle of 60◦. Therefore
the same quad as for the SERF fitting was used.

• Sea ice thickness

The sea ice thickness was obtained from in-situ physical measurements. The thickness
of the sea ice at SERF was obtained from coring, as described in section 2.1.2.2 and the
thickness of the sea ice in the RHUL sea ice simulator was inferred from the temperature
profile data, described in section 2.2.2.5. The thickness of the added layer of poisoned
sea ice in the sea ice simulator was fixed to 5 cm. Additionally, the model allows the
interval of the rate of change of the light field to be controlled, which is equivalent to the
resolution of the model. For all the model runs, the interval was set to 1/100th of the
thickness.

• Sea ice / air interface

The sea ice / air interface was varied to fit the observations. As described in sec-
tion 2.3.1.2, the surface roughness was generated using the refractive index of air and the
refractive index of pure ice from Warren and Brandt (2008). The standard deviation of
the elevation of the triangular nodes was used to control the amount of surface rough-
ness. The effect of a varying surface roughness is discussed in chapter 6. In chapter 7
and chapter 8, the standard deviation of the surface roughness parameter was varied in
PlanarRad between values of 0.001 and 0.5 to fit the observed data. Photographs of ex-
amples of observed surface roughness features at SERF and in the sea ice simulator at
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RHUL are presented in figure 2.34.

FIGURE 2.34: Examples of observed surface roughness of artificial sea ice.
a) A smooth surface was observed at SERF. b, c) the air cooling of the sea ice
grown at RHUL using fans generated varying amounts of surface rough-

ness that were modelled with PlanarRad.

• Sea ice absorption and scattering

The optical properties of the sea ice in PlanarRad are described with the attenuation
coefficient and the absorption coefficient. The attenuation coefficient, is expressed as
(Petty, 2006):

µ = µa + µs, (2.8)
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with µa, the absorption coefficient, and µs, the scattering coefficient. The absorption
coefficient of the sea ice was considered to be the sum of the absorption by the sea ice and
the absorption by the impurities present in the sea ice. The absorption values of Warren
and Brandt (2008) were used for the absorption of the sea ice, using the Beer-Lambert law
(Born and Wolf, 1980):

α =
4πk

λ
, (2.9)

with k, the imaginary refractive index, and λ the wavelength number. The use of the
absorption coefficient of pure ice to represent the absorption of sea ice is discussed in
chapter 6. The absorption coefficient of the impurities in the sea ice is discussed below.
For the work in chapter 7 and chapter 8, the scattering coefficient of the sea ice was
used as a fitting parameter in the model. The scattering values were considered to be
wavelength-independent (Lee-Taylor and Madronich, 2002). For the work in chapter 6,
three scattering coefficients covering three typical types of snow were selected from the
literature. The scattering coefficient has been shown to be density-dependent (Lee-Taylor
and Madronich, 2002). Therefore, values of scattering cross-section found in the literature
were converted to scattering coefficients, such as:

s = σscattρ, (2.10)

with s, the scattering coefficient (per unit length), σscatt the scattering cross-section, and
ρ, the density of sea ice. Based on the values reported in chapter 3, a scattering coefficient
of 120 m−1 was used to represent first-year sea ice, 600 m−1 for multi-year sea ice, and 24
m−1 for melting sea ice.

• Absorption of the impurities in the sea ice

The impurities modelled in the sea ice were considerer to be purely absorbing, and
not scattering. The absorbers described henceforth are estimated as bulk absorbers (Lee-
Taylor and Madronich, 2002) within the snow or ice and will be referred to as the mass
of absorber per mass of sea ice or snow. In chapter 6, a mass-ratio of 1 ng g−1 of black
carbon was added to the sea ice in the model, representing the small quantities of atmo-
spherically deposited black carbon occurring in natural sea ice (e.g. Doherty et al., 2010b).
For the modelling of the sea ice at SERF (chapter 8), the amount of black carbon in the
sea ice was used as a fitting parameter. In both modelling studies, the mass absorption
cross-section of black carbon for a black carbon particle size of 0.13 µm in diameter was
obtained from Dang et al. (2015). The mass absorption cross-section was converted to
an absorption coefficient of black carbon in sea ice, by multiplying the mass absorption
cross section by the mass-ratio of black carbon in sea ice and the density of sea ice. The
absorption cross-section of black carbon and volcanic ash, used to fit the sea ice in the sea
ice simulator (chapter 7), were calculated based on Mie theory, as described in section
2.1.5.3. The mass-ratio of black carbon or volcanic ash were likewise used as free fitting
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parameters.
The spectral shape of nadir measurements of the sea ice at SERF and the RHUL sea ice
simulator suggest that the sea ice was contaminated with small concentrations of algae.
Indeed, algae typically found in sea ice exhibits a strong absorption in the UV–Visible
part of the spectrum (Jeffrey et al., 1999), where small quantities of absorbers affect the
reflectance of sea ice strongly owing to the small absorption of the ice at shorter wave-
lengths (400–600 nm). Therefore, the drop in reflectance observed in the measurements
between 400 and 550 nm may suggest the presence of algae in the sea ice. Chlorophyl-a
was used as a proxy for algae absorption. The mass absorption cross-section of chlorophyl-
a was obtained from Mundy et al. (2011) and converted to an absorption coefficient, as
described above. In chapter 7 and chapter 8, the quantities of algae are referred to as
mass of algae per volume of sea ice, and were varied to fit the observational data.

• Phase function of the sea ice

The directionality of the scattering within the sea ice in the model is controlled by the
scattering phase function. The scattering phase function provides knowledge of the an-
gular distribution of electromagnetic radiation scattered by a particle in a medium, and is
expressed as a function of the scattering angle between the direction of the incident and
scattered radiation. The homogeneous sea ice slab modelled in PlanarRad is considered
as a uniform ensemble of scattering particles, for which the interaction of the incident
radiation is defined by the absorption and scattering coefficients defined above, and the
phase function. To represent the scattering within the sea ice, the Henyey-Greenstein
(HG) phase function was used (Henyey and Greenstein, 1941). The HG phase function,
that was empirically derived to model the scattering of light by interstellar dust, is ex-
pressed as (Henyey and Greenstein, 1941):

β(g, θ) =
1

4π

1 − g2

[1 + g2 − 2gcos(θ)]
3
2

, (2.11)

where θ is the incident angle to the scattered angle, and g, the asymmetry parameter (see
section 2.3.1.1). The HG phase function is a simple approximation of the angular depen-
dance of light scattering by small particles relying on a single parameter, g. However,
the function relies on the assumption of spherical particles that are located in a uniform
medium, which may lead to errors. The HG parameter was used in the modelling of the
sea ice with PlanarRad, as it has been shown that the phase function is adequate for the
computation of the light field within sea ice (Maffione et al., 1998), and asymmetry pa-
rameter values for sea ice have been reported in the literature (Mobley et al., 1998). The
asymmetry parameter was fixed, with a wavelength independent value of 0.98. Previous
studies (Warren and Wiscombe, 1980; Marks and King, 2013a; Marks and King, 2014)
have shown that g is near-wavelength independent for spherical ice grains, and small
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variations in g have a negligible effect on the scattering cross-section of sea ice (France
et al., 2012). Therefore, for consistency with chapter 3, the value of g = 0.98 was chosen.

• Bottom boundary

The lower boundary condition in PlanarRad is defined by an isotropic reflector. For
the modelling study in chapter 6, a wavelength independent reflectance of 0.1 was cho-
sen, as described in the previous section. When fitting the artificial sea ice at SERF, in
chapter 8, the measured reflectance of an ice free patch on the artificial sea ice pool at
nadir was used as a lower boundary. The reflectance is shown in figure 2.26. When fit-
ting the artificial sea ice in the sea ice laboratory at RHUL, in chapter 7, the measured
nadir reflectance of the tank full of sea water under diffuse illumination conditions was
used. The reflectance of the bottom layer of the tank in the RHUL sea ice simulator is
shown in figure 2.3. For wavelengths above 800 nm, the reflectance of the tank was con-
sidered to be 0. At a later stage of the development of the PlanarRad model, the option to
add the BRF of an underlying medium was implemented, allowing for the vertical strat-
ification of the modelled sea ice. In chapter 7, the BRF of clean ice was calculated for 10
illumination zenith angles, using the best-fit parameters described in section 2.3.3. The
resulting BRF was compiled and placed as the lower boundary layer for the modelling of
the poisoned 5 cm layer of sea ice placed over the clean ice layer.

2.3.3.2 Fitting procedure and assessment of the model fitting

To fit the angular reflectance of the artificial sea ice at SERF and in the RHUL sea ice sim-
ulator, the model parameters were divided in two categories. Firstly, the known physical
properties of the sea ice and environmental conditions were fixed in the model. The prop-
erties were either obtained from ancillary measurements, such as the thickness of the sea
ice or the illumination angles (described in 2.3.3.1), or from known values in the literature
(e.g. the absorption coefficient of ice). The remaining parameters necessary to describe
the sea ice conditions in the model were varied until the modelling results fitted the ob-
servational data. In the development stages of the model, each parameter was varied
individually, whilst keeping the other parameters fixed in order to assess the individual
effects of the parameters. To fit the HDRF measurements of the artificial sea ice at SERF,
and the artificial sea ice in the RHUL sea ice simulator, the free parameters of the model
were limited to the scattering coefficient of the sea ice, the mass-ratio of black carbon or
volcanic ash in the ice and the mass-ratio of algae in the sea ice. The individual effects
of the three parameters of the BRF at nadir are shown for illustrative purposes in figure
2.36. A sea ice layer of 1 m thick was modelled with an underlying medium with a lam-
bertian reflectance of 0.1, and for a solar zenith angle of 60◦. The scattering coefficient,
was varied between 100 and 600 m−1 without impurities present in the ice. The black
carbon mass-ratio was varied for a fixed scattering coefficient of 300 m−1 and no algae.
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Finally the algae mass-ratio was varied for a fixed scattering coefficient of 300 m−1 and
no black carbon. Figure 2.36 highlights the spectral effects of the different parameters.
The effects of further parameters such as surface roughness, sea ice thickness and sea ice
type on the BRDF of sea ice were investigated and reported in chapter 6.

To fit the BRF of the layered artificial sea ice measured in the RHUL sea ice simula-
tor (chapter 7), the modelling was performed in two stages. First, the measurements of
the clean ice were fitted with PlanarRad, by varying the scattering coefficient, and small
amounts of algae owing to tank contamination and black carbon owing to particles trans-
ported from the atmosphere through the air circulation system. When a satisfactory fit
was obtained, the full BRF of the sea ice was calculated using the best fitting parameters,
and varying the illumination zenith angle over the 10 zenith quads. The result was com-
piled into a boundary BRF file. In the second stage of the modelling, the computed BRF
boundary file was placed below a new layer of sea ice. The know mass-ratio of black car-
bon or volcanic ash was fixed in the model and the scattering coefficient and the surface
roughness of the new layer was varied until the model results fit the observed BRF.

To optimise the fit between the measured BRF or HDRF and the modelled BRF of the
artificial sea ice, the modelling was performed in an iterative way. First the values of
the free parameters were varied in coarse steps between realistic values for the quantities
fitted. Firstly, the nadir BRF of the sea ice was computed without impurities, for varying
scattering cross-section values. A visual comparison of the results with the measured
nadir BRF or HDRF narrowed the range of values modelled. In a second step the absorp-
tion of impurities in the sea ice was added to the model, based on prior knowledge of the
effects, shown in figure 2.36. After a visual fit determined a narrowed range of values for
the different parameters, the model was run with a combination of the different parame-
ters over the predetermined ranges of values with a fine interval. Figure 2.35 shows the
nadir BRF modelled with a range of scattering coefficients, black carbon mass-ratios and
algae mass-ratios. The mean nadir HDRF that the model was being fitted to is plotted
over the model run for comparison.

To described how well the combination of modelled parameters explained the ob-
served data, a quantitative assessment of the goodness of fit was performed. The χ2 test
(Snedecor and Cochran, 1967) was used to compare the modelled and observed data,
providing a metric on the goodness-of-fit. The χ2 test was originally used to test whether
a sample of data originates from a population with a specific distribution. However, the
χ2 test statistic is the normalised sum of the squared difference between observed and
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FIGURE 2.35: PlanarRad model results for the fitting of the mean nadir
HDRF measured at SERF. The varying values are not reported for clarity,

but can be found in chapter 8.

theoretical, and therefore can also be used to describe how well modelled data fit obser-
vations. The χ2 test is expressed as:

χ2 =
∑

i

(Ci −Oi)
2

Oi
, (2.12)

withOi, the modelled data points andEi the measured data points. The chi-square good-
ness of fit test was performed for the nadir observations, where a modelled value was
fitted to the mean nadir observations. To take in account the uncertainties in the mea-
surements, the reduced χ2 test was used, expressed as (Wong, 1997) :

χ2 =
∑

i

(Ci −Oi)
2

σ2i
, (2.13)

where the statistic is adjusted for the standard deviation σi of the data points. In chapter
7 and chapter 8, the goodness of fit test was performed over the modelled wavelength
range i. The value of χ2 was plotted for each model run with a combination of different
values of the free parameters. The model results with the lowest value of χ2 were con-
sidered to have the parameters that best described the observed sea ice. An example of
χ2 values for different model runs is shown in chapter 8.
After obtaining the best fit for the nadir BRF, the pattern of modelled BRF was compared
to the measurements. Chapter 6 reports the effects of surface roughness on the BRDF of
sea ice. Variations in the surface roughness have an important effect on the BRDF pattern
of the sea ice. The surface roughness was varied in the model and the resulting BRF was
compared with the laboratory measurements. The relative difference in the distribution
of the angular reflectance was calculated, and assessed visually. After a good fit of the
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BRF distribution was observed, the fit at nadir was assessed iteratively, ensuring that the
previous parameter combination remained valid. If a difference in the χ2 was observed,
the process was repeated.
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FIGURE 2.36: Nadir BRF of modelled sea ice for different model parame-
ters. A 1 m thick sea ice layer was placed on a bottom boundary layer with
a reflectance of 0.1. The illumination zenith angle was 60◦. Top: the sea ice
was modelled with varying scattering coefficients. Middle: the scattering
coefficient was fixed to 300 m−1 and the algae mass-ratio in the ice was var-
ied. Bottom: the scattering coefficient was fixed to 300 m−1 and the black

carbon mass-ratio in the sea ice was varied.
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Abstract. Knowledge of the albedo of polar regions is cru-
cial for understanding a range of climatic processes that have
an impact on a global scale. Light-absorbing impurities in at-
mospheric aerosols deposited on snow and sea ice by aeolian
transport absorb solar radiation, reducing albedo. Here, the
effects of five mineral aerosol deposits reducing the albedo
of polar snow and sea ice are considered. Calculations em-
ploying a coupled atmospheric and snow/sea ice radiative-
transfer model (TUV-snow) show that the effects of mineral
aerosol deposits are strongly dependent on the snow or sea
ice type rather than the differences between the aerosol opti-
cal characteristics. The change in albedo between five differ-
ent mineral aerosol deposits with refractive indices varying
by a factor of 2 reaches a maximum of 0.0788, whereas the
difference between cold polar snow and melting sea ice is
0.8893 for the same mineral loading. Surprisingly, the thick-
ness of a surface layer of snow or sea ice loaded with the
same mass ratio of mineral dust has little effect on albedo.
On the contrary, the surface albedo of two snowpacks of
equal depth, containing the same mineral aerosol mass ra-
tio, is similar, whether the loading is uniformly distributed or
concentrated in multiple layers, regardless of their position
or spacing. The impact of mineral aerosol deposits is much
larger on melting sea ice than on other types of snow and sea
ice. Therefore, the higher input of shortwave radiation dur-
ing the summer melt cycle associated with melting sea ice
accelerates the melt process.

1 Introduction

The albedo of snow and sea ice has a large influence on the
surface energy budget of polar regions, impacting the Earth’s
climate system (e.g. Barry et al., 1993; Curry et al., 1995; Ja-
cobson, 2004; Serreze and Barry, 2005). Shortwave radiation
is a key factor in the radiative balance at high latitudes, in-
fluencing the large-scale dynamics and the snow and sea ice
cover. Variation in albedo is linked to several factors, such
as the physical properties of snow and sea ice, morphology,
surface roughness, thickness and light-absorbing impurities
(e.g. Perovich et al., 1998).
The albedo of sea ice is strongly wavelength-dependent,

owing to the light scattering and absorption by ice and
brine. Previous studies have defined wavelength integrated
and spectral albedos for a variety of snow and sea ice types
(e.g. Langleben, 1969, 1971; Grenfell and Makyut, 1977;
Grenfell and Perovich, 1984; Perovich et al., 1986; Perovich,
1996; Buckley and Trodahl, 1987; Grenfell, 1991;Wiscombe
and Warren, 1980; Aoki et al., 1998; Hanesiak et al., 2001).
Albedo is not only influenced by the physical structure of
snow or sea ice but also by the amount and type of light-
absorbing impurities in the snow and sea ice (Warren and
Wiscombe, 1980). Only small amounts of light-absorbing
impurities are needed to achieve changes in snow or sea ice
albedo (e.g. Warren and Wiscombe, 1980; Warren, 1984;
Light et al., 1998; Doherty et al., 2010; Marks and King,
2014). Indeed, mass ratios of less than 1 part per million
are sufficient to reduce the albedo by 5 to 15% (Warren and
Wiscombe, 1980). Light-absorbing pollutants may be trans-
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ported to the Arctic as fine particulate aerosols (Shaw, 1984).
Once in the Arctic, the particles are deposited onto snow
or sea ice from the atmosphere by precipitation or dry de-
position (Fischer et al., 2007; Doherty et al., 2010). Dust
from arid and semi-arid regions is the most important source
of mineral aerosols in the atmosphere (e.g. Ginoux et al.,
2010). Although gravitational processes remove larger parti-
cles (Westphal et al., 1987), finer particles can be transported
over great distances and in some cases reach the Arctic (Pros-
pero et al., 2002). The two main source areas of mineral dust
deposited in the Arctic are Asia and North Africa (Pacyna
and Ottar, 1989; Zdanowicz et al., 1998; Bory, 2003; Van-
Curen et al., 2012), with an estimated flux range between
1 and 21 µgcm�2 yr�1 (Zdanowicz et al., 1998). After min-
eral dust, volcanic ash is the second largest type of mineral
aerosols found in the Arctic (VanCuren et al., 2012). Indeed,
high-latitude volcanic eruptions frequently emit large quan-
tities of ash into the Arctic (e.g. Stone et al., 1993; Zielin-
ski et al., 1997; Young et al., 2012) disturbing the Arctic’s
climate system. The analysis of core samples in Arctic sea
ice has exposed the presence of volcanic ash through traces
of silicate shards and aged tephra (Ram and Gayley, 1991).
However, the complex nature of volcanic eruptions makes
ash deposition in the Arctic difficult to assess.
Soot and black carbon are known to absorb light strongly,

thus reducing the albedo of snow and sea ice (e.g. Chýlek
et al., 1983; Warren, 1984; Clarke and Noone, 1985; War-
ren and Clarke, 1990; Grenfell et al., 2002; Lee Taylor and
Madronich, 2002; Jacobson, 2004; Flanner et al., 2007; Do-
herty et al., 2010; Reay et al., 2012; Ye et al., 2012; Marks
and King, 2013, 2014). Field observations and modelling
simulations have also shown that increases in dust deposi-
tion to snow lead to radiative forcing that affects the en-
ergy balance of snow (Woo and Dubreuil, 1985; Aoki et al.,
1998; Painter et al., 2007, 2012; Huang et al., 2011; Wang
et al., 2013; Zhang et al., 2013; Zhao et al., 2014; Yasunari
et al., 2014). However, although anthropogenic deposits in
polar snow and ice have been well characterised, studies
on the effects of natural mineral aerosol deposits are more
scarce. Warren and Wiscombe (1980) modelled the impact
of desert dust in snow, using a compilation of optical prop-
erties present in the literature. By varying particle size and
concentration, they showed that the presence of dust reduces
the albedo of natural snow at shorter wavelengths (300–
800 nm), but the large absorption of snow in the infrared re-
gion means that the albedo of snow is insensitive to mineral
dust in this region. Carmagnola et al. (2013) considered the
impact of dust as well as black carbon on albedo of snow,
comparing modelled results with in situ observations. They
pointed out the importance of dust impurities due to their
higher concentration within the snow compared with black
carbon. However, Carmagnola et al. (2013) measured small
concentrations of impurities to fit their observational data set,
and did not take into account a larger range of values. Al-
though volcanic ash has a local and instantaneous impact on

snow and sea ice, its effects have been described as similar
to soot (Warren, 1982). Warren (1982) modelled the effect
of increasing Mount St. Helens ash on snow albedo for dif-
fuse incidence. The results show a significant reduction of
albedo in the visible wavelengths, and unimportant in the in-
frared. Conway et al. (1996) confirmed these results by show-
ing that volcanic ash can reduce the albedo of snow up to
50%. Flanner et al. (2007) and Flanner et al. (2009) devel-
oped a model that provides albedo of snow for different con-
centrations of black carbon, dust or volcanic ash, based on a
two-stream radiative-transfer code (Toon et al., 1989). In the
single-layer implementation of the model, SNICAR-online
(Flanner et al., 2007), multiple snow types can be modelled
by changing the snow grain radius. However, only a single
type of volcanic ash derived from Patterson (1981) and com-
bined mineral refractive indices as an approximation of min-
eral dust were used. Furthermore, SNICAR-online does not
allow for calculations in sea ice. Impurities in sea ice have
been considered by Light et al. (1998), who used a four-
stream discrete-ordinates radiative-transfer model to deter-
mine how particulates (Saharan dust and sediments) alter the
optical properties of sea ice. The authors analysed the sensi-
tivity of albedo in relation to depth and thickness of a single
dust layer within the ice, showing the importance of vertical
distribution of deposited aerosols. Additionally, the effects of
an increasing surface layer of snow containing a fixed mass
of soot has been considered by Grenfell et al. (2002). How-
ever the study was limited to a single snow type and only
a constant mass of soot. To the knowledge of the authors
of this paper, no studies on the effects on albedo of multi-
ple mineral dust or volcanic ash layers deposited at varying
intervals in snow have been published. Studying the layer-
ing of mineral aerosol deposits in snow or sea ice enables
to take into account the episodic nature of dust and volcanic
ash deposition events. Moreover, the comparison of multi-
ple sources of mineral aerosol deposits on multiple differ-
ent types of snow and sea ice in an Arctic environment has
not been investigated. Although Woo and Dubreuil (1985)
proposed a characterisation of the relationship between dust
content and Arctic snow albedo, the range of snow types and
dusts was limited. Overall the understanding of the impact of
mineral aerosol deposits on the albedo in the Arctic is ham-
pered by the lack of comprehensive studies on the role of
the snow or sea ice optical properties in relation to the op-
tical properties of the mineral aerosol deposits. The work of
Marks and King (2014) on the effects of the snow and sea
ice type on the response of albedo to black carbon loadings
suggests that the type of snow or sea ice is an important fac-
tor when considering the effects of impurities on the albedo
of snow and sea ice. The conclusions from Marks and King
(2014) led the authors of this paper to address the question
of the importance of the type of snow or sea ice compared
to the type of mineral dust or volcanic ash when evaluating
the impact of mineral aerosol deposits on albedo. No studies
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investigating the effects of light-absorbing impurities on the
albedo of snow and ice have examined this question.
In this work an atmospheric and snow/sea ice radiative-

transfer model (TUV-snow) was used to investigate the ef-
fects of mineral aerosol deposits on snow and sea ice. The
main purpose was to evaluate the impact of different mineral
dusts and volcanic ashes on albedo. To do so, different mass
ratios of a selection of five different mineral aerosol deposits
in multiple snow and sea ice types were modelled. The thick-
ness of a single surface layer and the vertical distribution of
multiple layers loaded with mineral deposits were then var-
ied to explore the effects of layering.

2 Method

The description of the method is split into three sections:
the radiative-transfer model is described, followed by a de-
tailed section on the calculation of mineral absorption cross-
sections and a final section describing the modelling experi-
ment performed.

2.1 Radiative-transfer model

The radiative-transfer calculations of the penetration and re-
flection of light into snow and sea ice containing mineral
aerosol deposits were performed using the Tropospheric Ul-
traviolet and Visible Radiation Model (TUV-snow), using
the discrete-ordinates “DISORT” algorithm (Stamnes et al.,
1988), as described by Lee Taylor and Madronich (2002).
The model is a coupled atmospheric and snow/sea ice model
that allows calculation of radiative-transfer parameters in
snow and sea ice from the top of the atmosphere to the sur-
face of the Earth and into a layer of snow or sea ice.
The model parameters simulating different types of snow

and sea ice are controlled by an asymmetry factor g, a wave-
length independent scattering cross-section, �scatt, a wave-
length dependent absorption cross-section, �ice and the sea
ice or snow density (Lee Taylor andMadronich, 2002; France
et al., 2011a, b; Reay et al., 2012; Marks and King, 2013,
2014).
In this study, three types of sea ice were used: first-year

ice, multi-year ice and melting ice, as well as three types of
snow: cold polar snow, coastal wind packed snow and melt-
ing snow. The optical and physical parameters of the selected
snows and sea ice are based on field studies and summarised
in Table 1. A detailed description and justification of these
values can be found in Marks and King (2014).
The wavelength independent albedo of the surface under

the snow and sea ice layer was fixed to 0.1 to represent sea-
water or soil. Irradiance reflectance at the surface was calcu-
lated to approximate albedo, represented by Eq. (1):

A = Eu
Ed

, (1)

where Eu is the upwelling plane irradiance and Ed is the
downwelling plane irradiance.
A layer of cumulus cloud was added to the model at an

altitude of 1 km to provide diffuse illumination of the snow
or sea ice surface and remove the solar zenith angle depen-
dance. The cloud asymmetry factor g, was set to 0.85, the sin-
gle scattering albedo was set to 0.9999 and the optical depth
was set to 32. The atmosphere was added with an ozone col-
umn of 300 Dobsons containing no aerosols. The distance
between the Earth and the Sun was fixed to 1AU.
The modelled wavelength dependent albedo was produced

over a spectrum ranging from 350 to 800 nm with a 1 nm
interval.

2.2 Optical properties of mineral dust and volcanic ash

The snow and sea ice were modelled as media which are
highly scattering and weakly absorbing of photons. The
light-absorbing impurities were modelled as absorbers only
and it was assumed that the ice matrix provides all the scat-
tering. The total absorption in sea ice is

�total = �s(�) + xmn�mn(�), (2)

where �s(�) is the wavelength-dependant absorption cross-
section of snow or sea ice, xmn is the mass ratio of min-
eral aerosol deposits in the snow or sea ice and �mn(�) is
the wavelength-dependant absorption cross-section by min-
eral aerosols.
The optical constants of ice were obtained from the work

of Warren and Brandt (2008). The calculation of the absorp-
tion cross-section of the mineral aerosol deposits was calcu-
lated based on theMie theory (Bohren and Huffman, 1983) in
the Mieplot program (Laven, 2006) using the BHMIE com-
putation code (Bohren and Huffman, 1983). The resulting ab-
sorption cross-sections of the mineral aerosol deposits were
used in the radiative transfer model described in Sect. 2.1.
To calculate the absorption spectra of representative min-

eral aerosols from a Mie Calculation, values of the imagi-
nary refractive index, density, size and size distribution are
needed. The values of the imaginary refractive index for dif-
ferent mineral dusts and ashes vary significantly with wave-
length and the medium’s mineral composition (Tegen and
Fung, 1994; Sokolik and Toon, 2007). A selection of the
imaginary part of the refractive index values of mineral dust
found in the literature was reported by Dang et al. (2015).
Three different volcanic ashes and two dusts were chosen
from the literature to represent the variety of mineral aerosols
deposited in the Arctic. The work of VanCuren et al. (2012),
was used for Asian dust, Saharan dust, fresh volcanic tephra
and aged volcanic dust plumes as the four characteristic
sources of aerosols deposited at Summit, Greenland.
A representative value of the imaginary component of the

refractive index of Saharan dust was calculated as the average
of eight measurements of the imaginary refractive index of
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Table 1. Values of the input parameters used for snow and sea ice for the TUV-snow model, based on literature values and detailed in the
work of Marks and King (2014).

Snow/sea ice Density Scattering cross- Asymmetry e-folding Typical depth Minimal optical Equivalent snow
(kgm�3) section (m2 kg�1) parameter (g) depth (cm) modelled (cm) thickness (cm) grain radius (µm)

Cold polar snow 400 20.0 0.89 15 40 45 85
Coastal windpacked snow 400 7.5 0.89 21 40 63 220
Melting snow 400 1.25 0.89 45 40 135 1400

First year sea ice 800 0.15 0.98 37 80 111 –
Multi year sea ice 800 0.75 0.98 75 250 225 –
Melting sea ice 800 0.03 0.98 400 250 1200 –

Figure 1. Complex refractive index (real and imaginary part) for
mineral aerosol deposits as a function of wavelength. Values are
based on work by Derimian et al. (2012) (3), Patterson and Gillette
(1977) (4), Patterson (1981) (1, 2) and Sokolik et al. (1993) (5).

airborne Saharan aerosols from eight locations in the Atlantic
ocean (Patterson and Gillette, 1977).
The refractive index of a characteristic central Asian dust

was taken from Sokolik et al. (1993). The dust samples that
Sokolik et al. (1993) collected in Tadzhikistan, are a combi-
nation of airborne dust aerosols and surface dust. The imagi-

nary refractive index of the dust aerosols was used, as it rep-
resents a better approximation of transported material. Three
different volcanic ash sources were used, providing a vari-
ety of mineral and thus, optical properties. Two wavelength-
dependent indices of refraction of Mount St. Helens ash from
the 18 May 1980 eruption were obtained from Patterson
(1981). The first sample, collected in Boulder, Colorado cor-
responds to the first pulse of the eruption and is characterised
by a dark grey colour and a high absorption coefficient in
the visible wavelengths. The second sample collected in Ch-
eney, Washington has a pale grey appearance and a lower
absorption coefficient by approximately a factor of 2 (Pat-
terson, 1981). Direct measurements of volcanic ash optical
properties are scarce. Therefore an estimate of the complex
refractive index of Eyjafjallajökull ash calculated by Derim-
ian et al. (2012) was used. The weighted combination of re-
fractive indices of each aerosol component presented a good
fit with AERONET data (Derimian et al., 2012) and was
more realistic than the mineral dust data of Balkanski et al.
(2007) that is more widely used (Johnson et al., 2012; Turn-
bull et al., 2012). The values of the complex refractive index
of the aerosols as a function of wavelength considered in the
study presented here are in Fig. 1.
For the calculation of the extinction coefficient of light-

absorbing impurities, the mineral aerosol deposits were as-
sumed to be spherical. Based on observations of atmospheric
dust deposition in snow on the Penny ice cap on Baffin Is-
land by Zdanowicz et al. (1998), the size distribution of
the aerosols used in the calculations presented here was
fixed to a log normal distribution peaking at a diameter of
2.3 µm with a standard deviation of 2.1 µm. The size distribu-
tion corresponds to a mean value for long-range transported
dusts and is similar to those measured in Greenland (Ko-
erner, 1977). Particle densities of 2600 kgm�3 for Saharan
dust (Hess et al., 1998), 2500 kgm�3 for Asian dust (Fratini
et al., 2007), 2300 kgm�3 for Eyjafjallajökull ash (Johnson
et al., 2012) and 1400 kgm�3 for Mt St. Helens ash (Sarna-
Wojcicki et al., 1981) were assumed in the calculation of ab-
sorption cross-sections. The refractive index of air was used
as a surrounding medium for the Mie calculations in snow
whereas values for pure ice (Warren and Brandt, 2008) were
used for sea ice.

Atmos. Chem. Phys., 16, 843–860, 2016 www.atmos-chem-phys.net/16/843/2016/



M. L. Lamare et al.: Mineral aerosol deposits on sea ice 847

2.3 Calculation of albedo on snow and sea ice with
different mineral loading schemes

Three types of modelling experiment were performed, as
shown in Fig. 3. Initially, the surface albedo of snow and sea
ice was calculated owing to increasing mineral dust mass ra-
tios uniformly distributed in the snow and sea ice. To allow
a fair comparison between the snowpack or the sea ice and
the different dusts, the snow and sea ice was defined as semi-
infinite, i.e. the thickness of the medium is large enough that
the underlying layer does not affect the results. Secondly, the
semi-infinite thickness was replaced by snowpacks and sea
ice types with varying realistic thicknesses. Thirdly, the min-
eral aerosol deposits were constrained to layers in the snow
and sea ice, as opposed to a uniform distribution. The third
case reflects the episodic nature of mineral deposition.
Initially, the surface albedo of the different snow and sea

ice types was calculated between 350 and 800 nm for an in-
creasing mass ratio of mineral aerosol deposits. Based on the
properties of the snow and sea ice used in this study, a depth
of 1.5m for snow and 15m for ice was found to be sufficient
to achieve a semi-infinite medium. Assuming the mineral
aerosol deposits were distributed evenly through the medium,
their mass ratio was varied between 10 and 10 000 ngg�1.
Typical mass ratio values on Baffin Island range from 78.2 to
193.2 ngg�1 (Zdanowicz et al., 1998), however much higher
values can be found on glaciers close to volcanoes or on dust
storm paths (Thorsteinsson et al., 2012; Schwikowski et al.,
1995; Dong et al., 2014). Therefore a large range of values
was included for completeness.
In order to determine the impact of different types of

mineral aerosol deposits (with different absorption cross-
sections), a semi-infinite snow and sea ice cover with a uni-
form mass ratio of 100 ngg�1 for each mineral sample was
modelled.
In a second step, representative thicknesses for each type

of snow and ice were used based on mean values found in the
literature. A depth of 40 cm for snow (Warren et al., 1999;
Serreze and Barry, 2005; Kohler et al., 2006) representing a
maximum spring Arctic value, 2.5m for multi-year and melt-
ing sea ice (Bourke and Garrett, 1987; Laxon et al., 2003;
Weeks, 2010) and 80 cm for first-year sea ice (Weeks, 2010)
were chosen. The albedo of the layer under the sea ice or
snow was set to 0.1 to simulate a strongly absorbing medium
similar to water or soil. Albedo, as a function of an increasing
mass ratio of Asian mineral dust, was calculated (discussed
in Sect. 3.2). By selecting realistic thicknesses of snow and
sea ice, a comparison of the impact of mineral dust on differ-
ent types of snow and sea ice was performed.
In a third step, a surface layer of 1 cm of snow or sea ice

containing 100 ngg�1 of Asian dust was placed on the sur-
face of each snow and sea ice type. The underlying snow or
sea ice was modelled as a clean medium containing no black
carbon or mineral aerosol deposits. The thickness of this top
layer was increased to 10 cm in 1 cm steps. The variation in

Figure 2. Absorption cross-section values based on Mie theory
calculations undertaken here. Particles were considered to be sur-
rounded by air at a temperature of 0 �C (a) for snow; and sur-
rounded by ice (b), using refractive index data for ice from Warren
and Brandt (2008) for sea ice. The size distribution of the particles
used in the Mie calculation was fixed to a log normal distribution
peaking at 2.3 µm with a standard deviation of 2.1 µm. The data
were smoothed with a polynomial fit to remove the fine wavelength
structure.

albedo was represented as a percentage of change relative to
a pure medium at four different wavelengths (450, 550, 650
and 750 nm). The effects of multiple layers in snow were
taken into account, simulating dust deposition by multiple
storm events between snow falls. For three different 40 cm
deep snowpacks, 100 ngg�1 of mineral deposits previously
placed throughout the pack were concentrated to 5 cm layers
of 800 ngg�1. The distance between the five layers was in-
creased from 1 to 8 cm with a 1 cm interval in eight different
model combinations, alternating poisoned and clean snow.
The albedo of the layered snow packs was compared to a
clean snow pack containing 1 ngg�1 of mineral dust. Fur-
thermore, the importance of buried layers containing min-
eral aerosol deposits was investigated by comparing mul-
tiple layers each with a dust mass ratio of 800 ngg�1 to
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Figure 3. Snow and sea ice configurations modelled for (a) cold polar snow, (b) coastal windpacked snow, (c) melting snow, (d) first-year
sea ice, (e) multi-year sea ice, (f) melting sea ice (not to scale).

one surface layer of 1 cm containing the same mass ratio of
800 ngg�1. Although typical mass ratios are lower in polar
regions (Zdanowicz et al., 1998), Dong et al. (2013) show
values higher than 800 ngg�1 in snowpacks close to dust
sources. The mass ratio of 800 ngg�1 was selected to pro-
vide a clear signal whilst remaining realistic.
Finally, the albedo of three semi-infinite snow types (cold

polar snow, coastal wind packed snow and melting snow)
with an increasing mass ratio of Asian dust and light coloured
Mt St Helens volcanic ash, obtained from the TUV-snow
model was compared to the SNICAR-online model (Flan-
ner et al., 2007) for validation. Identical input parameters
were used for snowpack thickness, density and the under-
lying ground albedo. The snow grain radius parameter was
varied in SNICAR-online to fit three types of clean snow-
packs to the output of TUV-snow. A snow grain radius of
85 µm was compared to the cold polar snow modelled in this
study, 220 µm for coastal wind packed snow and 1400 µm for
melting snow. In a second step, increasing concentrations of
dust and volcanic ash were added to SNICAR-online, and the
results were compared with TUV-snow.

3 Results

The results are presented in three sections: the effect of dif-
ferent types of mineral aerosol deposits on albedo of polar
snow and sea ice, the variation of albedo with increasing
loading of mineral aerosol deposits and the effect of layers
of mineral aerosol deposits in snow.

3.1 The effect of different mineral aerosol deposit types
on albedo

The absorption cross-sections of the different mineral aerosol
deposits have a similar pattern with wavelength, but differ by
a maximum of 77%, as seen in Fig. 2, where the wavelength-
dependant absorption cross-sections of different mineral
aerosol deposits are plotted. The variation in the values of ab-
sorption cross-section has little effect on the albedo for most
snow or ice types. As Fig. 4 indicates, variation in albedo
between the different mineral dusts and volcanic ashes does
not exceed 0.0080 for snow and 0.0788 for sea ice. For semi-
infinite snow or sea ice with a mass ratio of 100 ngg�1, the
variation in albedo between the strongly light-absorbing Ey-
jafjallajökull ash and the less light-absorbing Mt. St. He-
lens light grey ash sample is 0.0024 for cold polar snow at
450 nm; a wavelength where the difference between min-
eral deposits is the largest. For comparison, the difference
in albedo at 450 nm between a cold polar snowpack contain-
ing 1 ngg�1 of Mt. St. Helens light grey ash and 100 ngg�1

of the same ash is 0.0036. Different mineral aerosol deposits
have a larger effect on melting sea ice, where the difference
in albedo between Eyjafjallajökull ash and Mt. St. Helens
light grey ash reaches 0.0749 at 450 nm. When increasing
the mass ratio of mineral aerosol deposits to larger values in
the snow or sea ice, the importance of their optical proper-
ties becomes more obvious. The variation in albedo between
10 000 ngg�1 of Eyjafjallajökull ash and Mt. St. Helens light
grey ash reaches 0.0268 in cold polar snow (smallest change)
and 0.1444 in first-year sea ice (largest change) as shown in
Fig. 5, where the albedo of different snow and sea ice types
is shown for an increasing mass ratio of mineral aerosol de-
posits.
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Figure 4. Wavelength-dependant albedo of three semi-infinite snow and sea ice types containing 100 ngg�1 of different mineral aerosol
deposits (Mt St Helens ash, Eyjafjallajökull ash, Saharan dust and Asian dust). The albedo of a pure medium (containing 1 ngg�1 of Asian
dust) has been included for comparison. The y axis has different scales in each panel to cover the large range of values.

The variation in the albedo of snow and sea ice is less sen-
sitive to the type of mineral aerosol deposit and its optical
properties than to the properties of the snow or sea ice them-
selves (Figs. 4 and 5). Indeed, where a maximum variation
of 0.0788 is observed from one mineral deposit to another,
the variation between the albedo of melting sea ice and cold
polar snow for the same mass ratio of mineral dust reaches
0.8893. Thus, an important result of this work is that when
considering the darkening of snow or sea ice, it may be more

important to understand the optical properties of the snow or
sea ice than the optical properties of the mineral aerosol de-
posits. Therefore, when observing the impact of an increas-
ing mineral dust mass ratio on realistic thicknesses (Fig. 7),
of surface layers (Fig. 9) and of multiple layers (Fig. 10) a
single type of mineral deposit was picked. Asian dust was
selected, being the most commonly found mineral dust in the
Arctic (Zdanowicz et al., 1998; VanCuren et al., 2012) but
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Figure 5. Albedo of three semi-infinite snow and sea ice types with increasing mineral aerosol deposits mass ratio at 450 nm. The y axis has
different scales in each section to cover the large range of values.

also being representative of the range of mineral aerosol de-
posits (Figs. 1 and 2).

3.2 The effects of increasing mineral dust mass ratios
in snow and sea ice on albedo

Figure 6 shows the change in albedo at 550 nm of an increas-
ing mass ratio of the two most common types of mineral dust
found in the Arctic for three different types of sea ice (first-
year, multi-year and melting sea ice) and snow (cold polar,
coastal windpacked and melting snow) relative to a clean
medium. The results presented here, as well as for Figs. 6, 5
and 7 are for a wavelength of 550 nm, but are representa-
tive of the behaviour for a wavelength range between 400
and 600 nm. The change in albedo shown in Figs. 6 and 9

is calculated as the ratio between the albedo of snow or sea
ice containing mineral aerosol deposits and albedo calculated
with a snow or sea ice containing mineral aerosol deposits at
a mass ratio of 1 ngg�1. Similarly to black carbon (Marks
and King, 2014), mineral dust deposits have a larger impact
on the albedo of sea ice than snow, with melting sea ice being
the most sensitive medium. The relative change in albedo as
a function of mineral dust is 87% larger for melting sea ice
than a cold polar snowpack for mass ratio of 10 000 ngg�1

of mineral dust (Fig. 6). However, such mass ratios of dust
are rare in polar regions (Lawrence and Neff, 2009). Such
large mass ratios are included here to allow for a wide range
of applications (i.e. study areas close to aerosol sources, as-
trobiology and general cases). A realistic loading is below
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Figure 6. Relative change in albedo at a wavelength of 550 nm for an increasing mass ratio of (a) Asian mineral dust (b) Saharan mineral
dust (c)Mt. St. Helens volcanic ash (d) Eyjafjällajökull volcanic ash relative to a mass ratio of 1 ngg�1 throughout three semi-infinite snow
and sea ice types. The albedo for 1 ngg�1 of mineral aerosol deposits, valid for (a), (b), (c) and (d), is 0.988 for cold polar snow, 0.981 for
coastal windpacked snow, 0.953 for melting snow, 0.727 for first-year sea ice, 0.867 for multi-year sea ice and 0.494 for melting sea ice. The
values presented for a wavelength of 550 nm are indicative of the same behaviour for wavelengths between 400 and 600 nm.

a mass ratio of 100 ngg�1 (Zdanowicz et al., 1998), where
mineral aerosol deposits only change albedo by up to 0.03.
The decrease of the albedo of melting sea ice with 100 ngg�1

of Asian dust relative to 1 ngg�1 is 5.35% and only 0.12%
for cold polar snow. For smaller mass ratios, the effects of
mineral aerosol deposits are negligible in snow and small in
sea ice: 10 ngg�1 of Asian dust decreases the albedo of cold
polar snow by 0.002% and melting sea ice by 0.52% relative
to a mass ratio of 1 ngg�1.

Figure 7 displays decreasing albedo with increasing mass
loading of Asian mineral dust at a wavelength of 550 nmwith
realistic thicknesses of snow and sea ice (Table 1). The real-
istic thickness of snow and sea ice prevents the snow and
sea ice types (except multi-year sea ice) from being optically
thick. Using realistic values, the absorbing medium under the
snowpack or sea ice affects the value of surface albedo. Ta-
ble 1 highlights typical values for the different snow or sea
ice types along with their e-folding depths. The snow and sea
ice packs were considered to become optically thick at 3 e-
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Figure 7. Albedo of three snow and sea ice types with increasing
Asian dust mass ratio at 550 nm. Snow thickness: 40 cm, first-year
sea ice: 80 cm, multi-year and melting sea ice: 250 cm.

folding depths, where over 95% of incident sunlight is atten-
uated (France et al., 2011b). The decrease in albedo between
a clean snow or sea ice and a snow or sea ice containing the
same loading of Asian dust is smaller for realistic depths than
for semi-infinite packs. With a concentration of 100 ngg�1

of Asian dust, the variation is smaller by a factor of ⇠ 0.97
for a realistic thickness than a semi-infinite cold polar snow-
pack, ⇠ 1.18 for coastal wind packed snow, ⇠ 1.91 for melt-
ing snow, ⇠ 3.05 for first-year sea ice, ⇠ 1.02 for multi-year
sea ice and ⇠ 1.97 for melting sea ice. The strong absorbing
layer under the snow or sea ice (albedo of 0.1) and a thick-
ness smaller than the minimal optical thickness for the realis-
tic snow and sea ice layers explain a reduction in albedo and
smaller variations due to mineral aerosol deposits. Figure 7
also highlights the difference in albedo decrease between re-
alistic snow and sea ice with the same mass ratio and cate-
gory of mineral aerosol deposit. Within the snow, reduction
in albedo is greater for melting snow, where 1000 ngg�1 of
mineral aerosol deposits causes a 2.25% decrease relative to
a clean snow pack, than for cold polar snow, where the same
loading causes a 0.89% decrease. Moreover, warmer sea ice
is more sensitive than cold first-year sea ice, as a mass ratio
of 1000 ngg�1 of mineral aerosol deposits causes a 26.05%
reduction in albedo relative to clean ice for melting sea ice
and 9.71% for first-year sea ice. The results presented in this
section suggest that the type of snow or sea ice are more im-

Figure 8. Comparison between the albedo of three semi-infinite
snow types with an increasing mass ratio of mineral aerosol de-
posits computed with TUV-snow and SNICAR-online models. The
dotted lines show albedo as a function of an increasing mass ratio of
Asian dust (a) and a light coloured sample of Mt St Helens volcanic
ash (b). The solid lines show the output from the SNICAR-Online
model (Flanner et al., 2007) using input parameters matching TUV.

portant to consider than the type of mineral aerosol deposits
when studying the impact of atmospheric mineral aerosol de-
position on the albedo of snow and sea ice.
When comparing the results from the modelling in this

study with the output from SNICAR-online (Flanner et al.,
2007), a very good agreement for the albedo of an increasing
mass ratio of volcanic ash can be observed (Fig. 8). The mean
difference between the models (350 to 800 nm) is 0.0013
for cold polar snow, 0.0019 for coastal wind packed snow
and 0.0050 for melting snow. With mineral dust, the models
present a good agreement until 100 ngg�1. For larger mass
ratios, TUV-snow predicts a significantly lower albedo than
SNICAR-online. The mean difference between the models
when comparing mineral dusts is 0.0065 for cold polar snow,
0.010 for coastal wind packed snow and 0.023 for melting
snow.

3.3 The effect of mineral dust layers in snow and sea ice

Owing to the episodic nature of dust storms and volcanic
eruptions, mineral aerosol deposits can occur in snow and sea
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Figure 9. Relative change in albedo for an increasing surface layer of 100 ngg�1 of mineral dust between 1cm and 10 cm at 450 (a), 550
(b), 650 (c) and 750 nm (d). The albedo without a surface layer is 0.996 at 450 nm, 0.988 at 550 nm, 0.973 at 650 nm and 0.950 at 750 nm
for cold polar snow, 0.989 at 450 nm, 0.980 at 550 nm, 0.957 at 650 nm and 0.920 at 750 nm for coastal windpacked snow, 0.943 at 450 nm,
0.932 at 550 nm, 0.892 at 650 nm and 0.815 at 750 nm for melting snow, 0.611 at 450 nm, 0.575 at 550 nm, 0.452 at 650 nm and 0.267 at
750 nm for first-year sea ice, 0.950 at 450 nm, 0.866 at 550 nm, 0.721 at 650 nm and 0.542 at 750 nm for multi-year sea ice and 0.505 at
450 nm, 0.412 at 550 nm, 0.215 at 650 nm and 0.079 at 750 nm for melting sea ice.

ice as layers resulting from these events. The previous calcu-
lations were repeated, confining the mineral aerosol deposits
to a surface layer with a thickness varying from 1 to 10 cm,
then to a series of five layers of 1 cm with a spacing varying
from 1 to 8 cm. Figure 9 demonstrates the relative change in
albedo for an increasing mass ratio of Asian dust in an in-
creasing surface layer in snow and sea ice. The change in
albedo is small: 10 cm of 100 ngg�1 of dust on melting sea
ice induces a change of 0.47% at 450 nm, 0.36% at 550 nm,
0.26% at 650 nm and 0.19% at 750 nm relative to a clean
sea ice. Although the mass ratio of mineral dust observed in
the Arctic is much larger than black carbon, the impact of the
former on snow and sea ice is less important. Marks and King
(2014) show that a surface layer of 5 cm of evenly distributed
black carbon with a mass ratio of 100 ngg�1 causes a reduc-
tion of albedo of 1.3% at 450 nm for first-year sea ice. The
same layer, containing 100 ngg�1 of Asian dust only reduces
albedo by 0.21% at 450 nm (Fig. 9).
Figure 10 shows the effect of multiple layers evenly buried

in a snow pack. Five layers of 1 cm containing 800 ngg�1 of
Asian dust were placed in different 40 cm thick snow packs

(polar, coastal wind packed and melting snow). The distance
between the layers was increased evenly from 1 to 8 cm. Sur-
face albedo was compared with a single 1 cm surface layer
containing 800 ngg�1 of Asian dust and a clean snow pack.
Figure 10 shows that multiple layers of mineral dust play an
important part in the reduction of albedo, even when placed
wide apart in the snowpack. Indeed, 1 cm layers containing
mineral dust placed 8 cm apart continue to reduce albedo
without the overlying snow reducing the contribution to zero.
When comparing the results from Figs. 10 and 7, the differ-
ence in albedo between a uniform 40 cm snowpack contain-
ing 100 ngg�1 of Asian dust and the same mass of dust con-
centrated into five layers of 800 ngg�1 with a 1 cm interval
is small: 0.0025 for polar snow and 0.0031 for coastal wind
packed and melting snow at 550 nm. A snowpack containing
multiple layers of more concentrated dust with a small spac-
ing is thus likely to cause a similar reduction in albedo at
shorter wavelengths than a snowpack where the dust is uni-
formly distributed.
As seen in the previous results, the effects of mineral dust

are more important at shorter wavelengths than in the near
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Figure 10. Albedo of three snow types (40 cm thick) containing five layers of 800 ngg�1 dust with varying intervals from 1 to 8 cm. The
dotted line represents a pure snowpack containing a dust mass ratio of 1 ngg�1 of Asian dust. The thin line represents a pure snowpack with
a 1 cm thick surface layer containing 800 ngg�1 of Asian dust. The thick line and markers represent a pure snowpack with 5 layers each
containing 800 ngg�1 of Asian dust. The x axis shows the spacing between the 5 layers, varying between 1 and 8 cm.

infrared. At 550 nm, five layers at 1 cm interval containing
800 ngg�1 of mineral dust in cold polar snow cause a reduc-
tion in albedo of 0.68% relative to a clean snow pack against
only 0.10% at 750 nm.

4 Discussion

The following discussion provides explanations of the results
presented in Sect. 3 and a discussion on the limitations of this
study.

4.1 Model uncertainties

4.1.1 Mie calculation

The composition of light-absorbing impurities in polar
snow and sea ice has been well characterised (e.g. Flanner
et al., 2012; Kumai, 1977; Thompson, 1977; Warren, 1982;
Zdanowicz et al., 1998). However, values of the optical prop-
erties of dust and volcanic ash aerosols remain scarce. Work
has been carried out to measure the phase function (e.g.
Dubovik et al., 2002a) scattering matrices (Muñoz, 2004)
and brightness temperature (Newman et al., 2012) of min-
eral aerosols, but, to the knowledge of the authors of this
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paper, comprehensive results of wavelength-dependant com-
plex refractive index measurements other than the data pre-
sented in this paper are lacking. When presented, refractive
index data generally refer to mineral equivalents or weighted
combinations of mineral values (Flanner et al., 2007; Der-
imian et al., 2012). Consequently, the study was limited to a
reduced number of sources when choosing appropriate min-
eral aerosol optical properties presented here as model input
parameters. However, variation between the type of mineral
aerosol deposits has a limited impact on albedo relative to
the effect of variation in the type of snow and sea ice, as dis-
cussed in Sect. 4.2. An array of mineral dusts and ashes was
selected from plausible geographical sources contributing to
the Arctic at present (Pacyna and Ottar, 1989; Zdanowicz
et al., 1998; Bory, 2003; VanCuren et al., 2012). More im-
portantly, the selection covers a range of complex refractive
indices that can be applied to different study areas. The ab-
sorption cross-sections of the selection of mineral aerosols
used in this study vary by a factor of⇠ 2, allowing the model
to be adapted to different areas affected by different types of
dust.
In order to calculate the absorption spectrum of the min-

eral aerosol deposits, Mie scattering theory was used, assum-
ing that the particles were spheres. Dust particles are known
to be non-spherical, thus affecting differently the light scat-
tering properties (Mishchenko et al., 1995, 1999; Dubovik
et al., 2002b). Studies have focused on non-spherical parti-
cles in Mie theory (e.g. Purcell and Pennypacker, 1973), but
due to the complexity of the interaction of light with multiple
shapes, its modelling is very challenging (Nousiainen, 2009),
and approximations have to be made. However, it is possible
to calculate a relative change in absorption cross-section if
a spherical Mie scattering particle is morphed into a needle
or a disk. Bohren and Huffman (1983) proposed three equa-
tions for extreme forms of ellipsoids (spheres, needles and
disks) allowing for the representation of the shapes found
in mineral aerosols. Needles may correspond to glass shards
found in volcanic ash (Johnson et al., 2012), and dust par-
ticles take on a variety of shapes amongst which flat disks
can be observed (Mishra and Tripathi, 2008). At 550 nm the
absorption cross-section for the volcanic ash may increase
by a factor of ⇠ 1.20 for needles and ⇠ 1.53 for disks. The
absorption cross-section for the dusts may increase by a fac-
tor of ⇠ 1.21 for needles and ⇠ 1.56 for disks. Whilst the
shape of needles, disks and spheres is probably too limited to
describe mineral particles, consideration of the particle mor-
phology allows the magnitude of the effect of morphology to
be estimated. The calculation is dependant on the refractive
index of particles but the change in shape would be expected
to cause a larger change to the absorption cross-section than
the small difference in refractive index between the particles.
The effect being multiplicative, the percentage of change in
values can be applied to the mass ratio values in the rela-
tive change in albedo (see Figs. 6 and 7) to correct for shape
effects. The variations related to particle shape were not con-

sidered in this study, but a typical uncertainty is a factor of
⇠ 1.5.
Whilst calculating the absorption cross section of mineral

aerosol deposits using Mie theory, assumptions had to be
made to include the impurities in the snow or sea ice. The
particles can be considered either in or on the snow grains
constituting the snowpack, and in sea ice, the particles can
either be located in the ice or in the brine (Chýlek et al.,
1983). The refractive index of air was used as a surrounding
medium for particles in snow, considering that the impurities
are external to the snow. In the case of sea ice, the values of
pure ice from Warren and Brandt (2008) were used. The dis-
tribution of mineral contaminants in sea ice varies with depth
and temperature, making it difficult to characterise their sur-
rounding medium. After comparing cross-section absorption
values of dust in brine (Maykut and Light, 1995) and in pure
ice, the difference was considered to be negligible, with a
relative change of 0.1% between the two.

4.1.2 Snowpack or sea ice thickness

When modelling the albedo of semi-infinite and realistic
thicknesses of snow and sea ice, the mineral dust was as-
sumed to be uniformly distributed throughout the snow and
sea ice. Such an assumption does not account for the layering
effect observed in field measurements, but represents a mean
value, easily applicable to a vast spatial extent. Layering ef-
fects were studied in Sect. 3.3 by looking at a surface layer
and multiple buried layers. Although the configurations used
here do not cover all the possibilities found in the field, this
study presents an overview of an effect previously unquanti-
fied and can be adapted to particular scenarios.
Snow or sea ice thickness is an essential parameter in the

calculation of albedo. It is also difficult to quantify, due to
temporal and spatial heterogeneity. Sea ice has varying sur-
face conditions, associated with depths ranging from 0 to
over 10m at pressure ridges (Perovich, 1996). A detailed
study would require individual cases with different layers
of sea ice and associated thicknesses. Where snow is typi-
cally sufficiently optically thick to produce general results,
this is not the case for sea ice. Therefore, a range of sea ice
types (first-year sea ice, multi-year sea ice and melting sea
ice) and their associated depths was produced in this study.
To calculate the relative change in albedo with an increas-
ing mass ratio of mineral aerosol deposits (Fig. 6) and the
effects of different types of mineral dusts and volcanic ashes
(Fig. 4), thickness values large enough to guarantee a semi-
infinite medium were used, allowing for the fair comparison
of the effects of mineral aerosol deposits on the albedo of
each type of snow and sea ice. When accounting for realistic
thicknesses in Fig. 7, typical depths found in the literature
were picked. The selection of depths used in this study are
considered to be representative and the results can be calcu-
lated for any given thickness using the method presented in
Sect. 2.
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The modelling presented here has several limitations. In
this study, the combination of different types of absorbing
impurities that can be found in the Arctic, such as soot,
HULIS, or black carbon (Marks and King, 2013; Warren and
Clarke, 1990) was not considered. However, Marks and King
(2014) have modelled the effects of black carbon in similar
types of snow and sea ice to the ones used here and the effects
of soot have been considered by Warren and Clarke (1990).
Organic debris and algae, that have an effect on albedo
(Grenfell, 1991) and may have been observed in field data
(France et al., 2012), were not examined in this study. Indeed,
light-absorbing impurities other than the mineral aerosol de-
posits described in Sect. 2.2 were not considered. In the case
of studies considering multiple light-absorbing impurities in
the snow or sea ice, France et al. (2012) demonstrated how
to separate the effects of different light-absorbing impurities
from black carbon for snow on sea ice.

4.1.3 Asymmetry parameter

The asymmetry parameter, g, was one of the parameters used
to describe the snow and sea ice. A fixed value of 0.95 for sea
ice and 0.89 for snow were determined, based on the values
presented by France et al. (2012) andMarks and King (2013).
In the two papers, g was held constant and �scatt and �

+
abs

varied, based on the methods of Lee Taylor and Madronich
(2002). Libois et al. (2014) advocate the use of a value of
g = 0.86 when modelling snow. To gauge the effects of the
value of g on albedo, the scattering and absorption coeffi-
cients of the cold polar snow and the melting snow were re-
calculated from albedo and e-folding depth data, using the
optical properties in Table 1. The calculations for the effects
of Saharan dust were then repeated with the value of g rec-
ommended by Libois et al. (2014). The difference in albedo
between g = 0.89 and g = 0.86 was of 0.006% for a cold po-
lar snowpack containing 10 ngg�1 of Saharan dust, 0.009%
for 100 ngg�1 and 0.18% for 10 000 ngg�1 and 0.01% for
a melting snowpack containing 10 ngg�1 of Saharan dust,
0.02% for 100 ngg�1 and 0.93% for 10 000 ngg�1. There-
fore, the results presented in this study have been produced
without updating the asymmetry parameter g.

4.2 Effect of mineral aerosol deposits on snow and sea
ice

Much larger mass ratios of mineral aerosol deposits are nec-
essary to induce a change in albedo, in comparison with
black carbon or soot. In a similar modelling study, Marks
and King (2014) found that for a wavelength of 550 nm,
10 ngg�1 of black carbon evenly distributed throughout
semi-infinite sea ice causes a 22.9% change in albedo rela-
tive to a clean medium for first-year sea ice, 11.2% for multi-
year sea ice and 37.6% for melting sea ice. To achieve the
same change, a mass ratio between 1083 and 1197 ngg�1 of
Asian dust would be necessary. However, larger mass ratios

of dust are found in polar snow and sea ice, with seasonal
deposition events (Zdanowicz et al., 1998).
The calculations of the albedo of snow and sea ice in rela-

tion to different types of mineral aerosol deposits commonly
found in the Arctic enabled the comparison between types
of contaminants and between the different snow and sea ice
types. The change in albedo induced by different types of
snow or sea ice is greater than the type of mineral. The re-
sults obtained here show that snow and sea ice with a smaller
scattering cross-section are more sensitive to the effects of
mineral aerosol deposits on the albedo, confirming the work
of Marks and King (2014), who quantified the phenomenon
for the same snow and sea ice types.
The wavelength-dependant effects of mineral aerosol de-

posits on albedo are similar to black carbon. The results of
this study present a good agreement with the work of War-
ren and Wiscombe (1980). Indeed, the absorbing aerosol de-
posits mainly affect shortwave radiation. In the infrared, min-
eral aerosol deposits barely influence the albedo of snow and
sea ice, as described by Warren and Wiscombe (1980) and
Carmagnola et al. (2013). The effect of mineral aerosol de-
posits becoming smaller at larger wavelengths can be ex-
plained by the increasing absorption by the ice that exceeds
absorption by mineral aerosol deposits.

4.3 Comparison with SNICAR-online

The results of this modelling study were compared with the
output of the SNICAR-online model. The two models are
in agreement when the same mineral aerosol deposits in the
snow are used. The volcanic ash in the model from Flanner
et al. (2007) was derived from measurements of Mt. St. He-
lens eruption (Patterson, 1981), corresponding to the light
grey sample of Mt. St. Helens ash used in this study. The dif-
ference in the results for mineral dust can be explained by the
use of a different type of dust as input. SNICAR-online uses
a combination of indices of refraction of quartz, limestone,
montmorillonite, illite and hematite (Flanner et al., 2007),
whereas the work presented here uses the refractive indices
of real dust sources, which are more representative of the
aerosols present in the atmosphere. Nevertheless, the differ-
ence in albedo for high loadings of different dusts shows the
importance of the mineral aerosol type at extreme loadings.
The comparison between the two models for other types of
mineral aerosol deposits, sea ice or layers was not possible,
as the features are not present in SNICAR-online.
In Fig. 9, the relative change in albedo with an increasing

surface layer of mineral dust can be fitted with a linear re-
gression. However, the relative change in albedo for media
containing a uniform loading throughout is not linear. For
small changes in albedo, the relationship between fractional
change in albedo and dust mass ratio is approximately linear.
Although the loading is important in the surface layer, the to-
tal amount of mineral aerosol deposit is small compared to
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a snow or ice pack with an even loading of mineral aerosol
deposits.
The effect of dust layers varies significantly depending

on their vertical location and distribution of the dust lay-
ers. An increasing surface layer thickness only causes a small
change, as seen in Fig. 9. At visible wavelengths, the effect of
multiple layers of dust distributed through the snowpack has
a significant effect on the reduction of albedo. A 1 cm thick
layer containing the same mass ratio as the individual buried
layers was placed on the snow surface (Fig. 10) to compare
with the role of the buried layers. Even when spaced out with
8 cm intervals, the buried layers caused a 0.0034 reduction
in albedo at 450 nm for cold polar snow where a 1 cm sur-
face layer caused a change in albedo of 0.0017. For com-
parison, the same mass evenly spread out through the snow-
pack causes a decrease of 0.0012 in albedo compared to a
clean snowpack. Dust layers within snowpacks are typically
greater than 8 cm (e.g. Zdanowicz et al., 1998; Osada et al.,
2004; Dong et al., 2013) and inspection of Fig. 10 shows that
as the distance between the layers increases, the difference
between the albedo of the layered snowpack and the snow-
pack containing a single surface layer becomes small. There-
fore as a first approximation, layer thicknesses significantly
greater than 8 cm may be neglected.

5 Conclusions

The response of the albedo of snow and sea ice to min-
eral aerosol deposits is more sensitive to the type of snow
or sea ice than to the properties of the mineral aerosol de-
posits themselves. Radiative-transfer calculations show that
the albedo of melting sea ice is more responsive to mineral
aerosol deposits than snow or first/multi-year sea ice. How-
ever, larger mass ratios of mineral aerosol deposits than what
is found in nature are needed to induce a significant change in
albedo, even for the more responsive melting sea ice. These
higher mass ratios are more likely to be deposited by storm
events on snowpacks thus forming alternating layers of pol-
luted and pure snow. The thickness of a surface layer has
surprisingly little effect on albedo, whereas multiple layers
buried in snow have a larger impact than a uniform mixing
throughout the snowpack. Amongst the different snow and
sea ice types investigated, a melting medium is more affected
by the radiative forcing of mineral aerosol deposits. The time
of year associated with these snow and sea ice cover implies
that solar radiation is at its strongest, creating positive feed-
back and accelerating the melting process further.
So far, few studies have focussed on the impact of min-

eral aerosol deposits, giving more importance to black car-
bon and soot. This study demonstrates that the effects of nat-
ural pollutants need to be taken into account when investigat-
ing albedo reduction in the Arctic. Therefore, the community
studying global climate change can use Fig. 6 as an input in

general circulation models with very little computational ef-
fort, further reducing uncertainties.
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Abstract.

Radiative-transfer calculations of the light reflectivity and extinction coefficient in laboratory generated sea ice doped with

and without black carbon demonstrate that the radiative transfer model TUV-snow can be used to predict the light reflectance

and extinction coefficient as a function of wavelength. The sea ice is representative of first year sea ice containing typical

amounts of black carbon and other light absorbing impurities. The experiments give confidence in the application of the model5

to predict albedo of other sea ice fabrics.

Sea ices, ∼30 cm thick, were generated in the Royal Holloway Sea Ice Simulator (∼2000 L tanks) with scattering cross-

sections measured between 0.012 and 0.032 m2 kg−1 for four ices. Sea ices were generated with and without ∼5 cm upper

layers containing particulate black carbon. Nadir reflectances between 0.60 and 0.78 where measured along with extinction

coefficients of 0.1 to 0.03 cm−1 (e-folding depths of 10–30 cm) at a wavelength of 500 nm. Values were measured between10

light wavelengths of 350 and 650 nm. The sea ices generated in the Royal Holloway Sea Ice Simulator were found to be

representative of natural sea ices.

Particulate black carbon at mass ratios of ∼75, ∼150 and ∼300 ng g−1 in a 5 cm ice layer lowers the albedo to 97%, 90%,

and 79% of the reflectivity of an undoped “clean” sea ice (at a wavelength of 500 nm).

1 Introduction15

Rapid decline of sea ice in the Arctic is often seen as a bellwether for modern day climate change (e.g. IPCC (2013)). Model

predictions of future sea ice extent have a large degree of uncertainty (e.g. IPCC (2013)). Accurate representation and recreation

of the optical and physical properties of sea ice is essential to develop accurate models of sea ice. The Royal Holloway (RHUL)

Sea Ice Simulator facility aims to create a realistic sea ice within a controlled environment with the ability to monitor both the

physical (temperature, salinity and density) and optical (nadir reflectivity and extinction coefficient) properties of the sea ice.20

The results from which can be used to evaluate sea ice models.

The following study presents the first data from the RHUL sea ice simulator used to validate the Tropospheric ultraviolet

and visible (TUV)-snow radiative-transfer model for use with sea ice. The TUV-snow model is a coupled atmosphere-snow

radiative-transfer model, described in detail by Lee-Taylor and Madronich (2002). The model has been used multiple times

for investigations of radiative-transfer in snow (e.g. King et al. (2005), France et al. (2011), France et al. (2012), Reay et al.25
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(2012)) and has also been adapted for use with sea ice (e.g. King et al. (2005), Marks and King (2013), Marks and King (2014)

and Lamare et al. (2016)). The model has previously been experimentally validated for photochemistry in snow by Phillips and

Simpson (2005) but it has not been experimentally validated for sea ice.

The TUV-snow model will be evaluated by comparing measured optical properties (reflectance and extinction coefficient)

of sea ice grown in a laboratory to TUV-snow model radiative-transfer calculations for a sea ice with the same properties.5

Secondly, the model will be evaluated by comparing measured nadir reflectance with light absorbing impurities in the laboratory

sea ice to radiative-transfer calculations with the same light absorbing impurities in the sea ice, namely black carbon and algae.

Sea ice typically contains impurities such as black carbon, sediment and algae (e.g.Perovich (1996)). Black carbon is an

efficient absorber of solar radiation (e.g. Mitchell (1957); Highwood and Kinnersley (2006); Hansen and Nazarenko (2004);

Jacobson (2001); Ramanathan and Carmichael (2008); Bond et al. (2013)) and its deposition onto, or incorporation into, sea10

ice has been shown through modelling calculations to decrease the surface reflectance of the sea ice, increasing melt rates

(e.g. Grenfell et al. (2002); Jacobson (2004); Light et al. (1998); Ledley and Thompson (1986); Goldenson et al. (2012);

Holland et al. (2012); Marks and King (2013, 2014)). To evaluate the TUV-snow model with black carbon, a commercial

black carbon is added to a 5 cm surface layer of 30–50 cm thick sea ice created in the laboratory in mass-ratios of 0, 75,

150 and 300 ng g−1 and the nadir reflectance of sea ice measured. The experimental reflectivity is compared to a calculated15

reflectivity using the TUV-snow model, for the same black carbon mass-ratios. The work presented here will demonstrate that

radiative-transfer modelling with TUV-snow model (Lee-Taylor and Madronich, 2002) can reproduce laboratory grown ices

with differing fabrics with a range of mass-ratios of light absorbing impurities. Such a validation will give confidence to others

in the calculations of TUV-snow for other sea ice types and other light absorbing impurities.

Previous research on the effects of black carbon on sea ice optical properties have used radiative-transfer calculations and20

global climate model simulations. To the authors’ knowledge there are no laboratory or field studies examining the effects of

added black carbon on reducing sea ice reflectance. A related study by Hadley and Kirchstetter (2012) carried out successful

laboratory experiments on artificial snow investigating the effects of black carbon on snow reflectance. The results from Hadley

and Kirchstetter (2012) were used to validate the Snow, Ice and Aerosol radiation (SNICAR) model (Flanner et al., 2007) used

in the 2013 IPCC report (IPCC, 2013). Similarly, Brandt et al. (2011) investigated the effect of black carbon on albedo of25

artificial snowpacks using snowmaking machines, showing a good match between measured values and albedos calculated

from radiative-transfer modelling. Peltoniemi et al. (2015) measured the effect on snow bi-directional reflectance owing to

additions of chimney soot, volcanic sand, and glaciogenic silt, demonstrating how snow metamorphism caused by the addition

of these particles subsequently impacted on the albedo.

The study presented here includes the first experiments with the Royal Holloway Sea Ice Simulator, the first experiments to30

evaluate the TUV-snow radiative-transfer model for calculations of extinction coefficient and reflectivity of undoped sea ice,

the first experimental results to demonstrate the change in reflectance owing to light absorbing impurities in sea ice and finally

the first experiments to evaluate the accuracy of the TUV-snow model for reflectivity calculations for light absorbing impurities

in sea ice.
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Throughout the paper the term “experimental” refers to experiments with laboratory grown sea ice using the sea ice simulator

described in section 2.1, with results being referred to as “measured” values. The term “modelled” refers to calculations from

the TUV-snow radiative-transfer model, the results from which are referred to as “calculated” values.

2 Experimental method

The following sections will describe the design of the sea ice simulator (section 2.1), the characterisation of both the optical5

and physical properties of the laboratory ice (section 2.2) and the creation of sea ice doped with black carbon particles (section

2.3).

2.1 Sea ice simulator design

The sea ice simulator is designed to replicate a Polar sea ice growth environment under UV and visible wavelengths of solar

radiation. Previous experiments with sea ice simulators have been carried out by, for example, Light et al. (2015); Buist et al.10

(2011); Papadimitriou et al. (2003); Haas et al. (1999); Polach et al. (2013); Hare et al. (2013); Grenfell and Perovich (1981).

The set up of the simulator is shown in figure 1. The simulator is housed in a refrigerated shipping container (11.95 m length

× 2.56 m high × 2.29 m width) which can be temperature controlled from –25◦C to 25◦ C. The air temperature within the

container varies by ±1◦C although thermocouples monitoring temperature at the ice surface show better temperature stability

whilst the temperature variation measured within the ice is less than the precision of the probes (± 0.2◦C). Every 12 hours15

the chiller removes ice build-up on the cooling plant and air temperature rises briefly by ∼6◦C. Inside the container sea ice is

formed in a 2000 L polyethylene cylindrical white plastic tank (1.32 m high × 1.39 m diameter) placed on insulated pallets.

Following the approach of Perovich and Grenfell (1981) a cylindrical design is utilised for the tank to help avoid mechanical

stress at particular locations. A 1 cm insulating layer of black neoprene also surrounds the tank sides. A metal Unistrut frame

surrounds the tank to further improve structural integrity. Black wooden boards, painted with mould resistant paint, are fixed20

around the Unistrut structure with 3 cm thick polystyrene insulation fitting between the wooden boards and the tank.
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Figure 1. Plan of the sea ice simulator showing the 2000 L cylindrical tank (1.32 m high × 1.39 m diameter) in plan view and water

conditioning unit in horizontal view and annotated photo of the facility. A closed pipe runs around the base of the tank connected to a heater

unit circulating a water and glycol mixture gently warming the base of the tank. Water is circulated around the tank by a pump in an insulated

container and also passed through a UV steriliser and particulate filter. Note the diffusing hood and insulation have been stripped away for

clarity in the photo.

The tank is filled with a solution of Tropic Marine (Atkinson and Bingman, 1997) giving water with a salinity of 32 PSU,

representing Arctic ocean salinity (Boyer et al., 2013). Tropic Marine is a synthetic sea salt mixture for aquaculture containing

over 70 chemical elements in typical natural concentrations representative of the ocean with the notable exception of nitrate

and phosphate, to inhibit algae growth. Atkinson and Bingman (1997) show the concentrations of major cations and anions of

Tropic Marine are within 10% of seawater. Previous sea ice simulators use either sodium chloride or synthetic sea salt mixtures5

similar to Tropic Marine (e.g. Krembs et al. (2001), Mock et al. (2002), Papadimitriou et al. (2003) and Hare et al. (2013)).

To create circulation within the tank, ensuring temperature and salinity stratification does not occur, an Iwaki MD-10 pump

circulates water at ∼10 L min−1 at the base of the tank, as shown in figure 1. The circulated water is also pumped through a

10 µm filter to remove any particulate impurities and a UV steriliser to prevent algae growth.

Sea ice grows from surface cooling of a salt water body (Weeks, 2010). To ensure even and realistic ice growth in the tank10

(from the surface, downwards) a closed pipe is run around the bottom of the tank, connected to a heater unit. The heater unit

contains a solution of water and pure ethylene glycol (in a 1:1 ratio) which is pumped around the pipe at a constant temperature

(0◦C), to warm the base of the tank and preventing freezing. Figure 2 demonstrates that the temperature of the water beneath the

sea ice is not thermally stratified, ice temperature decreases linearly through the ice with depth and the ice surface temperature

is at a constant −15◦C.15
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Figure 2. Temperature profiles through ice during ice growth. The top section, showing a linear increase in temperature, shows measurements

from the ice, while the bottom section, with a constant temperature, shows measurements from the under-ice seawater, demonstrating the

water is not thermally stratified.

Illumination, during optical measurements only, and replicating shortwave solar wavelengths over 350–650 nm is provided

with a set of twenty Daystar daylight simulation fluorescent tubes and five sun-bed ultraviolet tube lights (peak illumination

wavelength ∼350 nm, 40 nm FWHM). Measurements of reflectance of the sea ice is a relative measurement, (i.e. the quotient

of reflected radiance of sea ice to reflected radiance from a reflectance standard) thus the intensity-spectrum of the lamp does

not have to match the solar spectrum. The lights are evenly distributed directly above the tank to provide a diffuse illumination5

source. The light is further diffused by opaque white boards placed around the edges of the tank. Diffuse lighting was used

to simplify the measurement of extinction coefficient and provide a useful reflectance product. The radiance, as a function

of azimuth and zenith angle within the experiment was checked with a fibre optic probe and a broadband visible wavelength

measurement and found to vary by 5-10%. The short term variability of the lamps was less than 0.1% (after an initial warm-up)

on the timescale of the measurement of reflectivity or e-folding depth. Note that both the value of nadir reflectance (relative to10

a Spectralon panel) and light penetration depth are not dependent on the illumination irradiance providing the irradiance does

not change during the measurement. Figure 3 shows the change in ice nadir reflectance during ice growth and the day-to-day

reflectance stability of the optically thick ice.
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Figure 3. Reflectance of sea ice during ice growth and the day-to-day reflectance stability of the potentially optically thick ice (day 10

onwards).

2.2 Creation and characterisation of sea ice

To create sea ice an air temperature inside the container of ∼−15◦C is maintained. Cold air is circulated within the container

with fans. An additional air fan, attached to the ceiling, blows cold, ambient air at the water surface (110 m3 min−1) increasing

the heat flux from the ice surface, quickening ice formation and assisting the production of columnar ice (Weeks, 2010).

Sea ice is grown in the simulator for ∼17 days producing ice with a thickness of ∼30 cm. Temperature depth profiles5

and nadir reflectance of the ice were measured daily during growth (described in sections 2.2.2 and 2.2.5 respectively). The

extinction coefficient is measured at the end of the experiment as it destroys the homogeneity of the ice (described in section

2.2.6).

2.2.1 Characterisation of sea ice physical properties

2.2.2 Temperature profiles10

Temperature profiles through the sea ice are recorded daily during ice growth to give an indication of sea ice thickness and

ensure that temperature stratification does not occur within the underlying seawater. The temperature is recorded via a series

of thermocouples, as used by Rabus and Echelmeyer (2002); Johnston and Timco (2002); Nomurai et al. (2006). Calibrated

type T thermocouples are inserted into a thin plastic sleeve and then a white polypropylene pole at regular depths (every 2 cm)

into the water and then frozen in place during ice formation. The precision on all the thermocouples at –15◦C was measured as15
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±0.2◦C. Temperature of sea ice decreases from the surface to the base; ice thickness can be determined from the point where

the temperature becomes constant with depth which can be assumed to be seawater, as shown in figure 2.

2.2.3 Determining sea ice properties by ice coring

Cores of the ice are taken to determine sea ice properties at the conclusion of the optical experiments (section 2.2.4). The corer

design was based on a CRREL report by Rand and Mellor (1985). Cores are photographed, divided into ∼5 cm sections and5

their dimensions and mass measured to derive density. Salinity is measured after melting using a Fisher Scientific seawater

refractometer (cross-calibrated with an accurate ion conduction probe).

2.2.4 Characterisation of sea ice optical properties

2.2.5 Measuring reflectance

The nadir reflectance of the sea ice is measured daily during ice growth until the value became constant (taking between 6 and10

12 days). Reflectance becomes constant once a sufficient ice thickness is reached that the increasing ice thickness does not

change the measured reflectivity. Upwelling radiance from the ice is measured via an optical lens connected to a 400 µm xsr

fibre optic coupled to an Ocean Optics USB 2000+ spectrometer (wavelength range: 200-850 nm, resolution: 1.5 nm FWHM,

signal:noise 250:1). The optical lens is situated ∼40 cm above the sea ice surface at nadir with a view footprint covering a

circular area ∼315 cm2. The footprint is an order of magnitude larger than any surface feature on the sea ice.15

To convert ice surface radiance measurements to reflectance the radiance of light from the sea ice surface measured at nadir

is ratioed to the radiance from a reference Lambertian reflector at nadir (a Spectralon panel) measured in the same location but

raised 5 mm above the ice surface and under identical illumination as the sea ice.

During a reflectivity measurement a 30 cm × 30 cm Spectralon panel is added to the diffuse lighting environment above

the sea ice. The addition of this panel increases the radiance, L, within the diffuse lighting environment. A very conservative20

estimate of the effect on the measurement of the reflectivity can be calculated by analogy to an integrating sphere. The Spec-

tralon panel represents 0.66% of the area of the diffuse lighting environment, which is approximately a cube made up of white

panels and sea ice (i.e. 6 × 1.5 m × 1.5 m = 13.5 m2). Treating the diffuse lighting environment above the sea ice as a crude

integrating sphere and considering fractional change in radiance, δLL , after Ball et al. (2013) who suggest δLL ≈
Apanel

Aenvironmentρ
.

Where Apanel is the area of the Spectralon panel, Aenvironment is the area of the diffusing “cube” and ρ is the overall reflec-25

tivity of the diffusing cube. A very crude analysis assumes reflectivity of the panel is 1 and the part fraction of the hypothetical

integrating sphere is 0. In the limit of a reflective environment δLL →
Apanel

Aenvironmentρ
∼ 0.67%. Thus the overestimation of the

radiance (∼0.67%) is significantly less than the uncertainty displayed on the measurement of nadir reflectivity displayed in

figure 3 and figure 7.

2.2.6 Measuring extinction coefficient30
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At the completion of the experiment the extinction coefficient and e-folding depth are measured. The e-folding depth is

the distance over which light intensity reduces to 1
e of its initial value and is the reciprocal of the extinction coefficient. The

e-folding depth is reported in addition to the extinction coefficient. The sea ice e-folding depth and extinction coefficient is

measured by drilling a single hole gradually through the ice in ∼5 cm increments with a sharp drill. At each depth drilled the

same fibre optic is inserted into the hole and the light intensity (upwelling radiance) measured via an Ocean Optics spectrometer.5

In an optically thick sea ice the measurement of either up or downwelling light for e-folding depth is not important as has been

shown by France and King (2012). The hole is a tight fit around the fibre but a thin, light diffusing disk, of white PTFE is also

placed around the fibre at the ice surface to minimise any stray light entering the hole without altering the light field near the

hole.

Simultaneously to the light intensity in the hole being measured (Iraw) the light intensity of another fibre optic inside a10

diffusing PTFE container at the ice surface was measured (Iref ) to account for any change in the intensity of the fluorescent

lights. The relative light intensity, Iz , at depth, z, is then calculated using equation 1.

Iz =
Iraw(z)

Iref
(1)

The e-folding depth, ε, is calculated using equation 2, where Iz is the relative intensity at a depth, z, and Iz′ is intensity

at the shallowest depth, z′. From the measured light intensity the e-folding depth is calculated by fitting an exponential curve15

through Iz versus z data.

Iz
Iz′

= e
−
(

(z−z′)
ε

)
(2)

The extinction coefficient, k, is than calculated as the reciprocal of the e-folding depth.

Measurements used to calculate the e-folding depth are only conducted in the middle of the ice as the irradiance profile

changes rapidly at the air-ice and ice-water boundary (a good example shown in King et al. (2005)). The calculation of an20

e-folding depth from the modelled downwelling irradiance was calculated from similar depths as the experimental ice. The

modelled ice had the same thickness and underlying tank radiance field as the experiment. The extinction coefficient and e-

folding depth measured in the work presented here are asymptotic (reaches a constant value as shown in King et al. (2005)) as

the light field to the sea ice is diffuse and thus there are no near surface effects as found frequently in fieldwork (e.g. Reay et al.

(2012) and references therein).25

2.3 Creation of black carbon doped sea ice

Once the sea ice has grown to ∼30 cm thick (∼3 weeks of ice growth) 75 L (equivalent to a ∼5 cm layer) of chilled seawater

doped with a known concentration of black carbon (described in section 2.3.1) is added to the surface and frozen in place

forming a 5 cm black carbon bearing ice layer. Black carbon is placed within a 5 cm surface layer of the artificial ice to

replicate black carbon entrainment into sea ice following melting of overlying snow as described by Grenfell et al. (2002) and30
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Doherty et al. (2010). The new 5 cm layer of black carbon bearing seawater is left to freeze for three days and the reflectivity

of the new sea ice surface then measured daily over a week. The sea ice is then cored and density and salinity measured down

the core to record the physical ice structure before and after the black carbon bearing layer is added.

At completion of the experiment the ice is melted and water is purified by filtration through a 1 µm Purtex filter to remove

black carbon particulates. If any black carbon particulates were to remain the concentration would be negligible as it would be5

diluted by 2000 L of sea water (a dilution factor of∼30). The whole process is repeated with other black carbon concentrations

in the 5 cm layer giving a total of four mass loadings; ∼75 ng g−1, ∼150 ng g−1 and ∼300 ng g−1 and a blank run with

0 ng g−1 of black carbon. The sea ice was melted and the resulting seawater was treated with aqueous hypochlorous acid

(HOCl) and filtered between experimental runs to remove any algae that may have grown. No algae was visible to the naked

eye.10

2.3.1 Creating atmospherically representative black carbon

To create the aqueous black carbon solutions a method from Clarke (1982) is adapted. The black carbon used, Monarch 120,

is produced by Cabot Corporation to replace the discontinued Monarch 71 used by Grenfell et al. (2011). Approximately 1 g

of the black carbon is added to a solution of 800 ml of pure water and 200 ml isopropanol (isopropanol aids dispersal of the

black carbon in the concentrated solution) (Clarke, 1982). The solution is then placed in an ultrasonic bath for 2 hours to ensure15

the black carbon is fully dispersed and to break up conglomerated lumps. The solution is then suction filtered through 2 µm

Nuclepore membrane filters followed by 0.8 µm Nuclepore filter to remove larger particles and ensure the final solution is

representative of atmospheric black carbon i.e. particle diameter <0.8 µm (Clarke, 1982). The mass loading of black carbon in

the solution is determined gravimetrically (i.e. by evaporating and weighing a portion of the black carbon solution). Two black

carbon solutions were used with mass loadings of 46 ± 11 µg g−1 and 11 ± 1.5 µg g−1. The uncertainties are the standard20

deviation of three repeated gravimetric determinations. Known amounts of solutions 1 and 2 are mixed with 75 L of artificial

seawater to give overall black carbon mass-ratios detailed in table 1. The mass-ratios of black carbon are approximately 0, 75,

150 and 300 ng g−1, these approximate values will be subsequently used in the text whilst precise values are reported in table

1.

2.3.2 Characterisation of black carbon optical properties25

The mass absorption cross-section of the black carbon used in the present study is estimated using an integrating sandwich

spectrometer, described by Grenfell et al. (2011), based on Clarke (1982). The integrating sandwich spectrometer measures the

absorption spectrum of particulate matter on filter samples in a diffuse radiance environment. Absorption spectra of multiple

filters containing black carbon loadings are converted to a mass absorption cross-section. A mass absorption cross-section of

2.1 m2g−1, (λ = 610 nm) is estimated for the black carbon placed in the artificial sea ice. The values are a factor of 3 smaller30

than the black carbon mass absorption cross-section of 6.57 m2g−1, for a wavelength of 610 nm, (Flanner et al., 2007) typically

used in radiative-transfer calculations, but are similar to values used by Dang et al. (2015) owing to the size of the black carbon

particles used.
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Table 1. Optical and physical properties of sea ice for each run including the mass-ratio of black carbon added to the top layer of ice, density

of ice and scattering cross-section (σscatt) of both the top and bottom layers of the ice. The uncertainty in sea ice density is 1 standard

deviation of the average of measurements taken from the core profile. Uncertainty is not provided for the density of the top layer as this is the

average of only two measurements, although the uncertainty is likely to be similar to that of the lower layer. The mass ratio of black carbon

added to the surface layer is also shown. The uncertainty in the black carbon mass-ratio is the uncertainty in the gravimetric method used for

determining the mass-ratio, as described on section 2.3.1.

Run Black carbon Density of Density of σscatt bottom σscatt top

number mass-ratio bottom (undoped) top (doped) layer layer BC layer

added /ng g−1 layer/ g cm−3 layer/ g cm−3 /m2 kg−1 /m2 kg−1

1 0 0.91±0.084 0.92 0.315±0.040 0.05

2 77±18 0.91±0.059 0.91 0.235±0.041 0.05

3 153±37 0.92±0.044 1.00 0.115±0.004 0.35

4 305±62 0.95±0.050 0.93 0.126±0.016 0.2

Six known aliquots of the filtered black carbon solution described in section 2.3.1 were filtered through 0.4 µm Nuclepore

filters, providing filter loadings of 10.18, 15.12, 20.15, 25.19, 50.38 and 100.77 µg cm−2. The absorbance spectra of the filters

(figure 4a) is calculated using equation 3:

A(λ) =−ln I(λ)
I0(λ)

(3)
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Figure 4. a (top)) Relative spectral absorbance of black carbon versus wavelength for various loadings of black carbon on the filter. b

(bottom)) Relative spectral absorbance versus wavelength for different mass loadings of polypropylene.

Where I is the intensity measured with the loaded filter in the integrating sandwich spectrometer, and I0 is the intensity

measured when a blank 0.4 µm Nuclepore filter, which is measured following the same procedure as the loaded filter. To

calibrate the integrating sandwich spectrometer, a set of translucent standard plastic sheets (light blue polypropylene, 100 µm)

with measurable mass absorption coefficients are used. The sheets are placed on a 0.4 µm Nuclepore filter and measured in the
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integrating sandwich spectrometer using the same method as the black carbon filters. Multiple sheets of the polypropylene are

stacked, providing loadings of 0.011, 0.0219, 0.0329, 0.0439 and 0.0548 g cm−2 (figure 4b)

Grenfell et al. (2011) showed that for small amounts of black carbon the mass loading is directly proportional to the ab-

sorbance measured by the integrating sandwich spectrometer. In this study, we considered the linear sensitivity between the

black carbon mass loading and the black carbon absorbance with the ratio between black carbon and polypropylene and we5

equate the ratio of sensitivities to the ratio of the mass absorption cross-section. Therefore, the mass absorption cross-section

of the black carbon is expressed in equation 4:

σBC = σρl
αρl
βbc

(4)

where αρl is the slope of the linear regression between the mass loading of the polypropylene calibration sheets and the

relative absorbance of the polypropylene measured in the integrating sandwich spectrometer, βbc is the slope of the linear10

regression between the mass loading of the black carbon filters and the relative absorbance of the black carbon measured in

the integrating sandwich spectrometer and σρl is the mass absorption cross-section of the polypropylene, given by the Beer-

Lambert law.

The mass absorption coefficients of the polypropylene sheets are measured with a standard spectrometer using Beer-Lambert

law. The measured mass absorption coefficient is 229.23±0.02 cm2g−1 (λ = 610 nm).15

To visually investigate the size and shape of the black carbon particles used in the experiment, scanning electron microscopy

(SEM) is employed. Approximately 6 mm wide squares of the 0.4 µm filters containing black carbon particles were cut and

glued on standard 12.7 mm diameter SEM stubs using double-faced carbon tabs. The samples were gold coated using a Polaron

E5100 Series II Cool Sputter Coater for 3 minutes in air, creating a 45 nm thick coating. SEM images were generated on a

Hitachi S3000N scanning electron microscope. The images were obtained at a magnification of×4000 at a working distance of20

12.5 mm, with an acceleration energy of 20 kV and a beam current of 85000 nA. Figure 5 shows a SEM image of black carbon

particles on a 0.4 µm Nuclepore filter. The SEM images are analysed using the ImageJ image analysis software (Abramoff

et al., 2004), to determine the size distribution and the circularity of the black carbon particles. The circularity of the particles

is determined by the shape factor Heilbronner and Barrett (2013), calculated using equation 5:

SF =
4πA

P 2
(5)25

Where A is the area of the shape and P, the perimeter of the shape. The shape factor represents the deviation of the perimeter

of a particle from a circle of the same area. Values of the shape factor vary between 0, representing an elongated shape and

1, describing a circle. The average shape factor of the particles shown in figure 5 is 0.842, indicating a rough spherical shape.

Assuming a spherical nature of the particles, the diameter is calculated as the maximum Feret diameter. The average diameter

of the particles shown in figure 5 is 0.461± 0.331 (2σ) µm.30
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Figure 5. Scanning electron microscope image of gold coated black carbon particles (white) at a magnification of ×4000, showing a roughly

spherical shape of the particles and an average particle diameter of 0.461±0.331 µm. Note the image also shows the Nuclepore filter holes

at 0.4 µm diameter

The mass absorption coefficients of the black carbon is also estimated by a Mie light scattering calculation using the SEM

data. Mie calculations are performed using size data from the SEM to provide a check of the value for black carbon absorption-

cross section for the radiative-transfer calculations. For the Mie calculations the black carbon diameter of 0.461 µm is used

with a density of 1.8 g cm−3 and a commonly used refractive index of 1.8 – 0.5 (Clarke and Noone, 1985), giving an absorption

cross section at a wavelength of 550 nm of 2.78 m2g−1.5

In the work presented here a absorption cross-section value of 2.5 m2g−1 will be used for radiative-transfer calculations, as

this is between the values from the Mie calculations and from the integrating sandwich spectrometer.

3 TUV-snow radiative-transfer calculations

Calculations using the TUV-snow radiative transfer model (described in section 3.1) are undertaken to simulate optical and

physical properties measured of the sea ice. For undoped ice reflectance and extinction coefficient/e-folding depth are calculated10

(section 3.2) while for sea ice with black carbon the model is used to calculate only reflectance (section 3.3).

3.1 The TUV-snow radiative-transfer model

The TUV-snow model is a coupled atmosphere-snow-sea ice radiative-transfer model using the DISORT code (Stamnes et al.,

1988) and is described in detail by Lee-Taylor and Madronich (2002). The model parameterises sea ice optical properties using

only an asymmetry factor, g, a wavelength independent scattering cross-section, σscatt, a wavelength dependant absorption15

cross-section, σ+
abs, and sea ice density and thickness.
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3.2 Calculations of undoped ice reflectance and extinction coefficient/e-folding depth

The reflectance and extinction coefficient/e-folding depth of the undoped sea ice are calculated through radiative-transfer

calculations using the TUV-snow model with derived scattering and absorption cross sections for the ice. To derive these values,

values of scattering and absorption cross section are varied until they reproduce the experimentally measured reflectivity and

e-folding depth data for the sea ice as detailed in King et al. (2005); France et al. (2011, 2012); Marks and King (2014). Ice5

density and thickness are measured from ice cored at the end of an experiment. The density of the ice is detailed in table 1.

The ice is modelled with a 30 cm thick bottom layer subdivided into 45 sub-layers with each sub-layer representing 1 cm apart

from the bottom and top 5 sub-layers which are 1 mm thick. The asymmetry factor for the ice is fixed at 0.95, based on a value

suggested by Mobley et al. (1998) for a bubble rich ice, which is observed in ice cores taken from the tank.

All calculations are undertaken between wavelengths 350–650 nm, using eight-streams in DISORT. The wavelength de-10

pendant, nadir reflectance of the water filled tank is measured and included in the model as the under ice reflectance, the

measurements are included in the supplementary information. The model illuminates the ice with diffuse light.

Reflectivity is calculated as the ratio of upwelling, Irrup, to downwelling Irrdown, irradiance at the surface of the sea ice,(
Irrup
Irrdown

)
. The e-folding depth is calculated using equation 2, and the irradiances calculated at depths of 5, 10, 15 and 20

cm in the sea ice with reference irradiance at a depth of 5 cm (to reproduce experimentally derived e-folding depths). The15

extinction coefficient is calculated as the reciprocal of the value of e-folding depth.

3.3 Calculating surface reflectance of ice with a black carbon doped layer

The radiative transfer modelling was repeated for the black carbon doped sea ices. For these radiative transfer calculations

parameters are kept the same as the undoped ice calculations, although the ice is modelled as two layers; a 30 cm thick

undoped bottom layer and a 5 cm upper, black carbon bearing, layer. These principal layers are subdivided into 45 sub-layers20

for the bottom layer and 14 sub-layers in the top layer, with each sub-layer being 1 cm thick, apart from 0.5 cm either side of a

boundary (air-ice, undoped ice-doped ice and ice-water), where sub-layers are 1 mm.

The absorption cross-section of the top layer was the same as the bottom undoped layer plus additional absorption for any

black carbon present (0, 75, 150 and 300 ng g−1), where the absorption cross-section of the black carbon is 2.5 m2g−1 (see

section 2.3.2). The scattering cross-section of the top layer was derived by a trial and error method to obtain the best fit (judged25

by eye) between modelled and measured values of reflectance and e-folding depth as described in section 4.3. Densities of the

top layers are shown in table 1.
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4 Results

4.1 Physical properties of sea ice and growth rates

Salinity, density and temperature depth profiles of all ice cores are given in the supplementary information. A typical salinity

and temperature profile is given in figure 6. The average density for the top and bottom layer for each black carbon loading is

shown in table 1.5
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Figure 6. Example temperature, salinity and density data for an ice core from run 2 before the black carbon bearing layer was added.

Ice growth rates were similar for all runs with the ice growing at approximately 1.8 cm per day. For all runs the growth

rate gradually declined as ice growth progressed. The time taken for reflectance of the ice to become a constant value became

longer, taking 5 days for run 1, 7 days for run 2, 11 days for run 3 and 13 days for run 4 owing to an issue with the maintenance

of the refrigerator plant which reduced its heat flux from the simulator but not its maintained temperature. The sea ice produced

for each run had a slightly different fabric and subsequently produced less scattering sea ice as shown by the value of σscatt in10

table 1.

4.2 Measured and modelled reflectivity and extinction coefficient/e-folding depth of undoped sea ice

4.2.1 Experimental measurements and calculations of reflectance and extinction coefficient/e-folding depth for

undoped ice

The measured nadir reflectance of the undoped ice layer, is shown in figure 7 for the four runs. Each run represents an experi-15

ment with new sea ice growth before the black carbon bearing layer is added. The reflectance is wavelength dependent peaking

15



at values around 500 nm, as would be expected for sea ice (e.g. Grenfell and Maykut (1977)). Measurements of reflectance

shown in figure 7 are the average of 5 days of reflectance measurements taken when ice reflectance had become constant. The

reflectance of the undoped sea ice decreases from run 1 to run 4 which is attributable to the slightly different ice fabrics in each

run and the fact that the ice thickness is not optically thick.
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Figure 7. Measured sea ice surface reflectance versus wavelength (solid shapes) and modelled sea ice reflectance versus wavelength (dashed

lines) for sea ice with no added black carbon

The extinction coefficient and e-folding depth of the undoped ice, figure 8, are also wavelength dependent with the largest5

values of e-folding depth observed around 550 nm for all runs again representing a natural sea ice (e.g. Grenfell and Maykut

(1977)). The e-folding depths increase with run number which is again attributable to the different ice fabrics created. The

increased e-folding depth can be attributed to a less light scattering sea ice matrix.

Figures 7 and 8 also contain the modelled reflectivity and extinction coefficient/e-folding depth fitted to the experimental

data. With the exception of the UV nadir reflectivity of run 3 and 4 the modelled fits are well within uncertainty of the10

measurement.

It should be noted it is more difficult to find a pair of values for scattering and absorption cross-sections (σscatt and σ+
abs) for

each wavelength that produce a good reproduction of the experimental reflectivity and e-folding depth, rather than reflectivity

alone, as the system described here is significantly more constrained in the number of degrees of freedom. Thus measuring

reflectivity and e-folding depth gives the reader more confidence in the values of σscatt and σ+
abs.15
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Figure 8. a (top)) Measured sea ice e-folding depth versus wavelength (solid shapes) and modelled sea ice e-folding depth versus wavelength

(dashed lines) for sea ice with no added black carbon. b (bottom)) Measured sea ice extinction coefficient versus wavelength (solid shapes)

and modelled sea ice extinction coefficient versus wavelength (dashed lines).

4.2.2 Derived absorption and scattering cross-sections from experimental data for undoped ice

The calculated values of the absorption cross-section of impurities in the undoped ice used in the radiative transfer calculations

are shown in figure 9. The shape of the derived absorption cross-section for each run is similar, decreasing slightly with

increased run number. Ideally the absorption should be zero for undoped ice (no impurities). Absorption cross-sections of

Saharan dust from Lamare et al. (2016) and chlorophyll in algae from Bricaud et al. (2004) and Mundy et al. (2011) are shown5

in figure 9 for comparison to the sea ice impurity absorption cross-section. A characteristic signal of chlorophyll in algae

is present. It should be noted that the algae was unintentional, not observed by the naked eye and resisted several cycles of

disinfection. It is testament to the sensitivity of the technique for deriving absorption and scattering cross-sections that the

absorption cross-section of the algae can be calculated.
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Figure 9. A (top)) Absorption cross-section of Saharan dust taken from Lamare et al. (2016). B (middle)) Absorption cross-sections of

chlorophyll. Chlorophyll in ice (dashed line) taken from Mundy et al. (2011) is per mg of algae determined by fluorescence. Chlorophyll

(solid line) is taken from Bricaud et al. (2004) is per mg of dry weight cells. C (bottom)) Wavelength dependent absorption cross-section

derived from reflectance and e-folding depth data from runs 1 to 4 for the undoped ice. A smooth line is added to guide the eye. Values for

run 4 are too small to plot clearly at longer wavelengths. Error bars show the possible variation in absorption cross-section obtained from

different fits of the original reflectance and e-folding depth data.
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The modelled scattering coefficient used in the radiative-transfer calculations is wavelength independent and reported in

table 1.

4.3 Surface reflectivity of black carbon doped sea ice

The reflectance of the sea ice with an extra 5 cm black carbon bearing ice layer decreases at all wavelengths as the black

carbon mass-ratio increases; as shown in figure 10. At a wavelength of 500 nm, reflectance decreases to 97% of the reflectance5

of undoped ice (Run 1) for an addition of seawater with a mass ratio of black carbon of 75 ng g−1, to 90% for an addition with

a mass-ratio of 150 ng g−1 compared to undoped ice and to 79% for an addition with a mass ratio of 300 ng g−1 compared to

reflectivity of undoped ice.
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Figure 10. Comparison between measured (solid shapes) and calculated (dashed lines) reflectance of laboratory sea ice surface with black

carbon in a 5 cm surface layer in varying mass ratios. The figure shows the best fit possible by altering scattering cross-section of the upper

black carbon bearing layer (values shown on plot).

The extinction coefficient/e-folding depth of the ice after the black carbon layer was added was not measured as the total

ice could no longer be considered a homogeneous medium and the 5 cm doped layer was too thin to measure the extinction10

coefficient in this layer alone.

The best fit obtained between the measured and calculated reflectance values from varying the scattering cross-section of

the upper sea ice layer between realistic values is shown in figure 10. These values of the scattering cross-section are shown in

figure 10, varying from 0.05 m2 kg−1 to 0.35 m2 kg−1. The fit between the measured and calculated reflectance is well within

uncertainty limits for all runs demonstrating the TUV-snow model can reproduce experimental reflectance for sea ice doped15

with black carbon, even with varying fabrics of sea ice.
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5 Discussion

In the discussion section possible sources of uncertainty in the experimental measurements compared to the calculated values

will be discussed as well as the realism of the laboratory sea ice and potential limitations of the sea ice simulator.

5.1 Sources of uncertainty in the experimental measurements compared to the calculated values

The comparison between experimentally measured and calculated values reported here are presented under the assumption5

that the experimental conditions are accurately replicated by the TUV-snow radiative-transfer model. Potential sources for

uncertainty in comparing experimentally measured values to calculated values include: aggregation of black carbon particles;

mobilisation of black carbon from the top layer of sea ice into the underlying ice and sea water; the value of the asymmetry

parameter used in the radiative transfer modelling; uncertainty in the derived scattering and absorption cross-sections of the

experimental sea ice and uncertainty in the mass ratio of black carbon added to the laboratory sea ice. The possible contribution10

of each of these factors is subsequently reviewed.

5.1.1 Aggregation of particles

The effect of aggregation of black carbon particles decreases the absorption cross-section in two ways. Assuming two black

carbon particles aggregate to form a new spherical black carbon particle, the newly formed particle would have twice the

volume and the radius would be a factor of 3
√
2 larger. Mie calculations show that the absorption cross-section would decrease15

and the mass-absorption cross-section would decrease and flatten according to Dang et al. (2015). Secondly aggregation would

reduce the number density of black carbon particles further reducing the absorption of light within the ice. However, the good

agreement shown between measured and calculated reflectance for the black carbon doped ice suggests aggregation is not

occurring within the ice.

5.1.2 Black carbon mobilisation20

The radiative-transfer model assumes the black carbon is distributed evenly within the black carbon doped layer, however the

experimental ice may not have had an even distribution. Sea ice forms brine pockets and brine channels on freezing (e.g. Weeks

(2010)). As the extra layer of seawater freezes brine will drain downwards into the layer of ice below and also be expelled onto

the surface. Eicken (2003) suggest that impurities in seawater are trapped in the brine inclusions as sea ice grows. If black

carbon is situated in brine inclusions then some of it may drain into the underlying layer of sea ice and eventually into the25

underlying seawater as described by Eicken (2003). Doherty et al. (2010), who measured black carbon mass-ratios in sea ice

in the Arctic, showed that black carbon is concentrated at the surface of the sea ice but also found in smaller concentrations

throughout the ice, supporting the idea that black carbon deposited onto the surface of sea ice can be mobilised through the ice.

If there was a reduced black carbon mass ratio in the upper layer then surface reflectance would increase (e.g. Marks and King

(2013)).30
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5.1.3 Asymmetry parameter

A value of the asymmetry parameter, g, of 0.95 was used based on the work of Mobley et al. (1998). However Mobley et al.

(1998) demonstrate that g may vary between 0.94 and 0.99. Figure 11 shows the effect on the determination of the absorption

cross-section, σabs owing to absorption by impurities and the ice scattering cross-section at 400 nm for changing the value of

g within possible values for sea ice; 0.94–0.99 (Mobley et al., 1998).5
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Figure 11. Variation in absorption cross-section, σ+
abs, (cm2 kg−1) (upper, non-filled markers) and scattering cross-section, σscatt, (m2 kg−1)

(lower, filled symbols) owing to variation in the asymmetry parameter at 400 nm. Note the scatter in the values of σ+
abs is due to the fitting

process used.

The change in the g value has very little effect on the values of absorption cross-section, as also noted by Libois et al. (2013),

with variation in g between 0.94 to 0.99 having only a factor of 0.092 effect on the absorption cross-section, demonstrating the

model is insensitive to the value of g for determining light absorbing impurities.

In the case of scattering cross-section, the effect of changing g from 0.94 to 0.99 at 400 nm has a much larger effect on the

scattering cross-section, with a larger g value giving a larger scattering cross-section i.e. the similarity principle. An increase10

in the scattering cross-section would change the shape of the reflectance-wavelength curve as well as the values of reflectance,

as absorbing impurities have less effect in a sea ice with a large scattering cross-section compared to a small one, as described

in Marks and King (2014).
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5.1.4 Uncertainty in derived scattering and absorption cross-section and black carbon mass ratio

The determination of the cross-section for light scattering and absorption, described in section 4.2.2, depends on varying their

values to reproduce the measured values of the e-folding depth and the nadir reflectivity within the experimental uncertainties

of measured values of the e-folding depth and the nadir reflectivity, all as a function of wavelength. The latter assists in

constraining the determination of the values of the cross-section for absorption and scattering. The propagated uncertainty in5

the determined values of the cross-sections for light scattering and absorption from uncertainties in either the value of the e-

folding depth or nadir reflectivity in isolation have not been calculated as our method fits both e-folding depth and reflectivity.

Considering the experimental uncertainty in e-folding depth and nadir reflectivity gives a more representative uncertainty of

the process. The uncertainty in the reflectance and e-folding depth measurement data of the undoped ice is shown in figures

7 and 8. Table 1 gives an indication of the uncertainty in the derived scattering cross-section which is estimated by varying10

the values of σscatt and σabs and still obtaining a good fit (by eye) to the experimental data within the uncertainties of the

measured e-folding depth and nadir reflectivity.

5.2 Realism of artificial sea ice

The sea ice simulator is designed to replicate natural sea ice growth in a controlled environment. Section 5.2 will review

how the measured physical and optical parameters of the sea ice compare to field measurements of sea ice to ascertain how the15

laboratory sea ice compares to natural ice. Although the simulator creates a realistic sea ice environment, as with all simulators,

there are limitations in the degree to which a “natural” sea ice environment can be created. Limitations in the following metrics

were noted; light intensity, uneven ice growth, hyper-saline seawater, surface brine expulsion and reflectance measurements.

Temperature profiles from the laboratory sea ice show a linear increase in temperature from the surface to the ice base, this

has been commonly reported (e.g. Eicken (2003); Perovich et al. (1998b)). Eicken (2003) also suggest that at typical winter20

temperatures ice would take ∼1 month to form 50 cm, this is a similar growth rate to that observed for the laboratory grown

sea ice where it took approximately three weeks to grow 30 cm of ice.

Typical sea ice densities are reviewed by Timco and Frederking (1996) reporting first year sea ice densities in the range 0.84

to 0.94 g cm−3, the density of sea ice created in the simulator ranged from 0.85 to 0.95 g cm−3, thus being in the range of

natural ice. Perovich et al. (1998b) measured density profiles through Arctic first year sea ice showing no clear variation with25

depth which is also observed in the laboratory sea ice.

Plots of salinity versus depth from ice cores from the sea ice simulator show the distinctive “C” shape with a higher salinity

seen at the base and top of the cores, see figure 6. Malgrem et al. (1927) studied salinity of first-year ice also showing a

characteristic “C” shape to the sea ice salinity profile. The shape of the salinity profile, explained by Eicken (2003), is due

to a combination of salt segregation, gravity drainage and brine expulsion on the surface of the ice. Initially as sea ice in the30

simulator grows the seawater below the ice increases in salinity and similarly to natural sea ice the seawater below the ice is

commonly hyper-saline. As the simulator continues to generate thicker sea ice there is an increase in the salinity of the brine

beneath the sea ice which may eventually retard the growth and the water may become unrealistically saline if the experiment
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were allowed to continue. In the experiment discussed here this is not a major problem for the experiments as the experiments

were performed with ice thicknesses of 30 cm.

The typical structure of a first year sea ice is described by Eicken (2003) showing a granular surface layer, overlying columnar

ice with granular/platelet ice at the ice-water boundary. The structure described by Eicken (2003) is the same as that observed

in ice cores of the laboratory grown ice. The surface of the laboratory grown ice has a clear granular texture, and at the base5

there is a slushy platelet layer with columnar ice in between.

Although the sides of the tank are insulated ice growth across the tank is not quite uniform with slightly thicker ice (∼5 cm)

around the edges of the tank towards the end of an experiment (∼3 cm from the sides) and around the polypropylene pole

which the thermocouples were inserted into. Unfortunately the thicker ice areas could not be rectified but are unimportant as

reflectance measurements were taken in the same place, away from the sides of the tank. All measurements of the extinction10

coefficient/e-folding depth were made more than three e-folding depths from the sides of the tank so that any extra ice growth

at the edges of the tank would have no impact on the measurements.

Typical extinction coefficients of sea ice at around 500 nm are around∼0.03 cm−1 (Grenfell and Maykut, 1977). Calculated

extinction coefficients for the laboratory grown ice range from 0.1–0.03 cm−1.

Overall the sea ice simulator creates a realistic sea ice, recreating typical growth rates, salinity and temperature profiles,15

reflectance and extinction coefficients of a first year sea ice.

6 Conclusions

The study has shown that the TUV-snow radiative transfer model can reproduce reflectivity of undoped and black carbon doped

sea ice with different sea ice fabrics and thus the model can be used with confidence. Black carbon in laboratory sea ice has

been shown to reduce the reflectivity of the ice to 97%, 90%, and 79% of the clean ice reflectivity at a wavelength of 500 nm for20

mass ratios of 75, 150 and 300 ng g−1 of black carbon respectively in the top 5 cm layer of the laboratory sea ice, which is in

agreement with radiative-transfer calculations. To reproduce the reflectivity using the TUV-snow model measured reflectivity

and e-folding depth data from laboratory sea ice is used to derive scattering and absorption cross-sections of the ice using the

TUV-snow model. The derived scattering cross-section values are typical of sea ice (e.g. Grenfell and Maykut (1977), Timco

and Frederking (1996) and Perovich (1996), while the derived absorption cross-sections show the presence of other absorbing25

impurities in the undoped ice, which matches the absorption spectra of algae.
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 28 

Microalgae colonizing the underside of sea ice in spring are a key component of the Arctic 29 

foodweb as they drive early primary production, and transport carbon from the atmosphere to 30 

the ocean interior. Onset of the ice algae spring bloom is typically limited by light 31 

availability, and consensus is that a few decimeters of snow is enough to prevent sufficient 32 

solar radiation to reach underneath the sea ice. We challenged this consensus and investigated 33 

the onset of spring bloom and the light requirement of algae growth underneath sea ice, and 34 

the importance of snow optical properties for light penetration. Colonization by ice algae 35 

began in May under >1 m of first-year sea ice with ~1 m thick snow cover on top, in NE 36 

Greenland. The initial growth of ice algae began at extremely low irradiance (<0.17 mol 37 

photons m
–2

 s
–1

) and was documented as an increase in Chlorophyll a (chl a), an increase in 38 

algal cell number, and a viable phototrophic activity (quantum yield). Snow thickness 39 

changed little during May (from 110 to 91 cm), however the snow temperature increase 40 

steadily, as observed from high frequency temperature profiles. We propose that changes in 41 

snow optical properties, caused by temperature-driven snow metamorphosis, was the primary 42 

driver allowing for sufficient light to penetrate through the thick snow and initiate algae 43 

growth below the sea ice. This was supported by radiative transfer modelling of light 44 

attenuation. Implications are a possible earlier productivity by ice algae in Arctic sea ice than 45 

recognized today. 46 

  47 
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Introduction 48 

Recently, a dynamic and viable ecosystem has been discovered in Arctic sea waters during 49 

the polar night, suggesting that even very low light conditions can enable the onset of 50 

biological activity and possibly ‘spring awakening’ of the Arctic marine food web [Berge et 51 

al., 2015a; Berge et al., 2015b]. In addition, extreme low light conditions have been 52 

measured in polar waters during the polar night, demonstrating biological responses to solar 53 

radiation levels well below what has previously been assumed significant [Cohen et al., 54 

2015]. 55 

Ice algae are a substantial contributor to the Arctic primary production creating the food 56 

source for ice-associated zooplankton and amphipods [Kevin R. Arrigo, 2014; Soreide et al., 57 

2010], both of which are key contributors to the Arctic food web. For instance, it has been 58 

shown that the timing of the ice algae bloom has implications for the food availability and 59 

quality for ice-associated zooplankton, and for the success rate of zooplankton hatching [Leu 60 

et al., 2011; Leu et al., 2010]. Moreover, ice algae play a significant role for the Arctic 61 

carbon cycle and sequestration, and are important as a carbon export pathway from surface 62 

waters to the deep ocean [Assmy et al., 2013; Fernandez-Mendez et al., 2014].  63 

Ice algae are typically abundant when there is sufficient irradiance underneath the sea ice for 64 

photosynthesis and growth, and their biomass can be considerable, compared to 65 

phytoplankton in Arctic coastal and ocean ecosystems [Leu et al., 2015, and references 66 

herein]. However, little is known about the early timing of ice algae blooms, and especially 67 

the threshold irradiances required to trigger early ice algae colonization and growth, and how 68 

well ice algae are acclimated to very low light levels. 69 

Light availability underneath sea ice is regulated by radiative transfer of solar radiation 70 

through the ice and overlying snow cover [Gosselin et al., 1990; Marks and King, 2014; 71 

Thomas and Dieckmann, 2009]. Despite an often thicker layer of ice than snow, snow 72 

thickness is most important in regulating the availability of light for ice algae, because of its 73 

much higher light scattering properties and albedo.  74 

Scattering properties of snow is regulated by its density and grain size, which again is 75 

affected by snow temperature via metamorphism of snow [Marks and King, 2014]. On sea 76 

ice, temperature gradients within the snowpack is typical creating a vapor pressure gradient 77 

from the relative warm bottom upwards to the colder layers interfacing the air. Such vapor 78 



Confidential manuscript to be submitted to JGR OCEANS 

Hancke et al. Minimum light requirement for ice algae   Page 4 of 32 

 

gradients lead to an increase in snow grain size and a decrease in the optical scattering cross-79 

section of the snow, again leading to a decrease in the light attenuation [Lamare et al., 2016; 80 

Libois et al., 2013]. It has been suggested that ~40 cm of snow cover is enough to prevent 81 

algae growth [Campbell et al., 2014; Mundy et al., 2007].Until recently, is has been 82 

anticipated that below such snow covers, little biological activity is occurring due to the 83 

absent of light.  84 

In this study, we provide evidence of an onset of ice algae growth at very low light 85 

conditions, below ~1 m of snow on top of 1m of sea ice. Further, we provide modelled data 86 

of the photon flux penetrating a thick snow cover and under lying sea ice, and argue that 87 

optical properties of snow are regulating the light availability underneath sea ice early in the 88 

spring. Here we aimed to study the light requirement for ice algae growth, and to quantify the 89 

minimum photon flux needed to support net growth of ice algae and initiate the spring 90 

colonization. Further, we test the hypothesis that optical properties of snow impact the light 91 

availability underneath sea ice. Implications are that Arctic sea ice algae may bloom much 92 

earlier than often anticipated with consequences for the Arctic primary production carbon 93 

flux. 94 

 95 

2 Materials and Methods 96 

2.1 Site description and sample collection 97 

This study provides the first sea ice algae data from the Wandel Sea near the newly 98 

established Villum Research Station (VRS), located at the Danish military base “Station 99 

Nord” in far North East Greenland (Figure 1). Data were collected between 16 April and 24 100 

May 2015 as part of the large international Arctic Science Partnership research campaign, 101 

and  coordinated by the Arctic Research Center, Aarhus University, Denmark.  102 

Data were collected at a main station (termed 1C) approximately every third day, and along a 103 

~20km transect (1A to 1E) stretching NW from the shoreline of the research station. The 104 

inner part of the Wandel Sea is relatively shallow stretching from the shoreline to the shelf 105 

drop, with water depth of <200m. Water depths at the investigated stations are listed in Table 106 

1. The Wandel Sea meets a complex of large fjords to the south west consisting of Danmarks 107 

Fjord, Hagens Fjord and Independence Fjord, while bordering the Arctic Ocean at the 108 
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Northeast [Dmitrenko et al., 2016]. Sea ice completely covers the fjord complex during 109 

winter, in part by First-Year (FYI) and in part by Multi-year (MYI) sea ice; where FYI 110 

typically dominates along the shores and MYI the interior of the basin. This study includes 111 

only land-fast first-year sea ice samples.  112 

 113 

Figure 1: Map of sampling area, including the 5 sampling stations (1A to 1E) located across a 114 

transect stretching ~20 km to the north west from the shore line outside the Villum Research 115 

Station and Station Nord, a Danish military station. The map is based on a MODIS AQUA 116 

(NASA) image from 25 April 2015, downloaded from www.dmi.dk. 117 

The thickness of snow cover was measured with a manual snow-depth probe at each sea-ice 118 

coring site. Snow-depth observations were also collected in the greater surrounding area of 119 

site 1C in a right-triangle transect (~700 m in total length). In addition, the snow-cover 120 

thickness was estimated automatically using a sonic ranging sensor (Campbell Scientific 121 

SR50A) on a land-based monitoring station 2 km from the Villum Research Station. 122 

Observations of the physical properties of the snowpack was collected in snow pits dug at 1C 123 

on 5 May and 16 May including snow temperature (handheld digital thermometer), snow 124 

density (Snow-Hydro 100cc density cutter), and snow grain size, i.e., the longest dimension 125 

of the crystal (snowmetrics.com crystal card and magnifier).  126 
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Sea ice cores were collected using a Mark II Coring system with a diameter of 9 cm (Kovacs 127 

Enterprises), after removal of snow from the sea ice. A minimum of three cores were 128 

collected at each site, of which the lower 5 cm was sectioned for further analyses (e.g. 129 

chlorophyll, cell number, and nutrients). In the laboratory ice samples were melted slowly in 130 

the dark, diluted 1:1 with Whatman GF/F filtered sea water, sampled immediately under the 131 

sea ice. Samples of Under-Ice Water (UIW) were collected from 1m beneath the sea ice using 132 

a small handheld water sampler (temperature and salinity are shown in Table 1).  133 

A perturbation experiment clearing the snow cover (2x2m) on the sea ice was carried out at 134 

the main station (1C), initiated on 24 April. Owing to strong winds and precipitation, snow 135 

had to be repeatedly removed from the manipulated site on 1 May and 6
 
May. Samples of sea 136 

ice and sea water were collected from the snow-cleared site in a similar matter to the 137 

undisturbed stations. 138 

Table 1: Station position, ice type, thickness of ice and snow and water physics. 139 

Station Lat. Long. Ice 

type 

Ice 

thickness * 

Snow 

thickness 

** 

Snow thickness from 

transect *** 

UIW water 

depth 

# N W #    temp sal  

    cm cm cm oC PSU m 

1A 81.623 16.807 FYI 115 98.9 ± 5.3  -1.1 19.5 20 

1B 81.652 16.896 FYI 118 91.6 ± 3.1  -1.2 19.5 58 

1C 81.673 16.969 FYI 110 95.0 ± 4.4 95.4 ± 7.0 (5 May) 

94.1 ± 10.3 (16 May) 

-1.2 19.4 73 

1D 81.696 17.043 FYI 114 99.2 ± 3.1  -1.1 19.3 75 

1E 81.72 17.115 FYI 145 98.7 ± 3.4  -1.1 19.3 87 

* n = 3, ** n = 10, *** n= 198 140 

 141 

2.2 Optical measurements 142 

Incident downwelling and upwelling Photosynthetically Active Radiation (PAR) above the 143 

snowpack and under-ice PAR were measured continuously at the main station (1C) during 144 

the campaign, using flat cosine-corrected PAR sensors (LiCor 191 above and LiCor 192 145 

below) connected to a Campbell CR10X data logger. The under-ice sensor was positioned 146 

through a 9 cm diameter core hole penetrating both the snow pack and sea ice. The sensor 147 
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was positioned 3 cm below the underside of the sea ice 15 cm away from the core hole. After 148 

positioning the sensor, the drill hole was carefully filled with the drill core and packed with 149 

snow. The instruments were undisturbed during the field campaign. Also, down- and 150 

upwelling solar (global) radiation (CNR4 Net Radiometer, Kipp & Zonen) was measured at 151 

the Villum Research Station using an automatic weather station (established by Asiaq, 152 

Greenland Survey on behalf of the Department of Environmental Science/Danish Centre for 153 

Environment and Energy [DCE], and operated by Aarhus University). 154 

Albedo of the snow pack was calculated as the ratio of upwelling PAR to downwelling PAR. 155 

The detection limit of the PAR sensors was 0.15 µmol photons m
–2

 s
–1

.    156 

Vertical profiles of downwelling spectral irradiance [Ed(λ)] were measured through the snow 157 

pack after digging a snow-pit allowing for a vertical positioning of a spectral irradiance 158 

sensor [France and King, 2012]. Profiling was conducted in the snow to the south of the pit 159 

hole around solar noon, after characterizing the physical properties of the snow. The vertical 160 

resolution of the profiles was 5 to 20 cm, and measurements started from the snow-ice 161 

interface working upwards. Spectral irradiance was measured from 320 to 950 nm, with a 162 

3.3nm spectral resolution using a spectroradiometer (RAMSES ACC-VIS, TriOS, Germany). 163 

Also, under-ice spectral irradiance was measured using the RAMSES sensor at 5 cm below 164 

the ice-water interface 50 cm laterally from the core hole, positioned using a folding L-165 

shaped metal ‘arm’ reaching underneath the ice. During profiling, the surface incident PAR 166 

was measured simultaneously using a small cosine-corrected quantum sensor (MQS-B, 167 

logged on a ULM-500 data logger, Walz, Germany). Only irradiance-depth profiles measured 168 

during stable surface irradiance (+/– 5%) were collected. The RAMSES spectral irradiance 169 

sensor was freshly factory-calibrated for the campaign, and acted as the campaign standard 170 

for all the PAR sensors which were calibrated against this. Unfortunately, the RAMSES 171 

sensor filled with seawater after the measurements on May 7
th

, and failed thereafter. 172 

Diffuse vertical attenuation coefficients were calculated wavelength specifically (Kd(λ), m
-1

) 173 

accordingly [Kirk, 1994]:  174 

𝐾𝑑() =  
ln(𝐸𝑑𝑧1()/𝐸𝑑𝑧2())

𝑧2−𝑧1
   (1) 175 

where Edz1(λ) and Edz2(λ) represent downwelling irradiance at two different depths (z) in the 176 

snow/ice column, respectively. 177 
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 178 

2.3 Photosynthetic measurements 179 

Photosynthetic activity of the sea ice algae were measured using a Walz PhytoPAM variable 180 

fluorometer (System I, Walz, Effeltrich, Germany,[Schreiber et al., 1986]), equipped with a 181 

highly sensitive Photomultiplier-Detector (PM-101P, Walz). Algae on ice crystals from the 182 

lower 1cm of collected cores were transferred immediately after sampling to a standard 183 

plastic cuvette (with 4 clear sides), then heated just enough for the ice crystals to melt in the 184 

palm of a hand (wearing disposable powder-free vinyl gloves). Instantly when the sample 185 

became liquid it was placed inside the PAM incubation chamber and acclimated in the dark 186 

(3 min). For purpose of PAM measurements, a tent camp was established on the ice at the 187 

main station (1C) ensuring minimum transportation, rapid sample handling, and a shaded 188 

working environment with an air temperature at ~0
o
C. The maximum quantum yield of 189 

charge separation (max) was calculated from the dark-acclimated fluorescence (Fo) and the 190 

maximum fluorescence (Fm) after a saturation light pulse, as (Fm − Fo) / Fm [Genty et al., 191 

1989]. Fo and Fm measures were corrected for background fluorescence using a ‘blank’ 192 

obtained by 0.2 µm filtering of a sub-sample to the original sample. For details on the 193 

measuring protocol see [Hancke et al., 2015].  194 

2.4 Laboratory analyses 195 

The Chlorophyll a (Chl a) concentration (mg m
−3

) in ice cores was measured from the sea-196 

water-diluted samples filtered onto GF/F glass fiber filters (Whatman) extracted in 5 mL 96% 197 

ethanol during 24h (dark, 4°C). The concentration was determined in triplicate using a pre-198 

calibrated fluorometer (Turner Designs TD-700) [Lorenzen, 1966; lund-Hansen et al., 2016]. 199 

The same procedure was used for Chl a measurements of the UIW, except that these were not 200 

diluted prior to filtering. 201 

Dominating algae groups were identified from light-microscopy analyses using a Palmer 202 

Maloney chamber, on samples collected from FYI cores and from UIW preserved in LUGOL 203 

(neutral, 1% final solution). 204 

Concentration of [NO3
−
] and [NO2

−
], collectively termed [NO3

−
], was determined as NO on a 205 

NOx analyzer (Model 42C, Thermo Environmental Instruments Inc.) after reduction to NO in 206 

hot Vanadium Chloride [Braman and Hendrix, 1989]. Concentrations of [PO4
3–

] and [NH4
+
] 207 
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were determined by standard colorimetric methods [Grasshoff et al., 1999] on a Shimadzu 208 

UV-1800 spectrophotometer.  209 

 210 

2.5 Modelling 211 

Numerical radiative-transfer calculations of downwelling PAR throughout the snow and sea 212 

ice were undertaken using the Tropospheric Ultraviolet and Visible Radiation Model (TUV-213 

snow) [Lee-Taylor and Madronich, 2002]. The TUV-snow model is a coupled atmosphere / 214 

snow or sea ice model that uses the DISORT code [Stamnes et al., 1988] and is described 215 

fully in [Lee-Taylor and Madronich, 2002].  216 

 217 

To model the field observations of PAR at station 1C, a layer of snow was modelled on a 218 

first-year sea ice layer, with an underlying optically thick layer representing the seawater 219 

under the sea ice. The layers of snow and sea ice were further split into multiple layers with 220 

all the same optical properties for the snow and sea ice respectively. Two modelling 221 

approaches were adopted. In the first scenario, the snow was consecutively given the optical 222 

properties of three snow types previously characterized by the authors [Lamare et al., 2016; 223 

Marks and King, 2014]: cold polar snow, coastal windpacked snow and melting snow. A 1m 224 

thick cover of snow, representing the average thickness of the snowpack at station 1C, was 225 

defined on a 1m thick sea ice. In the second scenario, the sea ice optical properties remained 226 

the same but the thickness of the snowpack was set to 91 and 110 cm respectively, to fit the 227 

observations. The value of the light scattering cross-section of the snowpack, 𝜎𝑠𝑐𝑎𝑡𝑡, was 228 

varied over a wide range to represent snow metamorphism. The value of 𝜎𝑠𝑐𝑎𝑡𝑡 is inversely 229 

proportional to the snow grain size [Libois et al., 2013], and metamorphism of the snow tends 230 

to increase the snow grain size [Warren, 1982] and thereby decrease the value of 𝜎𝑠𝑐𝑎𝑡𝑡. 231 

 232 

The light scattering and absorption in each sea ice and snow simulation are constrained in the 233 

model by an asymmetry factor, e.g, a wavelength independent scattering cross section, 𝜎𝑠𝑐𝑎𝑡𝑡, 234 

a wavelength dependent absorption cross section, 𝜎𝑎𝑏𝑠
+  , and the sea ice/snow density and 235 

thickness [Lamare et al., 2016; Lee-Taylor and Madronich, 2002]. A first year sea ice layer 236 

was modelled with a mass density of 800 kg m
–3

, a scattering cross-section of 0.15 m
2
 kg

–1
 237 

and a fixed asymmetry parameter g of 0.98, based on field values parametrized in Marks and 238 

King [2014]. A density of 400 kg m
–3

 and a fixed asymmetry parameter g of 0.89 were used 239 
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to model the covering snow layer. The value of the scattering cross-section of the snow was 240 

set to 1.25 m
2
 kg

–1
 for melting snow, 7.50 m

2
 kg

–1
 for coastal windpacked snow and 20.0 m

2
 241 

kg
–1

 for melting snow [Lamare et al., 2016; Marks and King, 2014]. The scattering cross-242 

section was then varied between 1 m
2
 kg

–1
 and 25 m

2
 kg

–1
, in 5 m

2
 kg

–1
 steps for the second 243 

modelling experiment.  244 

The wavelength dependent absorption cross-section of ice was obtained from [Warren and 245 

Brandt, 2008] for the snow and sea ice. A mass-ratio of 1 ng g
–1

 of black carbon was added to 246 

the sea ice and snow, as small quantities of black carbon are likely to be found in snow and 247 

sea ice in polar regions [e.g. Doherty et al., 2010]. To represent the seawater under the sea 248 

ice, a fixed wavelength independent albedo of 0.1 was used. The atmospheric parameters 249 

used in the model are the same to that described in detail in [Lamare et al., 2016]. 250 

 251 

The downwelling PAR throughout the snow and sea ice column was calculated as: 252 

 253 

𝑃𝐴𝑅 =  ∫ 𝐼(𝜆)𝑑𝜆
𝜆=700𝑛𝑚

𝜆=400𝑛𝑚
,  (2) 254 

 255 

with I(λ), the downwelling monochromatic irradiance and λ, the wavelength. The snow and 256 

sea ice were subdivided into 1 cm thick layers, apart from the 10 layers between atmosphere 257 

and snow, snow and ice, and ice and seawater, which were 1 mm thick. The downwelling 258 

PAR was calculated for each layer throughout the snow and sea ice. 259 

 260 

 261 

  262 
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3 Results and Discussion 263 

3.1 Initiation of ice algae growth under extremely low light conditions 264 

Here we document the initial phase of ice algae growth underneath thick landfast sea ice in 265 

Arctic NE Greenland, and provide evidence that ice algae spring growth may initiate at 266 

irradiance of <0.17 mol photons m
–2

 s
–1

, much lower than previously anticipated. We also 267 

present data to support the hypothesis that a change in optical properties of snow can lead to 268 

increased irradiance availability underneath sea ice from decreasing the optical scattering 269 

cross-section, using a radiative transfer model. 270 

During the campaign period through April to June the Wandel Sea was permanently covered 271 

by ~1m of snow and >1m of sea ice (Table 1, Figure 2). Until early June snow thickness only 272 

decreased marginally, and air temperature was well below 0
º
C (average for April was –273 

19.2
o
C, for May –13.2

o
C, and for June +1.2

o
C, Figure 2b). 274 

During this period, incident solar radiation increased by ~4 fold, as the noon incident PAR 275 

increased from ~300 to ~1200 mol photons m
–2

 s
–1

 (corresponding to 13 and 69 mol 276 

photons m
–2

 d
–1

, Figure 2a). Driving this, the solar elevation angle increased from 13 to 30 277 

degrees (a solar zenith angle change of 77º to 60º), from early April to late May.  278 

The albedo in the PAR range was nearly unchanged during this same period of time (average 279 

~0.9, Figure 2c). The under-ice irradiance was below the detection limit of the installed PAR 280 

sensor on the monitoring station C (0.15 mol photons m
–2

 s
–1

) until May 21th, and did not 281 

exceed 0.2 mol m
–2

 s
–1 

until June 16 (Figure 2c). On May 7
th

, a PAR intensity of 0.17 mol 282 

m
–2

 s
–1

 was measured underneath the sea ice after an intrusive spectral irradiance sensor 283 

(TriOS) was sent through a drill hole (see below). 284 

The first signal of under-ice Chl was detected on May 5 (0.001 mg m
–2

) when the 285 

concentration was significantly different from zero, despite a nearly unchanged thickness in 286 

snow and sea ice cover the preceding month (Figure 2c). Following this, we interpreted the 287 

increasing Chl a concentration as robust evidence of algae net growth and the very first stage 288 

of an ice algae bloom and colonization. This was a surprising result, as light availability 289 

underneath the ice cover was still extremely low, and the photon flux reaching the under-ice 290 

environment was efficiently hampered by the thick snow and ice cover.  291 
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It seems likely, that the lowest documented light intensity (0.17 mol photons m
–2

 s
–1

) 292 

observed indeed supported net growth of algae, and thus is confirmed as exceeding the 293 

compensation irradiance of an ice algae community. Irradiance intensities above the 294 

compensation point [i.e. the irradiance at which gross primary production equals community 295 

respiration] marks the initial start of an algae bloom [Marra, 2004]. To our knowledge, the 296 

lowest estimate of ice algae compensation irradiance is reported at 0.36 mol photons m
–2

 s
–1

 297 

[Mock and Gradinger, 2000], however this finding has later been questioned due to possibly 298 

effects of scattering in the ice [Ehn and Mundy, 2013]. In general, ice algae have been 299 

reported as some of the most extreme low-light adapted phototrophic species but in situ 300 

measurements are rare due to experimental and logistical challenges [Thomas and 301 

Dieckmann, 2009]. Commonly, values in the range of 2 to 9 mol m
–2

 s
–1

 are considered 302 

compensation irradiances for ice algae [Gosselin et al., 1986; Horner and Schrader, 1982; 303 

Leu et al., 2010], but in extreme low light environments in the Antarctic, benthic microalgae 304 

have been reported photosynthetically active at less than 1 mol photons m
–2

 s
–1

 [Robinson et 305 

al., 1995]. In the deep, extreme low-light adapted red macro algae have demonstrated a 306 

minimum light requirements of 1.5 mol photons m
–2

 s
–1

 [Pritchard et al., 2013]. Thus, we 307 

here suggest a new minimum light requirement for ice algae net growth. 308 

In regions with less snow, ice algae colonization typically begins earlier in the season under 309 

Arctic landfast sea ice depending on latitude, as reviewed by Leu et al. [2015] and references 310 

therein. Field data from Resolute Bay (Arctic Canada) show a consistent relationship between 311 

development of ice algae chl a concentrations and the thickness of the snow pack. In years 312 

with <10cm of snow, ice algae colonization began in the middle of March, in the beginning 313 

of April if snow cover was between 10 cm and 20 cm, and in the middle of April at snow 314 

depths >20 cm (data compiled from multiple studies from 1985 to 2011 [Leu et al., 2015]). A 315 

snow thickness less than 40 cm has been suggested as a required threshold for algae growth 316 

to occur [Campbell et al., 2015; Mundy et al., 2007], and most ice algae studies have been 317 

conducted with conditions of only a few centimeters of snow on the sea [e.g. Hawes et al., 318 

2012; Leu et al., 2010; Mundy et al., 2007]. To our knowledge, there are no previous 319 

scientific reports of ice algae abundance or thickness of snow from further north in East 320 

Greenland than Young Sound (74.3 °N). However, the region is known for extensive winter 321 

precipitation compared to typical High Arctic regions, partially explained by the presence of 322 

the Northeast Water  (NEW) Polynya of the east coast [Day et al., 2013; Krabill et al., 2000]. 323 
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The Danish military Sirius dog sled patrol reports that >1m of snow is not unusual for the 324 

region around Villum Research Station (personal communication). 325 

 326 

 327 

Figure 2: (a) Surface incident PAR (sampled every 30min, 24h running average in blue); (b) 328 

snow thickness at the Villum Research station (VRS, red line) and at station 1C (red squares), 329 

and air temperature (black line); and (c) surface albedo at the VRS (blue line) and at station 330 

1C (magenta line), under ice PAR (black), and under-ice Chl a (green). Data at the Villum 331 

Research Station were collected on land. 332 
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To verify that the observation of the early abundance of ice algae Chl a (Figure 2c) was not 333 

only a sparse trace at the monitoring station 1C, we sampled ice cores and under-ice-water 334 

(UIW) from 5 stations across a 20 km transect on May 11
th

 and 14
th

 (Figure 1, 3a). The ice 335 

cores showed consistent concentrations of Chl a in the lower 3 cm between 0.001 and 0.002 336 

mg m
–2

 along the transect, significantly different from zero (p < 0.05, Figure 3b). This 337 

documented that the trend of the time series data at station 1C was an accurate 338 

characterization of the trend in the region rather than a local phenomenon. The relatively 339 

large error bars in the figure shall be interpreted in respect of the very low concentration of 340 

Chl a. Like Chl a in ice cores, Chl a concentrations in the under-ice-water (UIW) also 341 

showed initial growth and increased from below detection to 0.01 mg m
–3

 as a function of 342 

time towards May 16
th

 (Figure 3c). These observations were also supported by findings 343 

across the 20 km transect showing similar concentrations of Chl a in the UIW (0.005-0.01 mg 344 

m
–3

, Figure 3d). Cell abundance obtained from Lugol fixed samples further verified the 345 

presence of algae cells and the temporal development in sea ice and under-ice water samples 346 

(Figure 3a, c). Dominating algae species in the lower 3 cm of the sea ice are given in Table 2. 347 

   348 

Table 2: Dominating algae groups and inorganic nutrient concentrations in the brine of the lower 3 cm of 349 

the first-year old sea ice (FYI), and in the under ice water (UIW). All sampled at Station 1C. 350 

  Dominating algae groups * Nutrients, FYI Nutrients, UIW 

 

(%) (mol L-1) (mol L-1) 

  

Flagellat

es 

Dinofla

gellates Diatoms N02+NO3
** NH3

** PO4
** Si N02+NO3 NH3 PO4 Si 

29 Apr - - - 0.65 5.3 0.1 2.4 0.9 0.4 0.4 2.3 

5 May 99.6a - b - - - - - - - - 

7 May 91 1.3a 7.7c 0.3±0.1 

1.1±0.

2 

0.1±0.

03 - - - - - 

11 May - - - 0.7±0.17 

3.0±0.

4 

0.1±0.

05 0.4 1.2 0.9 0.3 2.3 

16 May 99.7 0.15d 0.15c 1.6 7.8 0.5 0.5 1.3 0.6 0.4 2.6 
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* Unidentified pico-algae were dominating (>70% cell abundance) in all FYI samples. Here the remaining 351 

groups in percent of total minus pico-algae 352 
** (n=3) 353 

a) Unidentified (excl. bacteria) 354 

b) Traces of Thalassiosira sp. 355 

c) Nitzschia closterium, N. longissima, Skeletonema costatum, and unidentified 356 

d) Prorocentrum spp, Protoperidinium spp. 357 

 358 

Figure 3: Chl a in first year ice (FYI) and in sea water underneath the ice (UIW): (a) Chl a 359 

and algae cell abundance in FYI as a function of time (Chl a data from Figure 2c), and (b) 360 

Chl a concentration at 5 stations across a ~20 km long transect from station A to E on 11 361 

May (Station E was sampled on 14 May, n=3). c) Chl a and algae cell abundance in under-362 

ice-water (UIW) as a function of time and d) across the transects (n=3). 363 

The concentrations of Chl a presented here are extremely low compared to previous 364 

published values. In East and West Greenland, sympagic Chl a concentrations typically reach 365 

a seasonal maximum around 1 mg m
–2

 [Glud et al., 2007; Hawes et al., 2012; Mikkelsen et 366 

al., 2008; Rysgaard et al., 2001]. This is, however, low in a Pan-Arctic perspective, which 367 

typical shows seasonal peak concentrations near 20 mg m
–2

 [Leu et al., 2015, and references 368 

herein; Rysgaard and Glud, 2007]. In the Canadian Arctic, seasonal peak values of >100 mg 369 

m
–2

 have occasionally been reported [e.g. Cota and Horne, 1989].  370 
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It should be emphasized that it is highly unlikely that the chlorophyll signal identified in this 371 

study could be due to advection from an open water source, given the great distance (> 100 372 

km) to the nearest open water (NEW polynya) and absence of ridges or cracks in the FYI (as 373 

observed from satellite data and ground observations). An oceanographic survey of the region 374 

during the same campaign reports of relatively fresh water immediately below the ice 375 

(salinity of 16-21 at 1–5 m), with no trace of imported water masses [Dmitrenko et al., 2016]. 376 

The fresh water assumedly origins from previous summer snow/ice melt water and freshwater 377 

from a nearby glacial runoff. 378 

Inorganic nutrients from the ice and under-ice water showed sufficient concentrations to 379 

support algae growth and there are no reasons to suspect nutrient concentrations to be 380 

limiting (Table 2). These values corresponded to inorganic nutrient concentrations observed 381 

elsewhere in East Greenland, e.g. Young Sound [Rysgaard et al., 2001], but are lower than 382 

typically found elsewhere in sea ice and under-ice water around Svalbard [Leu et al., 2010], 383 

and in the Canadian Arctic [Alou-Font et al., 2013; Mundy et al., 2007]. 384 

 385 

3.2 Light attenuation and requirement for growth 386 

Visible light attenuation in the snowpack was exponential in the bulk snow, giving e-folding 387 

depths of ~16 cm (Kd ~6 m
–1

, Figure 4a, b). These findings are comparable to values found in 388 

Barrow, Alaska [France et al., 2012], and Ny-Ålesund, Svalbard [France et al., 2011]. 389 

Visible light attenuation in the near surface region of the snowpack depends on solar zenith 390 

angle and sky conditions [Simpson et al., 2002; Warren, 1982], and corresponding values of 391 

Kd are effectively phonological of the measurements. 392 
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 393 

 394 

Fig 4: Measured spectral irradiance through the snow cover and under sea ice and the 395 

corresponding attenuation coefficients (Kd). (a) Profile of PAR (error bars are C.V); (b) 396 

profile of Kd,PAR; (c) E() at different depth in the snow cover (see figure legend) and (d) 397 

correspond Kd()(data represent lower depth). (e) E() under the sea ice (purple) and 0.35m 398 

above in the snow (lowest good measure) and (f) correspond Kd(). Data are from station 1C, 399 

collected on May 7
th

 at noon with a surface PAR of 750 mol photons m
–2

 s
–1

. 400 

 401 

On 7 May, the surface PAR was 750 mol photons m
–2

 s
–1

 during light attenuation 402 

measurements, the corresponding downwelling irradiance at the ice-snow interface was <1 403 
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mol photons m
–2

 s
–1

 (Figure 4a), and the under-ice PAR was 0.17 mol photons m
–2

 s
–1

. 404 

This corresponded to a transmission through the snow and ice layers of 0.023%, which is 405 

considerably lower than previously recorded in the presence of ice algae. Typical low 406 

recordings include a minimum transmittance recorded in Ripfjorden, Svalbard of ~0.5% in 407 

April [Leu et al., 2010], and a PAR transmittance of 1.1 to 3.2% during the spring bloom in 408 

the Canadian Arctic [Campbell et al., 2016]. In the Arctic Ocean PAR transmittance of <1% 409 

has been recorded under ‘thick ice’ in spring [Assmy et al., 2017], while on average 9 ± 3% 410 

was recorded across 25 stations during summer in 2012 [Lund-Hansen et al., 2015]. These all 411 

reports of algae growth under considerably more light underneath the ice than observed here. 412 

In the snowpack, the downwelling attenuation coefficients (Kd) were between 5 and 15 m
–1

 413 

(Figure 4b, e-folding depths of 20-67 cm) and consistent with previous recording from the 414 

Arctic region, [France et al., 2011; France et al., 2012]. Spectral irradiance available at 415 

different depth throughout the snow pack were measured for each density layer (Figure 4c), 416 

and show presence of light across the ultra-violet (UV, 3-400nm), PAR (4-700nm), and 417 

infrared regions (IR, 7-800nm) of the spectrum. Light attenuation was lowest in the UV and 418 

blue-green part of the PAR spectrum (<500nm) with increasing attenuation in the yellow-red 419 

part (>575 nm) and throughout the IR. The observed spectral shape of the attenuation was in 420 

agreement with previous observations of the optical properties of snow [France et al., 2012; 421 

Warren, 1982; Warren and Brandt, 2008]. The spectral light availability below the sea ice 422 

was mostly restricted to the PAR region due to the strong attenuation of UV and IR light 423 

(Figure 4e, f). In the present study it was not possible to obtain irradiance attenuation 424 

measurements through the ice, neither did we succeed in measuring downwelling spectral 425 

irradiance closer to the snow-ice interface than 35cm (for practical reasons). Spectral vertical 426 

attenuation was markedly lower in the ice than in the snow (Figure 4f). However, note that 427 

the integrated measure of the light attenuation across the 1m thick sea ice includes 35cm of 428 

snow on top. It should also be noted that the measured irradiance in the snow represents 429 

downwelling irradiance only and thus underestimates the light availability for phototrophic 430 

and photochemical reactions as it does not account for the upwelling irradiance. In highly 431 

scattering media as snow, upwelling irradiance can account for up to almost half of the 432 

available light scalar irradiance [Lee-Taylor and Madronich, 2002]. However, for the under-433 

ice light region over clear water, upwelling irradiance accounts to only a very minor fraction, 434 

thus downwelling irradiance is well representing the light availability immediately below the 435 

ice. Inherently, light measurement beneath sea ice with algae underestimates the light 436 
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availability to algae communities by the absorption of the algae themselves then passing 437 

downward. This hinders empirically accurate measures of light availability to ice-associated 438 

algae communities. However, in this case Chl a concentrations were extremely low and we 439 

consider this effect neglectable. More importantly, the light availability to ice algae 440 

photosynthesis at the water ice interface has been suggested to be severely underestimated 441 

from under ice measured of downwelling irradiance, due to strong scattering of light in the 442 

skeleton layer of ice forming and hosting algae communities in the under ice environment 443 

([Ehn and Mundy, 2013]. This theoretical assessment has not been documented empirically 444 

but the authors recognize the potential effect. On the contrary, the invasive light 445 

measurements obtained with the TriOs sensor likely overestimated the under-ice irradiance, 446 

as snow was removed and a hole drilled through the snow and ice to position the instrument 447 

under the sea ice. This may explain the discrepancy that the PAR sensor positioned under the 448 

ice at the monitoring station did not detect any irradiance prior to May 21 (sensitivity of 0.15 449 

mol photons m
–2

 s
–1

). 450 

 451 

3.3 Verification of a viable and photosynthetically active ice algae community  452 

To verify that the observed algae community beneath the sea ice was viable and 453 

photosynthetically active we performed a perturbation experiment and cleared the snow cover 454 

(2x2m). This showed a pronounced effect on the Chl a concentration in the sea ice at the ice-455 

water interface (Figure 5). Removal of the snow allowed light to access the sea ice 456 

unattenuated and was only attenuated by the sea ice itself. This lead to a multi-fold increase 457 

in the Chl a concentration that increased steadily from when the experiment was initiated on 458 

April 24
th

. By May 16
th

 the Chl a concentration had increased by 36 times relative to the 459 

untreated site. Two conclusion were drawn from the experiment. First, that viable and active 460 

ice algae were present beneath the sea ice, and secondly, that the algae community was 461 

limited by light, not nutrient. Similar effects of snow clearing experiments have previously 462 

been observed [Campbell et al., 2015; Lund-Hansen et al., 2014]. 463 
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 464 

Figure 5: Effect on Chl a of snow-removal experiment in first-year sea ice. Dashed bars 465 

represent samples collected where the ~1m thick snow was removed from the sea ice forming 466 

a ~4m
2
 pit. Grey bars are Chl a sampled the same days at the main site (1C). Snow was 467 

initially removed on April 24. The result demonstrates the potential for ice algae to grow and 468 

bloom in absence of snow, which restrict the solar radiation from penetrating through the sea 469 

ice.    470 

 471 

PAM fluorescence measurements were used to verified if microalgae collected from the ice 472 

and UIW were viable and photosynthetically active. Measurements supported viable algae 473 

from the bottom of the sea ice showing a maximum quantum yield of 0.31 ± 0.031 474 

(dimension less, Figure 6). This is a strong argument that supports that the ice algae were 475 

actively growing under the ambient light conditions. Values are within, however in the lower 476 

end of the range of previous published photosynthetic quantum yields in ice algae [Hawes et 477 

al., 2012; Robinson et al., 1997; Rysgaard et al., 2001]. At patches, there snow were removed 478 

the maximum quantum yield was 0.017 ± 0.011, and in UIW it was 0.13 ± 0.013. These 479 

values are low compared to optimum values for diatoms in laboratory suspensions and mixed 480 

pelagic populations (0.6-0.8, [Hancke et al., 2015; Hancke et al., 2008]). Where snow was 481 

removed the maximum quantum yield was not significantly different from zero. The low 482 

quantum yields should be interpreted in context of an extremely low biomass (at detection 483 

limit of the instrument), harsh sampling conditions (>20
o
C different between in situ and ex 484 
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situ) and high irradiance at the top of the sea ice (>700 mol m
–2

 s
–1

) which cannot be 485 

excluded as having a shocking effect on the fragile ice algae during sampling, even when 486 

great care was taken to prevent stress (e.g. shading of ice cores immediately after sampling, 487 

transport time of less than 5 min, and  controlled temperature conditions). Nevertheless, do 488 

the quantum yields compare well with findings by Hawes et al. [2012] that found values of 489 

~0.1 for ice algae at the initial stage of colonization, with a subsequent increase to ~0.5 when 490 

the algae bloom had established. 491 

  492 

Figure 6: Maximum photosynthetic quantum yield (PSII_max) in dark-acclimated ice algae 493 

from First-Year Ice (FYI), from FYI with no snow cover, and in Under Ice Water (UIW). 494 

Data were measured with a portable PAM fluorometer (PhytoPAM, Walz) within minutes 495 

after sampling of the ice cores, shaded from ambient light and temperature in a small tent. 496 

Samples are from Station 1C, 16 May around solar noon.  497 

 498 

3.5 Snow metamorphosis driven by temperature gradients 499 

Temperature profiles through the snow and ice pack was measured continuously every hour 500 

from 5 May until end of June. Snow temperature showed a pronounced diel variation with 501 

minimum temperatures during night time and a maximum around noon (Figure 7). Most 502 

pronounced were the diel variation a few cm below the snow-air interface, showing the net 503 

result of air temperature and solar radiation heating of the surface snowpack. The depth in the 504 

snow at which temperature was constant through the day was getting closer to the snow-ice 505 
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interface with progression of the season, from ~50 cm on 8 May, ~35 cm on 15 May, to ~20 506 

cm on 19 May (Figure 7). This demonstrates a decrease in the insolation properties and 507 

increased wetting of the snowpack. There was no temperature gradient in the ice from the 508 

snow-ice to the ice-water interface during the entire measurement campaign, and the ice 509 

temperature was constant at –1.2 
o
C. The isotherm sea ice was confirmed from manual 510 

measurements of segments immediately after ice coring on several occasions (data not 511 

shown). The efficient insolation properties of the overlaying snow ensured these stable 512 

physical conditions in the ice, and minimum freezing and thawing of the ice at the ice-water 513 

interface, during May. 514 

The profiles overall demonstrated a strong temperature gradient showing an increase in 515 

temperature in direction from the top of the snow towards the snow-ice interface (Figure 7). 516 

This temperature gradient was confirmed from manually recordings in snow pits on 7 and 16 517 

May (data not shown). Such conditions are optimal for snow metamorphism, i.e., a 518 

restructuring and reshaping of the snow crystal/grain in snowpacks [Colbeck, 1982]. 519 

Temperature gradient in snow generates a vapor pressure gradient, which produce a flux of 520 

vapor molecules upwards to the relatively colder layers on the top. When water vapor 521 

condensate on the above-lying snow crystals, it stimulates crystal growth and increase in 522 

snow grain size and decrease in snow density [LaChapelle, 1969]. This effect is particularly 523 

strong when temperature gradients are larger than 1 
o
C per 10 cm of snow, as observed here 524 

during beginning of May (Figure 7). Field data from the snow pits confirmed an increase in 525 

grain size and decrease in snow density showing a 14% increase in overall grain size and a 526 

25% decrease in bulk snow density (from 325.6 ± 91.4 kg m
-1

 to 244.8 ± 97.3 kg m
-1

) 527 

between 7 and 16 May (10 days). Such an increase in grain size would lead to a decrease in 528 

the optical scattering cross-section and a concurrent decrease in the diffusive light attenuation 529 

properties of the snow [Lamare et al., 2016; Libois et al., 2013]. Thus, we introduced a 530 

radiative transfer model to assess if this change in the scattering cross-section of the snow can 531 

explain an apparent increase in the under ice light climate and supply an ice algae community 532 

with a sufficient photon flux to growth. 533 

 534 
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 535 

 536 

Figure 7: Temperature profiles in cross section through the snow and sea ice, showing air 537 

temperatures at the top and sea water temperature at the bottom. Profiles representing every 4 538 

hours at three selected days illustrating how the snow pack is warming through May. The 539 

figure illustrates how solar heating is progressing increasing the snow temperature deeper in 540 

the snow pack over time, changing the temperature gradient within the snowpack. Y-axe 541 

refers to water depth in cm, negative numbers being above the ice-snow interface. 542 

 543 

3.6 Radiative transfer modelling 544 

A radiative-transfer model, TUV-snow, was used to compute the downwelling PAR through 545 

a combined snow and sea ice to analyze if changing snow conditions could explain the 546 

empirical observations. Specifically, if a change in the optical properties of the snowpack by 547 

metamorphism could increase the PAR at the bottom of the ice, as previously suggested by 548 

Mundy et al. [2005]. Figure 8 shows how the amount of PAR within snow and sea ice 549 

decreases with depth relative to a surface PAR (plot in relative units). The figure particularly 550 

demonstrates that the snowpack is the most attenuating medium compared to the sea ice, and 551 

demonstrates how the amount of the light reaching the bottom of the sea ice is dependent on 552 

the type of snowpack.  Three characteristic snowpacks are shown; i.e. Cold Polar snow, 553 

Coastal Windpacked snow, and Melting snow [Lamare et al., 2016]. The figure also 554 
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demonstrates that the difference between the snowpacks can achieve appreciable differences 555 

in PAR reaching the snow ice interface (y = 1.0) and the bottom of the sea ice (y = 0).  PAR 556 

at the bottom of the sea ice varies by at least an order of magnitude, just by considering 557 

reasonable changes in the snowpack optical properties. 558 

 559 

Figure 8: Modelled downwelling irradiance (PAR) through the snow and ice (1 + 1 m) with 560 

three different snow types. The plot shows the importance of snow optical properties on the 561 

light penetration to the underside of the sea ice, where Cold Polar, Coastal windpacked, and 562 

Melting snow gave irradiance of 0.235, 0.645, and 7.067 mol photons m
–2

 s
–1

, respectively. 563 
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The amount of light scattering within the snowpack can be assessed by the metric of the light 564 

scattering length of the snowpack, equal to the reciprocal product of the light scattering cross-565 

section and the snowpack density. Thus, as the light scattering cross-section increases the 566 

scattering length of the snowpack decreases. Figure 9 demonstrates that changing the 567 

properties of the snowpack and thus changing the light scattering length drastically changes 568 

the amount of PAR reaching the bottom of the sea ice. The PAR at the sea ice bottom 569 

increases as the light scattering length increases (and scattering cross-section decreases). In 570 

physical terms as the season progresses snow metamorphoses increase, with a subsequent 571 

increase in grain size, and decrease in the scattering length and scattering cross-section, 572 

facilitating an increased PAR flux to the bottom of the sea ice. 573 

The vertical dashed lines on figure 9 represent three characteristic snow packs, (cold polar, 574 

coastal windpack and melting snow). These characteristic snowpacks are based on extensive 575 

combined field and modelling work with the radiative-transfer model described here 576 

exploring the penetration depth (the e-folding depth) of light in many different snowpacks 577 

[Beine et al., 2012; France and King, 2012; France et al., 2011; France et al., 2012; Marks 578 

and King, 2014]. The e-folding depth is the distance over which initial light irradiance within 579 

the snowpack decreases to 1/e of its initial value (~37%).  Other field studies have also 580 

demonstrated the changing snow conditions results in different snow e-folding depths 581 

[Galbavy et al., 2007; Libois et al., 2014; Warren, 1982]. 582 

Cold polar snowpacks have large values of scattering cross-sections and relative short light 583 

penetration depths, whilst melting snow has small values of the scattering cross-section and 584 

large light penetration depths. Each characteristic snowpack has almost one order of 585 

magnitude different value of PAR at the base of the sea ice. Thus, the radiative-transfer 586 

modelling demonstrated that it is entirely plausible that the increase in PAR at the base of sea 587 

ice increased due to a change in the snow optical properties. 588 

 589 



Confidential manuscript to be submitted to JGR OCEANS 

Hancke et al. Minimum light requirement for ice algae   Page 26 of 32 

 

 590 

Figure 9 (could be joint with fig 8): Effect of the optical scattering cross-section of snow on 591 

the transmittance properties and the light availability beneath the sea ice (relative PAR) at 592 

snow thickness of 91 and 110 cm, respectively.     593 

We speculate that implications of the low light requirement for algae growth are a possible 594 

earlier productivity by ice algae in Arctic sea ice than is recognized today, with consequences 595 

for modelling of Arctic carbon budgets [Vancoppenolle et al., 2013]. This is in agreement 596 

with resent observations documenting that phytoplankton blooms underneath sea ice 597 

apparently is becoming more abundant [K. R. Arrigo et al., 2012; Mundy et al., 2014] even 598 

with the presence of snow cover on the ice [Assmy et al., 2017].  599 

 600 

5 Conclusions 601 

In this study we have clearly documented the very initial phase of ice algae spring growth 602 

beginning under extremely low light conditions (PAR <0.15 µmol photons m
–2

 s
–1

). This 603 

occurred below >1 m thick sea ice covered with ~1m of windpacked snow in landfast FYI at 604 

NE Greenland. This supports earlier observations that ice algae only require very little light 605 

to support growth and initiate a colonization. More importantly, it supports the principle that 606 
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primary production beneath snow covered FYI can occur widely in the Arctic and may have a 607 

high potential to contribute strongly to the overall primary production of the Arctic ocean. 608 

Using numerical modelling and empirical data we have demonstrated that a change in the 609 

optical properties of snow can change the available light underneath the ice by an order of 610 

magnitude, and that snow optical properties can be just as important as the thickness of the 611 

snow cover. This have implications for the minimum requirement for photosynthetic activity 612 

and ice algae growth in the wider Arctic. The general thinning of the snow thickness and the 613 

sea ice in the Arctic will likely stimulate an increase in ice algae biomass and productivity, 614 

and possibly will the spring bloom initiate even earlier than forecasted today, with possible 615 

implications for light absorption and Arctic primary production.  616 

 617 
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Abstract. The Bidirectional Reflectance Distribution Function (BRDF) has been calculated for three types of bare sea ice for

varying surface roughness (σ = 0.1 – 10 cm) and ice thicknesses (50 – 2000 cm) over an incident solar irradiance wavelength

range of 300 – 1400 nm. The comprehensive study of the BRDF of sea ice presented here is paramount for interpreting sea ice

measurements from satellite imagery and inter-calibrating spaceborne sensors that derive albedo from multiple multi-angular

measurements. The calculations performed by a radiative transfer code (PlanarRad) show that the BRDF of sea ice is sensitive5

to realistic values of surface roughness. The results presented here show that surface roughness cannot be considered indepen-

dently of sea ice thickness, solar zenith angle and wavelength. A typical BRDF of sea ice has a quasi-isotropic reflectance over

the hemisphere, associated with a strong forward scattering peak of light. Surface roughness is crucial for the location, size and

intensity of the forward scattering peak. The BRDF calculations presented in this study form the first set of complete BRDF

values for bare sea ice with a wide range of configurations.10

1 Introduction

Knowledge of the surface albedo of sea ice and its temporal variability is essential to understand the energy budget of polar re-

gions, that strongly affects the Earth’s climate system (e.g. Curry et al., 1995; Qu and Hall, 2005; Flanner et al., 2011). Sensors

aboard Earth Observing satellites allow the synoptic observation of expansive areas with regular repeat coverage, providing

an ideal tool for the monitoring of albedo at high latitudes. However, the scattering of light from the surface of sea ice is not15

isotropic (e.g. Buckley and Trodahl, 1987) and therefore calculations of spectral albedo rely on the knowledge of viewing and

illumination angles. Most satellite sensors are only able to measure reflected energy over a small number of viewing angles

and spectral bands. Indeed, only a limited number of satellite systems currently provide near-simultaneous multi-angular mea-

surements (Gatebe and King, 2016) and satellite sensors commonly used to derive surface albedo such as MODIS (Moderate

Resolution Imaging Spectroradiometer), are constrained to collecting multi-angular measurements over several orbits. There-20

fore prior knowledge of the angular distribution of the reflected radiation of sea ice is necessary to accurately derive surface

albedo form satellite observations using inversion models, and provide climate models with reliable inputs. The Bidirectional

Reflectance Distribution Function (BRDF) is a directional description of albedo, describing the relationship between illumina-

tion and viewing angles (Nicodemus et al., 1977). The retrieval of satellite albedo products made using BRDF inversions rely

1



on the use of accurate BRDF models which is constrained by quality input observations (Schaaf et al., 2002). Previous stud-

ies have characterised BRDF of snow, either with field measurements of the Hemispherical Directional Reflectance Function

(HDRF) as an approximation of BRDF (e.g. Middleton and Mungall, 1952; Dirmhirn and Eaton, 1975; Dozier et al., 1988;

Leroux et al., 1998; Aoki et al., 2000; Painter and Dozier, 2004; Peltoniemi et al., 2005; Bourgeois et al., 2006; Hudson et al.,

2006; Dumont et al., 2010; Ball et al., 2015; Marks et al., 2015; Peltoniemi et al., 2015) or by modelling BRDF or the Bidirec-5

tional Reflection Factor (BRF) as an approximation of BRDF (e.g. Leroux et al., 1999; Mishchenko et al., 1999; Dumont et al.,

2010; Heygster et al., 2012; Kokhanovsky and Breon, 2012; Xiong and Shi, 2014). The BRDF of snow covered sea ice has also

been measured or modelled (e.g. Arnold et al., 2002; Li and Zhou, 2004), but the characterisation of the BRDF of bare sea ice

in the literature remains scarce. Jin and Simpson (1999) calculated the Anisotropy Reflectance Factor (ARF) for bare sea ice,

representing the "departure of the reflected radiation field from an isotropic distribution", that takes in account backscattering10

radiance, upwelling flux, BRDF and albedo, using a radiative-transfer model. Jin and Simpson (1999) showed that sea ice has a

larger reflectance in the forward observation direction and presents a high sensitivity to solar elevation and surface roughness.

However the study was limited to 2 spectral bands at 580 – 680 nm and 725 – 1000 nm and a single type of multi-year sea

ice with parameters obtained from Weeks and Ackley (1994). Schlosser (1988) measured the angular reflected radiance of

laboratory grown sea ice for varying ice thicknesses between 6 mm and 11 cm, showing a strong dependance of BRDF on ice15

thickness and structure. Arnold et al. (2002) and Gatebe and King (2016) described airborne BRDF measurements acquired

for a variety of natural surfaces over 13 bands from 502 nm to 2289 nm, including polar snow and sea ice. The BRDF of

snow-covered sea ice, melt-season sea ice and snow-covered tundra were reported for a limited number of solar zenith angles,

showing quasi-isotropic reflectance outside an enhanced forward scattering peak. Stamnes et al. (2011) modelled the BRDF of

snow covered and bare sea ice, using a coupled atmosphere-snow-ice-ocean radiative-transfer model. Using sea ice inherent20

optical properties (IOPs), Stamnes et al. (2011) computed the BRDF for a range of sea ice types between 300 and 4000 nm.

The theoretical computations relied on a smooth interface between the media however, and to represent surface roughness, the

authors used a fixed 10◦ Gaussian beam, that did not take in account varying surface roughness effects which have been shown

to significantly affect BRDF (Jin and Simpson, 1999).

Owing to its complex nature, the optical and physical properties of sea ice vary spatially and temporally, altering the solar25

radiation reflected from the surface (Perovich, 1996). Previous studies have demonstrated a strong dependence of albedo on

the type of sea ice (e.g. Perovich et al., 2002). Light reflection and transmission are sensitive to changes in the thickness of

the sea ice (Perovich, 1996), and surface roughness has been shown to significantly affect the angular pattern of reflectance at

larger viewing angles for snow (Warren et al., 1998; Ball et al., 2015) and sea ice (Jin and Simpson, 1999). Yet, to the authors’

knowledge, no modelling studies comprehensively characterising the BRDF of bare sea ice have been carried out previously.30

Thus, a systematic study of the dependance of the BRDF of multiple types of bare sea ice to changing surface roughness

conditions and varying thickness is required.

In this work, the radiative-transfer model PlanarRad (Hedley, 2008, 2015) was used to model the BRDF of three different types

of sea ice from 300 to 1400 nm with varying thicknesses as a function of surface roughness in two steps. Firstly, the BRDF

of three different types of sea ice with a thickness large enough to be optically deep was modelled with an increasing surface35

2



roughness. Secondly, the calculations performed in the first step were repeated, the optically deep thicknesses having been

replaced with fixed thicknesses of 50 cm and 100 cm for each type of sea ice.

2 Methods

The description of the method is divided into three sections: the calculations of BRDF and BRF are presented, the model is

described, and the modelling experiment is outlined.5

2.1 Definitions

BRDF is commonly used to represent the reflective properties of a surface by describing the angular distribution of the scat-

tering of light from the surface (Nicodemus et al., 1977). The spectral BRDF describes the relationship between the irradiance

incident from a given direction relative to its contribution to the reflected radiance in another direction (Nicodemus et al.,

1977), which can be expressed mathematically by:10

BRDF (λ) = fr(θi,φi;θr,φr;λ) =
dLr(θi,φi;θr,φr;λ)

dEi(θi,φi;λ)
, (1)

where θ and φ are the zenith and azimuth angles respectively in a spherical coordinate system, λ is the wavelength of light,

L is radiance, E is irradiance, i refers to incident directions and r to reflected directions (Nicodemus et al., 1977; Schaepman-

Strub et al., 2006). The angles used to define BRDF are shown in Figure 1a. BRDF requires the irradiance to be in the form of

a collimated beam and the radiance to be measured with an infinitesimal solid angle. Thus, BRDF cannot be measured directly15

(Schaepman-Strub et al., 2006). In order to facilitate comparison with the literature and field studies, the BRDF computed in

this study was converted to the unitless Bidirectional Reflectance Factor (BRF). BRF is defined by the ratio of the reflected

radiant flux, dΦr from a surface area to the reflected radiant flux, dΦlambr from an idea Lambertian reflector under identical

viewing angles and single direction illumination (Schaepman-Strub et al., 2006). Therefore, BRF is expressed as:

BRF (λ) =
dΦr(θi,φi;θr,φr;λ)

dΦlambr (θi,φi;λ)
(2)20

The BRDF of an ideal Lambertian reflector is 1
π (Nicodemus et al., 1977; Schaepman-Strub et al., 2006). Hence, the BRDF

calculated by PlanarRad may be converted to BRF by multiplying by π.

2.2 Model description

The calculations of the BRDF of sea ice were performed using PlanarRad (Hedley, 2015), a radiative-transfer model that

computes the radiance distributions and derived quantities for homogeneous scattering and absorbing media (Hedley, 2008).25

The model is an open-source implementation of the invariant imbedded numerical integration technique for radiative-transfer,

based on the algorithm described by Mobley (1994). PlanarRad has previously been used for reflectance computations in ma-

rine environments (Lim et al., 2009; Hedley et al., 2012) and is functionally similar to the commercial software Hydrolight

(Mobley, 1989).
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In PlanarRad, radiance is calculated as the average radiance over finite solid angles, defined by a discretisation of the surface of

a sphere divided into two hemispheres (Figure 1b). The lower hemisphere corresponds to the upwelling radiance (exiting the

surface), whereas the upper hemisphere corresponds to the downwelling direct sky radiance. The discretisation is determined

by bounding lines of constant zenith (θ) and azimuth (φ) angle, forming quadrangular regions, commonly called "quads". The

two hemispheres are divided into 9 by 24 segments each, forming a total of 432 quads over the whole sphere. The directionally5

averaged radiance is computed by PlanarRad within each quad. The input irradiance is set to a single quad with a fixed azimuth,

φi and a variable zenith, θi, the model being rotationally invariant. For the rough surface constructed from randomly oriented

surfaces used in this study, only the relative azimuth angle between φi and φr is required. The incident irradiance was fixed at

a constant value for the purpose of this study. The azimuth angles corresponding to the quad centres are located every 15◦ from

φ= 0◦ to φ= 345◦and the zenith angles corresponding to the quad centres are located at θ = 0,10,20,30,40,50,60,70,80 and10

87.5◦. Out of convention, the incident azimuth angle, φi was set to 180◦, the quarter-sphere from 270 to 90◦ azimuth repre-

senting the forward scattering of light and the quarter-sphere from 90 to 270◦ azimuth representing the backward scattering.

Thus, the solar principal plane is defined as φ= 180 – 0◦. Figure 2 shows a typical 2D polar plot of a PlanarRad output for

optically deep (as described in Sect. 2.3) first-year sea ice, with a solar zenith angle, θi = 60◦ and a roughness parameter of

σ = 0.01 m (described below).15

The absorption coefficient, a, attenuation coefficient, α, scattering phase function, complex refractive index of sea ice, complex

refractive index outside the sea ice, surface roughness and thickness of the sea ice were used in the radiative-transfer calcula-

tions. The parameters are presented in Sect. 2.3. The calculations presented here assume that no atmosphere is present and that

the sea ice is floating on an optically thick body of sea water that has a wavelength independent diffuse reflectance of 0.1.

A roughness parameter effecting the statistical distribution of surface slope was implemented in a similar way to that described20

in Mobley (1994). The roughness parameter, σ, describes the standard deviation of the height relative to the horizontal distance,

and is therefore unitless. For example, if σ = 1, the slope between points located 1 mm apart has a standard deviation of 1 mm.

Because the system is considered spatially consistent, the overall BRDF and the effect of σ is scale invariant. The surface was

modelled as a grid of equilateral triangles and the height of the vertices was set randomly using σ. The procedure is the same

as the one applied to water surfaces in Mobley (1994), except there σ is derived from windspeed and the triangles are not25

equilateral to account for directional dependancy of water waves. The light transfer across the realised surfaces was modelled

using Monte Carlo ray tracing, over the discretised sphere described previously. In the work presented here, 5 modelled sur-

faces were generated with an elevation standard deviation, σ = 0.001, 0.005, 0.01, 0.05 and 0.1 (Figure 3). The surfaces were

generated using 10 rays per quad (4320 rays in total) with results averaged over 2000 surfaces. The roughness model being

scale invariant, and the relative amplitude defined as 1 meter, the scale height of the roughness is 0.1, 0.5, 1, 5 and 10 cm.30

2.3 Calculation of the BRF of 3 types of sea ice with different roughness parameters

The BRF of three types of sea ice were modelled: first-year ice, multi-year ice and melting ice. The selected optical and physical

parameters were based on field studies and cover a wide range of observed values. A base amount of black carbon was added

to the model to be more representative of natural sea ice, as small quantities of black carbon deposited from the atmosphere in
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polar regions (e.g Doherty et al., 2010) are likely to be found in sea ice. The mass absorption coefficient of black carbon was

calculated using Mie theory, using refractive indices from Chang and Charalampopoulos (1990), and following the method

described by Flanner et al. (2007). A mass-ratio of 1 ng g−1 of black carbon was added to the sea ice, by combining the mass

absorption coefficients of sea ice and black carbon. The attenuation coefficient of sea ice was calculated using the scattering

cross-sections and densities described by Lamare et al. (2016) and Marks and King (2014), as:5

α(λ) = a(λ) + s(λ); s(λ) = φsσs, (3)

where α is the attenuation coefficient of sea ice, a is the absorption coefficient of sea ice with an added mass-ratio of 1 ng g−1

of black carbon, s is the scattering coefficient of sea ice, φs is the scattering cross-section and σs is the density. According to

Light et al. (2004), the fractional volume of ice is larger than the fractional volume of brine, and the absorption coefficient of ice

is similar to the absorption coefficient of brine, hence the absorption coefficient of sea ice is equivalent to pure ice. Therefore,10

the refractive index of pure ice (Warren and Brandt, 2008) was used for sea ice and a refractive index value of 1.0 was used

above sea ice. To describe the directionality of the scattering of the sea ice, the Henyey-Greenstein phase function (Henyey and

Greenstein, 1941) was used, with a fixed, wavelength independent asymmetry factor g of 0.98 (Lamare et al., 2016). In this

work, the asymmetry parameter, g, and the attenuation coefficient, a were held constant, and the scattering coefficient, s was

varied to simulate different sea ice configurations, according to the methods outlined in Lee-Taylor and Madronich (2002). The15

optical and physical parameters of the selected sea ice types are summarised in Table 1.

The BRDF of the three different types of sea ice were subjected to solar radiation with a wavelength from 300 to 1400 nm with

a 100 nm interval, as a function of surface roughness and thickness. The solar zenith angle was varied in 10 steps corresponding

to the centre of the quads, from θi = 0◦ to θi = 87.5◦, and the surface roughness parameterisations described in section 2.2 were

used, providing a wide range of configurations.20

In some of the experiments described here, the sea ice was defined as optically deep, to allow for a direct comparison between

the different types of ice and with studies present in the literature. An optically deep sea ice as defined in this study is a sea

ice with a thickness for which the underlying medium (i.e. seawater) does not affect the surface reflectance. The sea ice was

considered to be optically deep between 3 to 5 e-folding depths, where over 95% of the incident light is attenuated (France

et al., 2011). An optically deep thickness of 1.85 m for first-year sea ice, 3.75 m for multi-year sea ice and 20 m for melting25

sea ice were picked, based on values compiled by Lamare et al. (2016). In a second step, sea ice thicknesses of 50 cm and 100

cm were selected for the three different types of sea ice. The two thicknesses were chosen to examine and inter-compare the

effect of the sea ice thickness and roughness on the BRDF of different sea ice types rather than model representative values.

Nevertheless, the model can produce results for a range of thicknesses, from the centimetre scale to optically deep thicknesses.

3 Results30

The results are presented in two sections: the nadir BRF of three types of sea ice is examined for different thicknesses and

roughnesses, and the effects of roughness on the forward scattering peak are presented, secondly the BRF of three differ-
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ent types of sea ice with increasing surface roughness is shown as a function of thickness, solar zenith angle and spectrum

wavelength.

3.1 Nadir BRF of sea ice and forward scattering peak

The nadir BRF of the three types of sea ice was computed with varying thicknesses from 300 nm to 1400 nm and for a fixed

solar zenith angle of θi = 60◦. In a second step, the forward principal plane of optically deep first year sea ice was plotted as a5

function of solar zenith angle for a range of surface roughness values.

3.1.1 Nadir BRF of sea ice for varying sea ice thicknesses and surface roughness

The nadir BRF of first-year sea ice, multi-year sea ice and melting sea ice with thicknesses 50 cm, 100 cm and the optically

deep thicknesses are shown in Figure 4. The plotted data were obtained from the nadir quad of PlanarRad, with a surface

roughness of σ = 0.01 m, and a solar zenith angle θi = 60◦. For the three types of sea ice, the BRF is strongly wavelength10

dependent due to the large absorption in the ice dominating the signal beyond 700 nm, and significantly lowering the BRF.

Although the different types of sea ice have a similar pattern with wavelength, the BRF increases by 29.5% from first-year sea

ice to multi-year sea ice at 400 nm and up to 630.7% at 1100 nm, 31.5% from melting sea ice to multi-year sea ice at 400 nm

and a maximum of 97.7% at 900 nm, and 11.3% from melting sea ice to first-year sea ice at 400 nm and up to 86.2% at 800 nm.

The effect of the thickness of the sea ice on the BRF varies according to the type of sea ice. The BRF decreases by 20.6% when15

going from an optically deep first-year sea ice to a 100 cm thick first-year sea ice and 47.4% from optically deep to 50 cm. For

multi-year ice the decrease in BRF is 3% from optically deep to 100 cm and 12.8% from an optically deep thickness to 50 cm.

Melting sea ice shows the largest change in BRF relative to thickness with a decrease in BRF of 72.9% between an optically

deep thickness and 100 cm and 83.6% between an optically deep thickness and 50 cm. Melting sea ice is more translucent than

first-year or multi-year sea ice, therefore more light penetrates the sea ice deeper and is absorbed by the underlying seawater,20

explaining the larger reduction in BRF at nadir. On the contrary, with more scattering sea ice types, less light penetrates the ice

and the absorption by the seawater under the ice is less.

3.1.2 The effects of roughness on the quasi-isotropic part of the BRF

Figure 6 shows the BRF of semi-infinite first-year sea ice, multi-year sea ice and melting sea ice along the orthogonal plane,

with a solar zenith angle of θi = 60◦, at 500 nm. The BRF is plotted for surface roughnesses of σ = 0.001 m and σ = 0.1 m.25

The orthogonal plane corresponds to the quads located along the viewing azimuth angles φr = 270◦ (negative zenith angles)

and φr = 90◦, forming a cross-section of the polar plot. For clarity, only the two extreme values on the roughness scale were

plotted here. An increasing surface roughness value has little effect on the BRF along the orthogonal plane for zenith angles

below θr = 70◦. Values of the BRF are larger for the smaller surface roughness, but the increase in BRF is less than 0.01 for

the three types of sea ice. Furthermore, for each surface roughness value, the BRF varies by less than 0.1 across the orthogonal30

plane, with a slightly lower value for the nadir quad. Values of the BRF are larger for the smaller surface roughness, but the
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increase in BRF is less than 0.01 for the three types of sea ice. For viewing zenith angles close to the horizon (θr > 70◦), the

impact of surface roughness is more important than over the other quads. For the quad centered over θr = 80◦, the BRF of sea

ice with a surface roughness of σ = 0.1 compared to a surface roughness of σ = 0.001 is approximately 24% higher for all sea

ice types, and 140% higher for the quad centered over θr = 87.5◦.

5

To assess the effects of surface roughness on the entire quasi-isotropic part of the BRF, the BRF of the three types of sea ice

with a solar zenith angle of θi = 60◦ at 500 nm, was plotted in figure 7, after having removed the forward scattering maxima.

The dots in the scatter plot represent quads located between viewing azimuth angles φr = 315◦ and φr = 45◦, for all viewing

zenith angles. The values for a surface roughness of σ = 0.001 are shown on the x-axis and the values for a surface roughness

of σ = 0.1 are shown on the y-axis. The figure shows that most of the quad values are located along the identity (x=y) line. Two10

separate groups of quads distinguish themselves from a larger cloud of points: the group of points with lower values corresponds

to the quads centered over a viewing zenith angle θr = 87.5◦, and the group of points with intermediate values represents points

located over θi = 80◦. The higher values for a surface roughness σ = 0.001 of the quads at higher viewing zenith angles are

in agreement with figure 6, where the outer quads exhibit lower values for smaller amounts of surface roughness. The values

distributed along the identity line, show slightly higher BRF values for an increasing surface roughness, however the values15

are similar, with very small differences between the different surface roughnesses.

3.1.3 The effects of roughness on the forward scattering peak of the BRF

To investigate the influence of surface roughness on the location of the dominant directional scattering of light, hereafter

referred to as forward scattering peak, the BRF along the solar principal plane is presented. Knowledge of the intensity and size

of the forward scattering peak is essential to reliably calculate the energy budget of the sea ice, and correct for the fluctuations20

in temporal remote sensing data (e.g. Leroy and Roujean, 1994; Li et al., 1996). Figure 5 shows the effects of surface roughness

on the forward scattering peak of the BRF of optically deep first-year sea ice with a solar zenith angle, θi = 60◦. The results

are also representative of multi-year and melting sea ice. Figure 5a displays the intensity, shape and position of the BRF peak

on the forward solar principal plane (φr = 0◦). As the surface roughness increases, a spreading of the BRF peak is observed.

Indeed, the peak remains specular for the smaller surface roughnesses (σ = 0.001 m to σ = 0.01 m), whereas for larger surface25

roughness features (above σ = 0.05 m), the peak spreads out over multiple quads with a lower intensity than for smaller

roughness features, and the highest value is displaced further out on the solar principal plane. Figure 5b shows the effect of

surface roughness on the position of the BRF peak on the solar principal plane under different illumination conditions (θi = 0

to 87.5◦). For the smaller roughness features (σ = 0.001 m to σ = 0.01 m), the position of the peak on the solar principal plane

is specular and therefore matches the solar zenith angle. A roughness of σ = 0.05 m affects the position of the BRF peak at30

low sun angles (θi = 60 to 87.5◦), moving the peak to a lower position on the hemisphere and therefore to a higher viewing

zenith angle. For a solar zenith angle θi = 60◦, the viewing zenith angle is θr = 70◦, for θi = 70◦, θr = 80◦ and for θi = 80◦

and 87.5◦, θr = 87.5◦. With a surface roughness of σ = 0.1 m, the forward scattering peak is located at higher viewing zenith
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angles than the solar zenith angles, except for θi = 10 and 20◦, where the angle of the forward scattering peak equals the angle

of incident illumination.

3.2 The BRF of sea ice with varying surface roughness

The BRF of the three types of sea ice was computed for increasing surface roughness, varying thicknesses, solar zenith angles

and wavelengths.5

3.2.1 BRF and thickness

Figure 8 shows the BRF of first-year, multi-year and melting sea ice with a solar zenith angle, θi = 60◦ and at a wavelength,

λ= 500 nm. The BRF was modelled for three thicknesses as a function of surface roughness: 50 cm, 100 cm and an optically

deep layer. The modelled BRF pattern is similar to snow (e.g. Dumont et al., 2010) and consistent with the literature for sea

ice (e.g Arnold et al., 2002), showing a quasi-isotropic reflectance apart from a strong forward scattering peak. The surface10

roughness plays an essential role in the BRF of sea ice, by controlling the location and size of the forward scattering peak,

as shown previously in Figure 5. Indeed, the peak is mostly specular and located in a single quad for a surface roughness of

σ = 0.001 m and spreads out over multiple quads and moves lower on the hemisphere with a larger surface roughness. As a

specific example, for first-year sea ice at λ= 500 nm and θi = 60◦, the BRF of an optically deep layer with surface roughness

of σ = 0.001 m is 0.543 at nadir. The forward scattering peak is spread over a single quad located at φr = 0◦, θr = 60◦, that15

has a BRF of 9.748. For the same configuration with surface roughness of σ = 0.1 m, the nadir has a BRF of 0.549 and the

forward scattering peak is spread over 18 quads, located between φr = 345◦ and φr = 15◦, θr = 40◦ and θr = 87.5◦ with

values between 0.776 and 5.089. Furthermore, the effects of thickness and surface roughness on the BRF of sea ice are inter-

dependant. For smaller surface roughness parameters, an increase in the thickness of the sea ice mainly changes the intensity

of the quasi-isotropic part of the BRF, affecting the forward scattering peak much less. For the first-year sea ice with the20

configuration described above and a roughness parameter of σ = 0.001 m, the BRF of the quad with the highest value in the

specular peak increases by 2.42% from a 50 cm layer to an optically deep layer whereas the BRF at nadir increases by 45.57%.

For larger surface roughnesses, a change in sea ice thickness affects the specular peak strongly, as well as the quasi-isotropic

part of the BRF. The BRF of the first-year sea ice described previously with a surface roughness of σ = 0.1 m changes by

81.66% at nadir and between 3.27% and 69.07% in the forward scattering peak between a layer of 50 cm and an optically25

deep layer. Thus, the distribution and values of the BRF over the azimuth, φ and zenith, θ are sensitive to the thickness and the

roughness.

3.2.2 BRF and solar zenith angle

Figure 9 shows the BRF of optically deep first-year, multi-year and melting sea ice at λ= 500 nm, with an increasing surface

roughness for three solar zenith angles, θi = 50◦, θi = 70◦ and θi = 80◦. The results for θi = 60◦ can be found in Figure 830

for comparison. Low illumination angles (large solar zenith angles) are presented in this study, as they are representative of
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conditions observable in polar regions. The location and intensity of the forward scattering peak are strongly influenced by

the incident zenith angle, which effects are inter-dependant of surface roughness. For a small surface roughness of σ = 0.001

m, the highest value of the forward scattering peak is equal to the incident illumination angle over the range of solar zenith

angles, however the intensity of peak increases with θi. For first-year sea ice, the peak BRF increases from 5.01 for θi = 50◦

to 28.92 for θi = 70◦ and to 143.16 for θi = 80◦. The forward scattering peak diffuses with larger solar zenith angles, from 15

quad at θi = 50◦ to 3 quads at θi = 80◦ for all three types of sea ice. With surface roughnesses of σ = 0.005 m and σ = 0.01

m, the forward scattering peak increases in intensity with increasing solar zenith angles, however the peak remains spread

over a similar number of quads between θi = 50◦ and θi = 80◦. For larger surface roughnesses of σ = 0.05 m and σ = 0.1 m,

although the intensity of the wide forward scattering peak increases with larger solar zenith angles, the intensity is lower than

for small roughness parameters. For first-year sea ice with a surface roughness of σ = 0.1 m, the highest BRF value is 1.36010

for θi = 50◦ and 54.271 for θi = 80◦. Moreover, the forward scattering peak is distributed over a larger number of quads for

higher incident illumination angles. At large solar zenith angles, typical of polar latitudes, the isotropic part of the BRF remains

similar with an increasing surface roughness, whilst the forward scattering peak diffuses and moves to larger viewing zenith

angles than the incident illumination angles.

3.2.3 BRF and wavelength15

The BRF of optically deep first-year sea ice, multi-year sea ice and melting sea ice with increasing surface roughness, for

a solar zenith angle θi = 60◦ and for wavelengths of λ= 400 nm, 800 nm and 1300 nm is shown in Figure 10. The results

for λ= 500 nm can be found in Figure 8 for direct comparison. As partly shown in Figure 4, the BRF of sea ice is strongly

wavelength dependent. At nadir, the highest BRF values are found in the near ultra violet and visible wavelengths, decreasing

rapidly between 500 and 900 nm. Beyond 900 nm for first-year and melting sea ice and 1000 nm for multi-year sea ice, the BRF20

tends to zero, owing to the absorption by the sea ice. However, the BRF does not decrease uniformly over the hemisphere with

an increasing wavelength. The quasi-isotropic part of the hemisphere follows the same trend as the nadir, whereas the forward

scattering peak conserves high BRF values, independently of the wavelength. The behaviour is valid for the entire range of

roughness parameters. For optically deep first-year sea ice with a solar zenith angle, θi = 60◦, the nadir BRF decreases by

99.92% from 400 nm to 1300 nm for a surface roughness of σ = 0.001 m, and by 99.90% for a surface roughness of σ = 0.125

m. However, the change within the forward scattering peak with wavelength differs for different amounts of surface roughness.

The forward scattering peak located at φr = 0◦,θr = 60◦ for first-year sea ice with a surface roughness of σ = 0.001 m,

decreases by 13.94%. For the same configuration with a surface roughness of σ = 0.1 m, the wider forward scattering peak

decreases non-uniformly and reduces in size. Within the 18 quads of the forward scattering peak located between φr = 345◦

and φr = 15◦, θr = 40◦ and θr = 87.5◦, the highest BRF value (φr = 0◦,θr = 87.5◦) decreases by 14.92%, but the lowest BRF30

value (φr = 15◦,θr = 40◦) decreases by 83.05% between 400 and 1300 nm. The same behaviour is observable for multi-year

and melting sea ice. For small roughnesses (σ 6 0.01 m) the intensity of the forward scattering peak that does not change

in size varies little with wavelength compared to the quasi-isotropic part of the BRF. For large roughnesses (σ > 0.01 m) the

forward scattering peak decreases strongly around the edges with wavelength, whereas the centre quads vary by a small amount
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as with smaller roughnesses. Furthermore, the quasi-isotropic part of the BRF behaves in the same manner than for smaller

surface roughnesses.

4 Discussion

In the following discussion, the results presented in Sect. 3 are explained and the limitations of the study are addressed.

4.1 The effects of surface roughness on the BRF of sea ice5

As shown in Sect. 3, surface roughness plays a paramount role in the BRF of bare sea ice. Not only does surface roughness

have an effect on the reflected radiance, particularly in the forward scattering peak, it also modifies the behaviour of the BRF

with other controlling parameters such as thickness, solar zenith angle or wavelength. Surface roughness alone has a small

effect on the quasi-lambertian part of the hemisphere, with the exception of high viewing zenith angles (close to the horizon),

where rougher surfaces increase the BRF. Indeed, as light is scattered in multiple directions by a rougher surface, the amount10

of light scattered at grazing viewing angles is increased compared to a smooth surface. However, very high viewing zenith

angles are of lesser interest for remote sensing community than the rest of the hemisphere as they present more noise (Lucht,

1998), and comparisons with field measurements have larger uncertainties at high viewing zenith angles (Picard et al., 2016).

An increase in surface roughness has a limited effect on the rest of the hemisphere outside of the forward scattering peak,

with a slight increase of BRF values as shown in figure 7. The modelling results show that for remote sensing purposes, if15

the forward scattering peak is avoided, the effects of surface roughness are negligible on the BRF of sea ice with varying

optical properties. However, surface roughness strongly changes the specular forward scattering peak by diffusing it around

the specular point and outwards to a larger zenith angle. Indeed, a smooth surface reflects the incident light specularly, whereas

reflection from a roughened surface is composed of the specular reflection of the angled facets in multiple directions as well

as a diffuse component from the multiple reflections among the facets (Torrance and Sparrow, 1967). A reduction in thickness20

of a sea ice layer with a small amount of surface roughness mainly decreases the BRF in the quasi-isotropic part, having little

effect on the specular peak (Figure 8). Indeed, with a thinner sea ice layer, a number of the scattered photons are absorbed by

the strongly absorbing underlying layer (reflectance of 0.1) instead of exiting the medium upwards. Most of the light scattered

forwards exits the sea ice in the same manner as for an optically deep layer, explaining the smaller reduction in BRF for

the forward scattering peak. When surface roughness is included, the forward scattering peak is more sensitive to a changing25

thickness. With an increasing solar zenith angle, the BRF with a smaller roughness parameter shows a decrease in intensity

of the BRF over the whole hemisphere apart from the specular peak that increases and moves in a specular manner relative to

the solar zenith angle. With a higher solar zenith angle (lower sun on the horizon), the photons travel less deep into the sea

ice than for a lower solar zenith angle and go through fewer scattering events due to the shorter path length and the relative

angle between the incident light path and the surface. Therefore, the light is less scattered in multiple directions (lower BRF30

over the hemisphere) and more light is scattered forwards (stronger specular peak). However increasing the surface roughness

introduces more scattering events, as the light is reflected at different angles off the features. Less photons travel directly in
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a specular manner, reducing the increase in the forward scattering peak with an increasing solar zenith angle, and the larger

number of scattering events lead to a smaller reduction in the BRF of the remaining hemisphere. The BRF of sea ice is strongly

wavelength dependent owing to the light scattering and absorption by the ice. At shorter wavelengths (300 – 900 nm), sea ice

is highly scattering, whereas from 900 – 1400 nm the absorption by the ice dominates, with a nadir BRF close to zero (Figure

4). For a small amount of surface roughness, the BRF exhibits the same wavelength dependence over the hemisphere, bar the5

specular peak (Figure 10). Indeed, at longer wavelengths, the photons that are scattered in the sea ice are more likely to be

absorbed than the photons quickly exiting the medium in a specular direction, creating a strong anisotropy. With increased

surface roughness, a similar trend to the smaller surface roughness is observable, however the size of the forward scattering

peak decreases with wavelength. The reduction may be caused by the absorption of photons at larger wavelengths that would

otherwise have exited the ice in a forward direction after a low number of scattering events within the roughness features at10

lower wavelengths.

In the literature, a similar behaviour of the response of BRF to an increasing roughness was observed by Jin and Simpson

(1999), when modelling the anisotropic reflectance factor of sea ice with three different roughnesses. Jin and Simpson (1999)

also modelled the effects of a varying solar zenith angle on the anisotropic reflectance factor of sea ice for a fixed roughness,

showing that the reflectance anisotropy is much larger for a solar zenith angle of 60◦ than for 45◦. The effect of the solar15

zenith angle on the angular reflectance of sea ice was confirmed in the work presented here, additionally showing that surface

roughness modulates the intensity and width of the forward scattering peak. Arnold et al. (2002) presented a airborne case

measurement of BRF for melt-season ice with a solar zenith angle θi = 55◦. Their measurement of BRF shows no significant

departure from uniformity across the hemisphere, apart from a forward scattering peak spread widely forward of the specular

peak, suggesting large surface roughness. The BRF pattern, as well as the BRF reported in the principal plane for melt-season20

sea ice are in agreement with the modelled BRF presented here. However, the results from Arnold et al. (2002) are not directly

comparable with the modelled BRF, as the irradiance for the BRF measured with the Cloud Absorption Radiometer instrument

is composed of a direct and a diffuse component, whereas the illumination in the modelling conducted here is direct only.

4.2 Defining the roughness parameter

Sea ice roughness shows significant spatial variability, with vertical features ranging from the millimetre-scale to the meter-25

scale (e.g. Manninen, 1997; Peterson et al., 2008). The larger surface roughness features are generally caused by the deforma-

tion of the sea ice, forming rubble fields and pressure ridges that can reach 10 to 20 m in height (Tucker et al., 2013). At a

smaller scale, brash ice, ridged blocks or frost flowers can create roughness with a standard deviation of a few millimetres to

centimetres. As shown in the results (Sect. 3), surface roughness strongly influences the BRDF of sea ice. To cover a wide range

of conditions, a selection of five surface roughness parameters, defined by the standard deviation of the height of the surface30

were picked, with a standard deviation of 1 mm to 10 cm. The range of surface roughness is in agreement with observations

reported in the literature for small scale roughnesses (e.g. Tucker et al., 2013).
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Random surface realisations were generated to calculate the surface roughness in the model, which is rotationally invariant.

Therefore, Planarrad produces random a surface roughness, that has no specific structure or pattern. Specific shapes present in

sea ice, such as pressure ridges could not be modelled.

4.3 Model limitations

As described in Sect. 2.2, Planarrad computes the BRDF over a hemisphere discretised into quads, and the calculated radiance5

leaving the surface is averaged over each quad. The input irradiance was set to a single quad in this study. Therefore the

angular resolution of the model is limited to the quad size. Any differences in radiance within a single quad cannot be resolved,

which results in a loss of definition for features smaller than the size of a single quad. Furthermore, in this configuration, the

radiance for a quad containing the forward scattering maxima is lower than the radiance of a specular peak if it is smaller than

a quad. Ideally the solid angle of the illumination source, as well as the solid angle of the quads should tend to zero. However,10

increasing the discretisation necessitates a considerable computational effort, which led the authors to the current choice of

angular resolution representing a balance between resolution and computational resources.

The radiative-transfer equation was computed without an atmosphere, providing a surface BRDF product, whereas the

radiance measured by satellite sensors at the Top-Of-Atmosphere (TOA) is a function of the properties of the surface and the

atmospheric conditions at the time of the measurement. The purpose of the study was to characterise the intrinsic BRDF of sea15

ice as a function of roughness and thickness that can be incorporated in radiative transfer models by the community. Therefore,

to obtain a direct comparison with remote sensing products that have not been corrected for atmospheric effects, the results of

this study have to be propagated to the TOA using an additional radiative-transfer model (e.g. Kotchenova et al., 2008).

In this study, the sea ice was modelled as a single homogeneous slab with defined optical properties. The model does not

presently allow for the study of multiple layers with different optical properties. However, PlanarRad allows the input of a20

BRDF as a lower boundary condition, therefore calculations for a layer of snow on the sea ice are possible. The work presented

here focusses on a comprehensive characterisation of the BRDF of bare sea ice which lacks in the literature, and adding a layer

of snow on the sea ice would have added too much complexity. Thus snow was not considered in this study. Nevertheless,

calculations of a snow covered sea ice layer will be the subject of a forthcoming publication.

For the BRDF calculations described here, black carbon was assumed to be the only external absorber present in the ice.25

As described in Sect. 2.3, a base mass-ratio of 1 ng g−1 was added to the modelled sea ice. Although organic debris, algae,

soot, HULIS or mineral dust have an effect of the radiative forcing of sea ice, other light-absorbing impurities other than black

carbon were not examined in this study. Additionally, further investigation related to the effects of a varying mass-ratio of black

carbon in sea ice is required.

5 Conclusions30

This study provides a large dataset parameterising the BRDF of bare sea ice, accounting for varying surface roughnesses. The

BRDF / BRF of three different types of sea ice was modelled, for a wavelength range of 300 – 1400 nm. The effects of surface
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roughness were investigated as a function of thickness, solar zenith angle and wavelength. Radiative-transfer calculations

show that surface roughness has a significant effect on the BRDF of sea ice, controlling the anisotropy through the forward

scattering peak. Furthermore, the surface roughness is inter-dependent of other parameters that determine the BRDF pattern of

sea ice, such as thickness, solar zenith angle and wavelength. As predicted by the model, the BRDF of sea ice exhibits a strong

forward scattering peak surrounded by a quasi-isotropic response. For small amounts of surface roughness, a reduction in sea5

ice thickness decreases the quasi-isotropic part of the BRDF, affecting the forward scattering peak very little, the forward

scattering peak changes consistently in a specular manner with a varying solar zenith angle while the intensity of the peak

increases, and the forward scattering peak is much less wavelength dependant than the surrounding quasi-isotropic part of the

hemisphere. For larger amounts of surface roughness, a decrease in thickness affects strongly the entire BRDF, including the

forward scattering peak, the intensity of the forward scattering peak increases and moves to larger viewing zenith angles than10

the solar zenith angles as the latter increase but remains overall lower than for smaller amounts of surface roughness, and

the size of forward scattering peak is strongly wavelength dependent. Because surface roughness is inter-dependent of other

physical parameters, it is essential to account for roughness in the theoretical calculations of the radiation budget of sea ice.

This study provides a wide range of BRDF for sea ice that cover a diversity of conditions encountered in nature. The

data generated here is expected to facilitate the development of more accurate radiative-transfer models used to derive albedo15

products by the remote sensing community, as well as reduce uncertainties in global climate models.

Author contributions. M. L. Lamare performed the modelling, including the data analysis and result preparation, and authored the paper. J.

Hedley designed the model, wrote the roughness code, and edited the paper. M. D. King conceived and oversaw the study, and edited the

paper.

Acknowledgements. The output data from this modelling study are stored on the open repository Zenodo, run by the CERN data centre, under20

a Creative Commons license. The data can be found at DOI xxx. MDK and MLL thank NERC for support under Grant NE/K000770X/1

13



References

Aoki, T., Aoki, T., Fukabori, M., Hachikubo, A., Tachibana, Y., and Nishio, F.: Effects of snow physical parameters on spec-

tral albedo and bidirectional reflectance of snow surface, Journal of Geophysical Research: Atmospheres, 105, 10 219–10 236,

doi:10.1029/1999JD901122, 2000.

Arnold, G. T., Tsay, S.-C., King, M. D., Li, J. Y., and Soulen, P. F.: Airborne spectral measurements of surface-atmosphere anisotropy for5

arctic sea ice and tundra, International Journal of Remote Sensing, 23, 3763–3781, doi:10.1080/01431160110117373, 2002.

Ball, C. P., Marks, A. A., Green, P. D., MacArthur, A., Maturilli, M., Fox, N. P., and King, M. D.: Hemispherical-Directional Reflectance

(HDRF) of Windblown Snow-Covered Arctic Tundra at Large Solar Zenith Angles, IEEE Transactions on Geoscience and Remote Sens-

ing, 53, 5377–5387, doi:10.1109/TGRS.2015.2421733, 2015.

Bourgeois, C. S., Calanca, P., and Ohmura, A.: A field study of the hemispherical directional reflectance factor and spectral albedo of dry10

snow, Journal of Geophysical Research: Atmospheres, 111, doi:10.1029/2006JD007296, d20108, 2006.

Buckley, R. G. and Trodahl, H. J.: Scattering and absorption of visible light by sea ice, Nature, 326, 867–869, doi:10.1038/326867a0, 1987.

Chang, H. and Charalampopoulos, T. T.: Determination of the Wavelength Dependence of Refractive Indices of Flame Soot, Proceedings

of the Royal Society of London A: Mathematical, Physical and Engineering Sciences, 430, 577–591, doi:10.1098/rspa.1990.0107, http:

//rspa.royalsocietypublishing.org/content/430/1880/577, 1990.15

Curry, J. A., Schramm, J. L., and Ebert, E. E.: Sea Ice-Albedo Climate Feedback Mechanism, Journal of Climate, 8, 240–247,

doi:10.1175/1520-0442(1995)008<0240:SIACFM>2.0.CO;2, 1995.

Dirmhirn, I. and Eaton, F. D.: Some Characteristics of the Albedo of Snow, Journal of Applied Meteorology, 14, 375–379, doi:10.1175/1520-

0450(1975)014<0375:SCOTAO>2.0.CO;2, 1975.

Doherty, S. J., Warren, S. G., Grenfell, T. C., Clarke, A. D., and Brandt, R. E.: Light-absorbing impurities in Arctic snow, Atmospheric20

Chemistry and Physics, 10, 11 647–11 680, doi:10.5194/acp-10-11647-2010, 2010.

Dozier, J., Davis, R. E., Chang, A. T. C., and Brown, K.: The Spectral Bidirectional Reflectance of Snow, in: Spectral Signatures of Objects

in Remote Sensing, edited by Guyenne, T. D. and Hunt, J. J., vol. 287 of ESA Special Publication, p. 87, 1988.

Dumont, M., Brissaud, O., Picard, G., Schmitt, B., Gallet, J.-C., and Arnaud, Y.: High-accuracy measurements of snow Bidirectional Re-

flectance Distribution Function at visible and NIR wavelengths & comparison with modelling results, Atmospheric Chemistry and Physics,25

10, 2507–2520, doi:10.5194/acp-10-2507-2010, 2010.

Flanner, M. G., Zender, C. S., Randerson, J. T., and Rasch, P. J.: Present-day climate forcing and response from black carbon in snow, Journal

of Geophysical Research: Atmospheres, 112, doi:10.1029/2006JD008003, 2007.

Flanner, M. G., Shell, K. M., Barlage, M., Perovich, D. K., and Tschudi, M. A.: Radiative forcing and albedo feedback from the Northern

Hemisphere cryosphere between 1979 and 2008, Nature Geoscience, 4, 151–155, doi:10.1038/ngeo1062, 2011.30

France, J. L., King, M. D., Lee-Taylor, J., Beine, H. J., Ianniello, A., Domine, F., and MacArthur, A.: Calculations of in-snow NO2 and OH

radical photochemical production and photolysis rates: A field and radiative-transfer study of the optical properties of Arctic (Ny-Ålesund,

Svalbard) snow, Journal of Geophysical Research: Earth Surface, 116, doi:10.1029/2011JF002019, 2011.

Gatebe, C. K. and King, M. D.: Airborne spectral BRDF of various surface types (ocean, vegetation, snow, desert, wetlands, cloud decks,

smoke layers) for remote sensing applications, Remote Sensing of Environment, 179, 131 – 148, doi:10.1016/j.rse.2016.03.029, 2016.35

Hedley, J.: A three-dimensional radiative transfer model for shallow water environments, Opt. Express, 16, 21 887–21 902,

doi:10.1364/OE.16.021887, 2008.

14



Hedley, J.: PlanaRad, http://www.planarrad.com, 2015.

Hedley, J. D., Roelfsema, C. M., Phinn, S. R., and Mumby, P. J.: Environmental and Sensor Limitations in Optical Remote Sensing of Coral

Reefs: Implications for Monitoring and Sensor Design, Remote Sensing, 4, 271, doi:10.3390/rs4010271, 2012.

Henyey, L. G. and Greenstein, J. L.: Diffuse radiation in the Galaxy, Astrophysical Journal, 93, 70–83, doi:10.1086/144246, 1941.

Heygster, G., Alexandrov, V., Dybkjær, G., von Hoyningen-Huene, W., Girard-Ardhuin, F., Katsev, I. L., Kokhanovsky, A., Lavergne, T.,5

Malinka, A. V., Melsheimer, C., Toudal Pedersen, L., Prikhach, A. S., Saldo, R., Tonboe, R., Wiebe, H., and Zege, E. P.: Remote sensing

of sea ice: advances during the DAMOCLES project, The Cryosphere, 6, 1411–1434, doi:10.5194/tc-6-1411-2012, 2012.

Hudson, S. R., Warren, S. G., Brandt, R. E., Grenfell, T. C., and Six, D.: Spectral bidirectional reflectance of Antarctic snow: Measurements

and parameterization, Journal of Geophysical Research: Atmospheres (1984–2012), 2006.

Jin, Z. and Simpson, J. J.: Bidirectional anisotropic reflectance of snow and sea ice in AVHRR Channel 1 and 2 spectral regions. I. Theoretical10

analysis, Geoscience and Remote Sensing, IEEE Transactions on, 1999.

Kokhanovsky, A. A. and Breon, F. M.: Validation of an Analytical Snow BRDF Model Using PARASOL Multi-Angular and Multispectral

Observations, Geoscience and Remote Sensing Letters, IEEE, 2012.

Kotchenova, S. Y., Vermote, E. F., Levy, R., and Lyapustin, A.: Radiative transfer codes for atmospheric correction and aerosol retrieval:

intercomparison study., Applied Optics, 47, 2215–2226, 2008.15

Lamare, M. L., Lee-Taylor, J., and King, M. D.: The impact of atmospheric mineral aerosol deposition on the albedo of snow & sea ice: are

snow and sea ice optical properties more important than mineral aerosol optical properties?, Atmospheric Chemistry and Physics, 2016.

Lee-Taylor, J. and Madronich, S.: Calculation of actinic fluxes with a coupled atmosphere–snow radiative transfer model, Journal of Geo-

physical Research: Atmospheres, 107, ACH 22–1–ACH 22–10, doi:10.1029/2002JD002084, 2002.

Leroux, C., Deuzé, J.-L., Goloub, P., Sergent, C., and Fily, M.: Ground measurements of the polarized bidirectional reflectance of snow in20

the near-infrared spectral domain: Comparisons with model results, Journal of Geophysical Research: Atmospheres (1984–2012), 1998.

Leroux, C., Lenoble, J., Brogniez, G., Hovenier, J. W., and de Haan, J. F.: A MODEL FOR THE BIDIRECTIONAL POLARIZED RE-

FLECTANCE OF SNOW, Journal of Quantitative Spectroscopy & Radiative Transfer, 1999.

Leroy, M. and Roujean, J. L.: Sun and view angle corrections on reflectances derived from NOAA/AVHRR data, IEEE Transactions on

Geoscience and Remote Sensing, 32, 684–697, doi:10.1109/36.297985, 1994.25

Li, S. and Zhou, X.: Modelling and measuring the spectral bidirectional reflectance factor of snow-covered sea ice: an intercomparison study,

Hydrological Processes, 2004.

Li, Z., Cihlar, J., Zheng, X., Moreau, L., and Ly, H.: The bidirectional effects of AVHRR measurements over boreal regions, IEEE Transac-

tions on Geoscience and Remote Sensing, 34, 1308–1322, doi:10.1109/36.544556, 1996.

Light, B., Maykut, G. A., and Grenfell, T. C.: A temperature-dependent, structural-optical model of first-year sea ice, Journal of Geophysical30

Research: Oceans, 109, n/a–n/a, doi:10.1029/2003JC002164, c06013, 2004.

Lim, A., Hedley, J. D., LeDrew, E., Mumby, P. J., and Roelfsema, C.: The effects of ecologically determined spatial com-

plexity on the classification accuracy of simulated coral reef images, Remote Sensing of Environment, 113, 965 – 978,

doi:http://dx.doi.org/10.1016/j.rse.2009.01.011, 2009.

Lucht, W.: Expected retrieval accuracies of bidirectional reflectance and albedo from EOS-MODIS and MISR angular sampling, Journal of35

Geophysical Research: Atmospheres, 103, 8763–8778, 1998.

Manninen, A. T.: Surface roughness of Baltic sea ice, Journal of Geophysical Research: Oceans, 102, 1119–1139, doi:10.1029/96JC02991,

http://dx.doi.org/10.1029/96JC02991, 1997.

15



Marks, A., Fragiacomo, C., MacArthur, A., Zibordi, G., Fox, N., and King, M. D.: Characterisation of the HDRF (as a proxy for BRDF) of

snow surfaces at Dome C, Antarctica, for the inter-calibration and inter-comparison of satellite optical data, Remote Sensing of Environ-

ment, 2015.

Marks, A. A. and King, M. D.: The effect of snow/sea ice type on the response of albedo and light penetration depth (e-folding depth) to

increasing black carbon, The Cryosphere, 2014.5

Middleton, W. E. K. and Mungall, A. G.: The Luminous Directional Reflectance of Snow, J. Opt. Soc. Am., 1952.

Mishchenko, M. I., Dlugach, J. M., Yanovitskij, E. G., and Zakharova, N. T.: Bidirectional reflectance of flat, optically thick particulate

layers: an efficient radiative transfer solution and applications to snow and soil surfaces, Journal of Quantitative Spectroscopy & Radiative

Transfer, 1999.

Mobley, C. D.: A numerical model for the computation of radiance distributions in natural waters with wind-roughened surfaces, Limnology10

and Oceanography, 34, 1473–1483, doi:10.4319/lo.1989.34.8.1473, 1989.

Mobley, C. D.: Light and Water: Radiative Transfer in Natural Waters, Academic Press, 1994.

Nicodemus, F. E., Richmond, J. C., Hsia, J. J., Ginsberg, I. W., and Limperis, T.: Geometrical Considerations and Nomenclature for Re-

flectance, U.S. Nat. Bureau Standards, 1977.

Painter, T. H. and Dozier, J.: Measurements of the hemispherical-directional reflectance of snow at fine spectral and angular resolution,15

Journal of Geophysical Research: Atmospheres (1984–2012), 2004.

Peltoniemi, J. I., Kaasalainen, S., and Naranen, J.: Measurement of directional and spectral signatures of light reflectance by snow, Geo-

science and Remote Sensing, IEEE Transactions on, 2005.

Peltoniemi, J. I., Gritsevich, M., Hakala, T., Dagsson-Waldhauserová, P., Arnalds, O., Anttila, K., Hannula, H.-R., Kivekäs, N., Lihavainen,

H., Meinander, O., Svensson, J., Virkkula, A., and de Leeuw, G.: Soot on Snow experiment: bidirectional reflectance factor measurements20

of contaminated snow, The Cryosphere, 9, 2323–2337, doi:10.5194/tc-9-2323-2015, 2015.

Perovich, D. K.: The Optical Properties of Sea Ice., Monograph 96-1, U. S. Cold Reg. Res. and Eng. Lab., 1996.

Perovich, D. K., Grenfell, T. C., Light, B., and Hobbs, P. V.: Seasonal evolution of the albedo of multiyear Arctic sea ice, Journal of

Geophysical Research: Oceans, 107, doi:10.1029/2000JC000438, 8044, 2002.

Peterson, I. K., Prinsenberg, S. J., and Holladay, J. S.: Observations of sea ice thickness, surface roughness and ice motion in Amundsen Gulf,25

Journal of Geophysical Research: Oceans, 113, n/a–n/a, doi:10.1029/2007JC004456, http://dx.doi.org/10.1029/2007JC004456, 2008.

Picard, G., Libois, Q., Arnaud, L., Verin, G., and Dumont, M.: Development and calibration of an automatic spectral albedometer to estimate

near-surface snow SSA time series, The Cryosphere, 10, 1297–1316, doi:10.5194/tc-10-1297-2016, 2016.

Qu, X. and Hall, A.: Surface Contribution to Planetary Albedo Variability in Cryosphere Regions, Journal of climate . . . , 2005.

Schaaf, C. B., Gao, F., Strahler, A. H., Lucht, W., Li, X., Tsang, T., Strugnell, N. C., Zhang, X., Jin, Y., Muller, J.-P., Lewis, P., Barns-30

ley, M., Hobson, P., Disney, M., Roberts, G., Dunderdale, M., Doll, C., d’Entremont, R. P., Hu, B., Liang, S., Privette, J. L., and

Roy, D.: First operational BRDF, albedo nadir reflectance products from MODIS, Remote Sensing of Environment, 83, 135 – 148,

doi:http://dx.doi.org/10.1016/S0034-4257(02)00091-3, 2002.

Schaepman-Strub, G., Schaepman, M. E., Painter, T. H., Dangel, S., and Martonchik, J. V.: Reflectance quantities in optical remote sensing—

definitions and case studies, Remote Sensing of Environment, 2006.35

Schlosser, E.: Optical studies of Antarctic sea ice, Cold Regions Science and Technology, 1988.

16



Stamnes, K., Hamre, B., Stamnes, J., Ryzhikov, G., Biryulina, M., Mahoney, R., Hauss, B., and Sei, A.: Modeling of radiation trans-

port in coupled atmosphere-snow-ice-ocean systems, Journal of Quantitative Spectroscopy and Radiative Transfer, 112, 714 – 726,

doi:http://dx.doi.org/10.1016/j.jqsrt.2010.06.006, 2011.

Torrance, K. E. and Sparrow, E. M.: Theory for Off-Specular Reflection From Roughened Surfaces∗, J. Opt. Soc. Am., 57, 1105–1114,

doi:10.1364/JOSA.57.001105, 1967.5

Tucker, W. B., Perovich, D. K., Gow, A. J., Weeks, W. F., and Drinkwater, M. R.: Physical Properties of Sea Ice Relevant to Remote Sensing,

pp. 9–28, American Geophysical Union, doi:10.1029/GM068p0009, http://dx.doi.org/10.1029/GM068p0009, 2013.

Warren, S. G. and Brandt, R. E.: Optical constants of ice from the ultraviolet to the microwave: A revised compilation, Journal of Geophysical

Research: Atmospheres (1984–2012), 2008.

Warren, S. G., Brandt, R. E., and O’Rawe Hinton, P.: Effect of surface roughness on bidirectional reflectance of Antarctic snow, Journal of10

Geophysical Research: Planets, 103, 25 789–25 807, doi:10.1029/98JE01898, 1998.

Weeks, W. F. and Ackley, S. F.: Growth conditions and the structure and properties of sea ice, in: Physics of Ice Covered Seas: An Advanced

Study Institute-Summer School, 1994.

Xiong, C. and Shi, J.: Simulating polarized light scattering in terrestrial snow based on bicontinuous random medium and Monte Carlo ray

tracing, Journal of Quantitative Spectroscopy & Radiative Transfer, 2014.15

17



Upper hemisphere

Lower hemisphere

Azimuth 
discretisation

Zenith 
discretisation

Quad: φi = 0º, 
θi = 60º

a) b)

Figure 1. a) Diagram of the incident and viewing configuration defining BRDF.Ei is the irradiance from the azimuth angle φi and the zenith

angle θi. Lr is the radiance in the azimuth angle φr and zenith angle θr. In this study, φi was fixed to 180◦, the model being rotationally

invariant. b) Diagram of the directional surface discretisation scheme used by PlanarRad to compute BRDF. Adapted from Hedley (2008).
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Figure 2. Polar plot of the BRF of optically deep first-year sea ice, with a solar zenith angle, θ = 60◦ and a roughness parameter of σ = 0.01

m. The solar azimuth angle φi is located at 180◦, consequently the left half of the hemisphere between φ= 90◦ and φ= 270◦ represents

the backward scattering component and the right half of the hemisphere between φ= 270◦ and φ= 90◦ represents the forward scattering

component. In this case, a strong specular forward scattering peak can be observed centred over the quad located at φr = 0◦ and θr = 60◦.

A nonlinear colour bar was used to capture the large values around the scattering peak whilst showing the pattern in the quasi-isotropic part

of the BRF.
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Figure 3. Visualisation of example random surface roughness input parameters, controlled by the standard deviation (σ) of the elevation of

the surface. In this study, 5 surface roughnesses of a) σ = 0.001, b) σ = 0.005, c) σ = 0.01, d) σ = 0.05 and e) σ = 0.1 meters were generated.
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Figure 4. Nadir BRF for first-year, multi-year and melting sea ice, from 300 to 1400 nm in 100 nm steps with a solar zenith angle, θ = 60◦

and a roughness parameter of σ = 0.01 m. The BRF of the different types of sea ice is plotted for an optically deep layer (185, 375 and 2000

cm), 100 cm and 50 cm. For each optically deep layer of sea ice, the nadir BRF is plotted for surface roughnesses of σ = 0.001 m and of

σ = 0.1 m. The different sea ice parameters defined in this study are reported in Table 1
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Figure 5. The effects of roughness on the forward scattering peak of the BRF. (a) BRF in the forward solar principle plane (φr = 0◦) of

optically deep first-year sea ice, modelled with a solar zenith angle θi = 60◦ as a function of surface roughness. (b) Location of the BRF

peak of optically deep first-year sea ice on the forward solar principle plane (φr = 0◦) as a function of solar zenith angle, θi for different

surface roughness parameters.
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Figure 6. BRF of three semi-infinite sea ice types across the orthogonal plane (along the azimuth angles φr = 90◦ (negative zenith angles)

and φr = 270◦ (positive zenith angles)) for surface roughnesses of σ = 0.001 and σ = 0.1, with a solar zenith angle θi = 60◦, at λ= 500 nm.
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Figure 7. Scatter plot of BRF values for three sea ice types outside of the forward scattering peak (between φr = 315 – 45◦ and θr = 0◦ –

90◦). BRF values with a surface roughnesses value σ = 0.001 are represented on the x-axis, and σ = 0.1 on the y-axis. The red line represents

x = y.
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Figure 8. BRF of 50 cm, 100 cm and optically deep first-year sea ice, multi-year sea ice and melting sea ice with an increasing surface

roughness.The incident angle is θi = 60◦, and the results are reported for λ= 500 nm.

24



Figure 9. BRF of optically deep first-year sea ice, multi-year sea ice and melting sea ice with an increasing surface roughness at λ= 500

nm. The incident angles are θi = 50◦, θi = 70◦ and θi = 80◦. Note that the scale of the colour bar varies for the different illumination angles

in order to visualise clearly the BRF pattern.
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Figure 10. BRF of optically deep first-year sea ice, multi-year sea ice and melting sea ice with an increasing surface roughness for λ= 400,

λ= 800 and λ= 1300. The incident angle is θi = 60◦.
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Table 1. Sea ice parameters used as input parameters for the PlanarRad model, based on literature values and detailed in the work of Lamare

et al. (2016).

Sea ice type Sea ice den-

sity (kg m−3)

Sea ice scat-

tering coeffi-

cient (m−1 )

Sea ice asym-

metry param-

eter g

optically

deep thick-

ness (cm)

Thickness

modelled

(cm)

First year sea ice 800 120 0.98 185 50, 100, 185

Multi-year sea ice 800 600 0.98 375 50, 100, 375

Melting sea ice 800 24 0.98 2000 50, 100, 2000
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Abstract
Measurements of the BRDF of sea ice are essential to derive accurate albedo products from Earth
Observation satellite products and normalise satellite images acquired at different viewing angles,
owing to the anisotropy of the sea ice reflection. Impurities deposited in the sea ice from the
atmosphere absorb solar radiation and strongly affect the radiative budget of sea ice. The effects of
the light-absorbing impurities on the albedo of sea ice have been well characterised, but the angular
response is lacking. Here, the bidirectional reflectance factor (BRF) of sea ice was measured in an
artificial sea ice laboratory at the Royal Holloway university of London. Known quantities of black
carbon and volcanic ash particles were placed in a 5 cm surface layer of sea ice and the BRF was
measured. The measured properties of the sea ice were used to parameterise a radiative-transfer
model. The model was used to calculate the optical properties (scattering coefficient) of the sea ice
and characterise the angular effects of aerosols in sea ice on reflected radiation. The BRF of the
artificial sea ice was shown to be more sensitive to the impurities at nadir and across the hemisphere
than for the characteristic strong forward scattering peak. The pattern of the BRF of the sea ice across
the hemisphere was shown to remain similar as the mass-loadings of black carbon were increased.
The comparison between themodelled BRF and themeasured BRF, showed that the radiative-transfer
model can be used to derive the surface characteristics of sea ice from angular measurements.

1 Introduction

Knowledge of the bidirectional reflectance distribution function (BRDF) of sea ice is essential
to quantify the radiation budget of polar regions using satellite remote sensing products. The solar
radiation reflected from snow and sea ice surfaces is anisotropic [e.g. Warren, 1982; Buckley and
Trodahl, 1987; Schlosser, 1988; Hudson et al., 2006a] and strongly wavelength dependent [Grenfell
et al., 1994; Perovich, 1996]. Therefore, the characterisation of the BRDF of snow or sea ice is
necessary to normalise the viewing angles of satellite observations in multi-temporal or multi-sensor
studies, as the anisotropy of the reflected radiation from the observed surface may lead to errors in the
interpretation of the satellite images [Jin and Simpson, 1999]. Furthermore, the BRDF is necessary
to derive surface albedo, which is an important parameter for climate studies to quantify the energy
balance of the surface of the Earth. In polar regions, variations of the high surface albedo of snow
and sea ice have a significant impact on the global climate system through the ice-albedo feedback
mechanism [e.g. Curry et al., 1995; Holland and Bitz, 2003]. The negative trends in the sea ice
extent in the Arctic over the last decades [e.g. Serreze et al., 2007; Kwok and Rothrock, 2009; Kay
et al., 2011], leading to a transition towards a thinner sea ice cover [Comiso, 2006; Stroeve et al.,
2012] are simulated using general circulation models [e.g. Meehl and Washington, 1990; Weatherly
et al., 1998; Overland and Wang, 2013], which provide an understanding of the global climate
system, and predictions of future trends of the extent of sea ice. Current general circulation models
use the albedo of sea ice as a tuning parameter [Curry et al., 2001] to represent the cryospheric
processes in climate predictions, and rely on accurate satellite observations of the reflected solar
radiation from different sea ice surfaces [Dickinson et al., 1990]. Although a certain number of
satellite remote sensing instruments [e.g. Roujean et al., 1992; Deschamps et al., 1994; Diner et al.,
1998; Barnsley et al., 2004] provide multi-angular observations of the Earth’s surface, the discrete
number of viewing geometries and spectral bands over which data is acquired is insufficient to derive
albedo accurately [Cabot and Dedieu, 1997]. Consequently, remote sensing albedo products are
derived using radiative-transfer models based on a prior knowledge of the hyperspectral BRDF of
the measured surface [Lucht et al., 2000].

The angular distribution of reflected solar radiation above the surface of snow has been widely
characterised through fieldmeasurements [e.g.Middleton andMungall, 1952; Steffen, 1987;Winther,
1994;Warren et al., 1998; Abdou et al., 2001; Painter, 2004; Peltoniemi et al., 2005; Bourgeois et al.,
2006; Hudson et al., 2006a; Ball et al., 2015; Marks et al., 2015], modelling studies [e.g. Leroux
et al., 1999; Mishchenko et al., 1999; Nolin and Liang, 2000; Kokhanovsky and Zege, 2004], or a
combination of both [e.g. Sergent et al., 1998; Aoki et al., 2000; Tanikawa et al., 2002; Kokhanovsky
and Breon, 2012]. The BDRF of snow is strongly influenced by the physical structure of the medium,
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such as grain size [Aoki et al., 2000], snow type [Peltoniemi et al., 2005], thickness [Nolin et al.,
1990], and surface roughness [Warren et al., 1998]. Light-absorbing impurities deposited from the
atmosphere have been shown to strongly influence the radiative forcing in snow [e.g. Flanner et al.,
2007; Lamare et al., 2016], leading to accelerated melt [e.g. Painter et al., 2007; Doherty et al.,
2013], particularly over ultra-violet and visible wavelengths, where the snow is highly scattering and
weakly absorbing. Studies reporting the dependence of the viewing angle on contaminants in snow
are scarce. Peltoniemi et al. [2015] measured the bidirectional reflectance factor (BRF) of snow
using a field goniometer, before and after artificially depositing controlled amounts of chimney soot,
volcanic sand and glaciogenic silt to investigate quantify the effects of light-absorbing particles on the
BRF of snow. The experiments showed that as the particles absorbed solar radiation and sank into the
snowpack, the BRF of the snow at nadir was significantly reduced compared to larger viewing angles.

Studies of the angular reflectance of sea ice are not as widely available as for snow. Schlosser
[1988] measured the BRF of laboratory grown sea ice, showing a strong forward scattering specular
peak, diminishing with sea ice thickness. The BRDF or BRF of sea ice were modelled with a
radiative-transfer model based on the discrete ordinates method [Stamnes et al., 2011], and using
an optical model based on simple analytical formulas [Malinka et al., 2016]. The modelling of the
BRDF of the sea ice by Stamnes et al. [2011] showed a strong specular scattering peak for bare ice,
that was reduced as the thickness of an overlying layer of snow was increased. The reflectances
generated from the BRDF were in agreement with modelled and observed data from the literature.
However, Stamnes et al. [2011] did not account for surface roughness in the study. Perovich [1998]
measured the angular reflectance of multiple sea ice surfaces, showing the dependence of reflectance
with viewing zenith angle. Perovich [1998] isolated the effects of surface roughness by artificially
placing pieces of ice on the surface of a smooth ice layer. Higher values of reflectance were found
close to the specular reflection point for smooth sea ice than for rough sea ice. Jin and Simpson
[1999] modelled the bidirectional reflectance anisotropy of sea ice, highlighting the importance of
surface roughness and solar elevation on the anisotropy of the reflected radiation. Smooth surfaces
exhibit a narrow reflecting peak around the horizontal specular reflecting point, whereas for rough
surfaces, the values of the specular reflection maxima are diminished and the size of the scattering
peak is larger. The anisotropy of sea ice is shown to increase as a function of solar zenith angle.
Nolin et al. [2002] showed that the angular spectral signatures of sea ice measured using satellite
imagery could be used to derive surface roughness and sea ice types. Lamare et al. [2017a] present
a comprehensive radiative-transfer study of the BRDF of sea ice for a range of thicknesses, sea ice
types and surface roughnesses, providing the remote sensing community with a parameterisation
for sea ice. Results show that for the typically high solar zenith angles occurring in polar regions,
the strong reflecting peak above 45° viewing zenith angle is less wavelength-dependent than the
surrounding quasi-isotropic part of the hemisphere. Furthermore, the roughness of the sea ice was
shown to affect the scattering peak, confirming the results of Jin and Simpson [1999]. However,
Lamare et al. [2017a] show that the surface roughness cannot be considered independently from the
physical parameters of the sea ice, as changes in the properties of the sea ice affect the scattering
peak differently to the surrounding hemisphere. Although the effects of impurities on the albedo of
sea ice have been quantified [e.g. Hansen and Nazarenko, 2004; Jacobson, 2004; Ramanathan and
Carmichael, 2008; Marks and King, 2013; Lamare et al., 2016], to the knowledge of the authors no
studies investigating the angular dependance of light-absorbing particulates on the BRDF of sea ice
are available in the literature. The model proposed by Stamnes et al. [2011] computes the BRDF of
sea ice, based on the inherent optical properties of the medium, including impurities. However, the
effects of the impurities were only reported for flux reflectances derived from the BRDF. Lamare et al.
[2017b] reported measurements of bare sea ice grown in an outdoor artificial facility. The authors
calculated the mass-ratio of black carbon and algae present in the sea ice by fitting the observational
data with a radiative-transfer model. Therefore, a study presenting the effect of impurities on the
angular distribution of the BRDF is required.

In this paper, the impact of black carbon and mineral aerosol deposits on the BRDF of sea ice
was investigated using a combination of laboratory measurements and radiative-transfer modelling.
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To quantify the effects of the deposited particulates on the BRDF of sea ice, the study presented
here was divided into two steps. 1) The bidirectional reflectance factor (BRF) of clean sea ice
grown in a laboratory was measured as an approximation of BRDF, using a specifically designed
Gonio-Spectrometer. Known quantities of light-absorbing impurities were added to a 5 cm thick
surface layer above the clean sea ice, and the BRF of the poisoned sea ice was measured. 2) A
radiative-transfer model was used to compute the BRF of the artificial sea ice, based on the amounts
of impurities added to the sea ice, as well as the physical properties of the sea ice measured in the lab-
oratory, used as tuning parameters. The measurements performed in the laboratory were compared
with the results from the radiative-transfer model, which allowed us to isolate the radiative effects of
black carbon andmineral aerosol deposits from the variability of the physical parameters of the sea ice.

The purpose of this work was to quantify the effects of black carbon and mineral aerosol
deposits on the BDRF of sea ice in order to correct multi-angular satellite retrievals of sea ice and
provide an improved parameterisation for albedo products. To this end, light-absorbing impurities
were placed in a surface layer of artificial sea ice, that was added to a layer of clean sea ice, and
the BRDF was measured before and after, using a laboratory Gonio-Spectrometer. The artificial sea
ice facility provided an instrumented and controlled environment in which the sea ice was grown,
allowing the deposition of know quantities of impurities in the sea ice. Firstly, commercially avail-
able black carbon simulating carboneous particulates atmospherically transported to polar regions
was filtered for the particle size to be representative of naturally deposited black carbon in sea ice.
Mass-ratios of 34.31, 68.60 and 205.90 ng g−1 of black carbon were added to the sea ice. Secondly,
a sample of volcanic ash from the Eyjafjallajökull 2010 eruption was used as a proxy for mineral
aerosol deposits. Lamare et al. [2016] showed that the effects of mineral aerosol deposits on albedo
depended more on the type of snow or sea ice than on the type of mineral impurity. Therefore,
the volcanic ash used in the present work was considered to be representative of a range of mineral
aerosol deposits. Mass-ratios of 550.00, 2202.67 and 5506.67 ng g−1 of volcanic ash were placed
in the top layer of sea ice. To evaluate the impact of the impurities on the BRDF of sea ice, the
laboratory measurements were compared to the output of a radiative-transfer model, serving as a
validation tool for the model.

2 Methods

In the following methodology sections, the terminology used to describe angular reflectance
quantities is defined, the artificial sea ice laboratory and the instrumental setup are presented, the
preparation of the impurities placed in the sea ice is described, and the radiative-transfer modelling
approach is detailed.

2.1 Definitions

The BRDF describes the quantities and angular directions of a parallel incident beam from
a direction in the hemisphere scattered from a surface to an other direction in the hemisphere
[Nicodemus et al., 1977], providing information on the anisotropy of the radiation reflected from
the surface. The spectral BRDF depends on the irradiance and radiance azimuth and zenith angles
respectively, and therefore can be expressed as [Schaepman-Strub et al., 2006]:

BRDF (θi, φi, θr, φr ; λ) =
Lr (θi, φi, θr, φr ; λ)

Ei (θi, φi ; λ)
, (1)

where Lr is the radiance with an azimuth angle φr and a zenith angle θr , Ei is the irradiance from
the azimuth angle φi and the zenith angle φi , and λ is the wavelength.
Although BRDF measurements have been reported in the literature, the terminology employed
was erroneous [Schaepman-Strub et al., 2006], as the BRDF is defined by a ratio of infinitesimals
[Nicodemus et al., 1977], and cannot be measured directly.
The BRF, which also describes the anisotropy of the reflected flux from a surface, is defined as the
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ratio of radiance reflected by a surface to the radiance reflected in the same direction by a lossless
Lambertian diffuser [Schaepman-Strub et al., 2006]. The BRF can be given by:

BRF (θi, φi, θr, φr ; λ) =
Lr (θi, φi, θr, φr ; λ)
Lid (θi, φi, θr, φr ; λ)

(2)

with Lid the radiance from an ideal lossless Lambertian reference.
Owing to the Lambertian surface being isotropic, the BRF can be related to BRDF by multiplying the
BRDF by π [Schaepman-Strub et al., 2006]. The BRF requires the illumination flux to be direct and
collimated, and the measurements to be acquired with an infinitely small field of view solid angle. In
the case of laboratory measurements, if the illumination and the viewing angles are not infinitesimal,
the quantity measured is referred to as the biconical reflectance factor. Therefore, to calculate the
BRF from themeasurements of the artificial sea ice in the laboratory, several assumptions were made.
Firstly, the illumination provided by the laboratory lamps was considered to be perfectly collimated,
and the tiny differences in illumination azimuth and zenith angles from the different parts of the lamp
were ignored. Secondly, the measurements of the upwelling radiation reflected from the sea ice was
averaged over the solid angle of the field of view of the signal collector on the instrument, causing
a smoothing of the BRF for rapidly changing intensities. However, the small viewing angle of the
signal collector is considered to measure an acceptable approximation of BRF [Martonchik et al.,
2000], and the biconical reflectance factor will be referred to as BRF henceforth.

In order to isolate the angular dependence of the radiance reflected from the sea ice from the
spectral signature of the ice, and better compare the laboratory measurements, the anisotropy factor
(ANIF) was calculated. The ANIF is presented here as the BRF normalised by the BRF at nadir, and
is expressed as [Sandmeier et al., 1998]:

AN IF (θi, φi, θr, φr ; λ) =
R(θi, φi, θr, φr ; λ)

R0(θi, φi, θr = 0, φr ; λ)
. (3)

with R, the BRF and R0 the BRF at nadir.

2.2 Sea ice simulator description

The BRFmeasurements of the laboratory grown sea ice were performed at the sea ice simulator
at Royal Holloway University of London, Egham, UK. The sea ice simulator, which was first de-
scribed byMarks et al. [2017b], consists of a white polyethylene cylindrical tank with dimensions of
132 cm (height) x 139 cm (diameter), and an operating volume of approximately 2 m−3. The tank is
filled with artificial seawater, which is replaced at the start of each experiment. The artificial seawater
is formulated by dissolving Tropic Marine salt in fresh water, to replicate the chemical composition
of natural seawater (Atkinson and Bingman [1997]). Tropic Marine is a synthetic salt that has a
similar weighted combination of chemical elements to that found in natural seawater (Marks et al.
[2017b]), except for nitrate and phosphate. Tropic Marine was shown to have an ion content within
10% of natural seawater (Atkinson and Bingman [1997]). The amount of Tropic Marine added to the
water in the tank was adjusted to maintain an average salinity of 31 practical salinity units (PSU) at
the start of each experiment. The circulation of the seawater is provided by a heated pumping system
running in a loop at the bottom of the tank. The seawater at the bottom of the tank in circulated at
a rate of 10 L min−1 through a UV steriliser to limit algae growth, followed by a series of 10 µm
and 1 µm filters to remove impurities. The water is drawn into the closed loop from one side of the
pool and pumped back out on the opposite side using a diffusing head to prevent the formation of
circulation patterns. Furthermore, a solution of fresh water and glycol was heated to 4°C using a
heating unit and circulated in a closed external circuit of pipes at the bottom of the tank to prevent
the artificial seawater from freezing at the base of the tank.
The seawater tank is located in a climate controlled shipping container which can generate ambient
temperatures between -25°C and +25°C through a compression refrigeration system. The cold tem-
peratures are achieved by circulating cooled outdoor air around the inside of the container. For the
purpose of the experiments described in this paper, a structure was placed over the sea ice tank to
minimise the stray light reflections from the metallic walls of the shipping container. The structure is
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composed of aluminium struts wrapped in matte black foil, a black coated plywood roof and blackout
rubberised curtains suspended around the tank, masking the operators who can introduce artifacts
in the radiance measurements (Kimes et al. [1983]). The artificial sea ice is generated starting from
liquid water conditions and setting the ambient air temperature in the unit to -18°C. Over the cooling
and defrosting cycles of the system, the indoor temperature oscillates between -17.5°C and -12°C.
An additional cooling fan blowing air across the surface of the water, accelerates the ice growth
process by convection, removing the heat from the tank. Over the course of the experiments, the sea
ice was allowed to grow between 24 and 44 days for each clean ice experiment, attaining thicknesses
of 22 to 46 cm. To monitor the growth of the sea ice and the temperature of the seawater below, a
type-T thermocouple array was connected at varying intervals to a polypropylene tube, which was
placed vertically in the seawater and frozen into place during the experiment. The thermocouples
were placed with a spacing of 20× 2, 4× 4 and 6× 10 cm to monitor the temperature throughout the
depth of the tank with a higher resolution in the upper part. The temperature profile of the sea ice
was recorded throughout the growth of the sea ice. The thickness of the sea ice was estimated from
the discontinuity in the temperature profile, the temperature becoming linear as a function of depth
for the seawater. The air temperature in the container was monitored using a an automated digital
thermometer with a precision of ±0.5°C. Each experiment performed in the sea ice simulator was
divided into 2 stages. In a first step the sea ice was generated from open water, and BRF measure-
ments were performed (described in section 2.5). In a second step, a layer of sea ice containing a
known dosage of atmospheric particulates (black carbon or volcanic ash) was grown on the existing
sea ice cover. To do so, a sample of 75 L of the artificial seawater was removed from the tank at
the start of the experiment and stored in sealed polypropylene containers. After the measurements
of the clean sea ice, a known solution of particulates, described in section 2.3, was added to the
75 L of seawater and poured on the surface of the ice. The layer of contaminated water exposed
to the cold ambient air temperature of the container froze over the course of 48h forming a 5 cm
layer of polluted sea ice. BRF measurements of the new layer of sea ice were performed between
1 and 2 weeks after the solution was placed on the ice. At the end of each experiment, the ambient
temperature in the container was raised to +10°C, causing the ice to melt over the course of a week.
The seawater was left to circulate through the UV steriliser and the filters for an additional week, to
remove the particulates of black carbon or volcanic ash previously trapped in the sea ice. The effect
of the remaining unfiltered particles in the new sea ice was considered to be negligible, owing to
the dilution in the large volume of seawater and the filtering action. The seawater in the tank was
emptied every 2 to 3 experiments, the tank was cleaned with NaClO to remove algae contamination,
and a new solution of seawater was made.

2.3 Preparation of the impurities in the sea ice

Black carbon and volcanic ash particles were used to represent different types of deposited
atmospheric particles typically deposited in the Arctic [Zdanowicz et al., 1998; Koch and Hansen,
2005a] for the BRF measurements in the laboratory.
A sample of Cabot Corporation Monarch 120 black carbon was used as a proxy for black carbon,
and a suspension was prepared following the procedure described by Marks et al. [2017b]. The
mass-loading of the black carbon suspension was calculated by weighing the precipitates of an evap-
orated sample of 1200 mL of the suspension in three glass beakers. The resulting mass-loading of
the suspension used in the present study was 6.36±0.22 µgg−1 (1σ). Known aliquots of the black
carbon suspension were mixed with 75 L of seawater withdrawn from the tank at the start of each
experiment. The mass-ratio of the black carbon placed in the superficial layer of sea ice over three
different experiments was 34.31 ng g−1, 68.6 ng g−1 and 205.9 ng g−1.
The volcanic ash used as a proxy for mineral aerosol deposits in the experiment originated from
the 2010 Eyjafjallajökull eruption. A sample of volcanic ash was collected on the south flank of
the Eyjafjallajökull volcano in July 2010. The sample was collected from the ground, after having
removed a 5 cm layer of superficial darkened ash, so that the sample was more representative of the
freshly deposited material. Owing to the volcanic ash having been collected close to the eruption
source, and thus being composed of coarse particles, the particle size of the sample was not repre-
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sentative of long-distance transported particles. Therefore, the sample of volcanic ash was placed
in a vibrating powder mill for 3 minutes at 1500 rpm, to reduce the particle size. Mineral dust
particles deposited in snow have been shown to be typically 2–3 orders of magnitude larger than
black carbon particles [Flanner et al., 2007]. Hence the filtration methods used for the black carbon
were not applied to the volcanic ash. A sample of the milled volcanic ash was added with a ratio
of 1:50 to a solution of a ratio of 1:4 ultra pure water (> 18W) and isopropyl alcohol. The role of
the isopropyl alcohol was to facilitate the dispersal of the ash particles. The suspension was left to
stand for a duration of 48 hours, equivalent to the freezing time of the upper sea ice layer in the
sea ice laboratory. The top part of the suspension was then extracted under vacuum, and diluted
with a ratio of 1:4 ultra pure water. The method presented above was used to prevent the volcanic
ash particles from precipitating to the bottom of the layer of doped sea ice in the laboratory. The
particles were therefore considered to be distributed evenly with the sea ice layer. The mass-loading
of 413 ±0.67 µg g−1 (1 σ) of the suspension of volcanic ash was determined gravimetrically, as for
the black carbon. Three experiments were performed using the volcanic ash particles in the sea ice,
with mass-ratios of 550 ng g−1, 2202.67 ng g−1 and 5506.67 ng g−1.

In order to accurately parameterise the impurities placed in the sea ice in the radiative-
transfer model, a characterisation of the absorption properties of the black carbon and volcanic ash
was necessary. The mass absorption cross-section (MAC) of the black carbon and volcanic ash
were calculated using Mie theory, based on the complex refractive-index, the density and the size
distribution of the particles. The MAC of the Monarch 120 black carbon was calculated by Marks
et al. [2017b], and the results were used in the present study. The values reported by the authors, with
a MAC of 2.97 m2g−1 at 550 nm, were similar to the values of the MAC of black carbon reported for
a similar particle size by Dang et al. [2015]. The computations of the MAC of the volcanic ash were
performed with the same method as for black carbon. The size and shape of Eyjafjallajökull volcanic
ash particles in the suspension were assessed using scanning electron microscopy (SEM). The shape
factor (Heilbronner and Barrett [2013]) of the observed particles was calculated using the ImageJ
image analysis software (Abràmoff et al. [2004]). The average shape factor was 0.855, indicative of
a spherical type shape and the average maximum Feret diameter was 0.83 ±0.31 (1 σ). A density of
2300 kg m−3 was obtained from Johnson et al. [2012], the refractive index of long-distance particles
from the Eyjafjallajökull eruption was estimated by Derimian et al. [2012]. The resulting MAC of
the volcanic ash had a value of 0.11 m2g−1 at 550 nm, similar to the values obtained by Dang et al.
[2015] for mineral dust. Although the absorption of the volcanic dust is much lower than the black
carbon, mineral aerosol deposits are found in much larger mass-ratios than black carbon [Dang et al.,
2015, and references therein], which was reflected in the mass-ratios used during the experiments.

2.4 Instrumentation

A custom laboratory goniometer, designed for the measurements at the sea ice simulator was
used to perform the BRF measurements. The goniometer, shown in figure 1, consists of a 77 cm
diameter steel ring placed on 8 adjustable polytetrafluoroethylene (PTFE) pads which can be adjusted
individually in height to control the level and height of the ring. A rotating mat black anodised sheet
of aluminium is placed on the inside of the steel ring to reduce the generation of diffuse illumination.
A carriage connected to the base ring with a set of wheels supports the arm of the instrument. The
carriage can be manually rotated 360° around the base ring with a positioning precision of ±0.1°.
The azimuth angle of the carriage is determined using a digital angle reader connected to the carriage
wheels with a set of mechanical low friction gears. The goniometer arm connected to the carriage
is formed of 2 hollow aluminium square sections covered in black rubberised material, forming an
L shape and supported by diagonal supporting strut. The arm is placed on a pivot attached to the
carriage, which allows the arm to be rotated up to 90° to the left or right of the carriage, providing
movement over the zenith angles. A mechanical clamp allows the arm to be locked into position at
any angle indicated by an electronic angle reader with a positioning precision of ±0.1°. A signal
collector holder is located at the end of the horizontal section of the goniometer’s arm, which, when
the arm is placed vertically (0° zenith angle), is located above the centre point of the ring at a height
of 48 cm above the surface. A combination of the rotation of the carriage on the base ring and
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the inclination of the arm allows the sensor to take readings over the entire hemisphere. The signal
collector, consisting of a 8° field of view lens was connected to a spectroradiometer via an optical
fibre. The field of view of the optic was selected to provide the smallest solid angle possible whilst
providing a sufficiently strong signal for the spectroradiometer. The viewing footprint measured at
nadir was 6.7 cm in diameter and the small field of view of the signal collector allowed measurements
to be carried out up to 75° zenith angle without the base ring being present in the elongated footprint.
The lens was aligned before each measurement by shining a 650 nm laser down the optical fibre
and plotting the laser footprint on tracing paper placed at target level. The carriage was rotated and
the lens position adjusted until the centre of the footprint varied less than 1.8 cm over all azimuth
angles. Over the duration of the laboratory measurement campaign, two different spectroradiometers
were used. For the black carbon measurements, acquisitions were carried out with an Ocean Optics
USB2000+ spectrometer, and for the measurements of the volcanic ash in the sea ice, an ASD Field
Spec Pro spectroradiometer was used. The Ocean Optics USB2000+ spectrometer operates over the
wavelength range 179–877 nm with a 0.3 nm spectral interval. The ASD covers a larger spectral
range, with measurements between 350 and 2500 nm, and a wavelength interval of 1 nm.

The surface of the artificial sea ice was illuminated using a bank of nine 400 W tungsten-
halogen lamps, each outputting 9500 lumens. The lamps provide a sufficiently strong signal for
the spectoradiometer over the wavelength spectrum 400–1000 nm. The lamps were placed in a 3
x 3 array on a wooden board, covering an area of 55.0 cm x 48.5 cm. The supporting board was
fixed to an adjustable tripod, allowing the height and inclination of the lamps to be adjusted in order
to illuminate the surface of the artificial sea ice homogeneously at a determined angle. For the
purpose of this study the lamps were placed at a distance of 155 cm from the centre of the sea ice
sampling area and an zenith illumination angle (solar zenith angle) of 60° was fixed throughout the
experiments to be representative of illumination conditions typically found in the Arctic in summer.
A laser alignment system allowed the illumination zenith angle at the centre of the sampling ring to
be positioned with an precision of ±1°.The entire surface of the ice in the tank was illuminated to
account for the contribution of multiple scattering within the sea ice.For the purpose of this study
the variations in illumination over the viewing footprint were considered to be negligible and the
irradiance was considered to be collimated. Prior to the experiments, the stability of the intensity of
the light source was assessed by measuring the raw signal of a Spectralon panel over a period of 200
minutes. The lamps exhibited good stability with a maximum change of less than 1.5 % relative to
the start of the measurement.

To convert the raw radiance measurements of sea ice to BRF (section 2.1, equation 2), mea-
surements of a Spectralon reference panel were performed directly after each angular sea ice radiance
acquisition, under the same illumination conditions. A 20 × 20 cm Spectralon panel was used as an
approximation of a lossless Lambertian reflector. The panel was attached to a supporting frame with
three adjustable feet offset from the centre of the measuring area, limiting the disruption of the sea
ice surface and allowing to adjust the levelling of the standard. Reference measurements of the panel
were performed at the nadir viewing angle only, based on the assumption that the panel was Lam-
bertian. The illumination angle being fixed throughout the experiments, the radiance of a perfectly
Lambertian reference would be equal for all the viewing angles. Owing to the Spectralon panel not
being perfectly lossless, a calibration over the wavelength range 400–1000 nm was carried out at the
National Physical Laboratory, UK, using the National Reference Reflectometer (Williams [1999]).
A reflectance correction factor was calculated for an illumination angle of 60°, which matches the
illumination angle of the BRF measurements in the sea ice simulator. Because the correction factor
varied by less than 0.5% over the wavelength range, a spectrally averaged value of 0.88 was used for
the measurements presented in this study.

2.5 Measurements

Over the course of the experiment campaign at the sea ice simulator, a total of 12 BRF
acquisitions were obtained. A summary of the experiments carried out can be found in table 1. After
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the sea ice was formed, the laboratory goniometer was placed on the surface of the clean sea ice in
the centre of the tank. The lamps and spectroradiometer were set up and left to warm up for a period
of 1h before the start of the measurements, to enable the stabilisation of the power supplies. After
the goniometer was geometrically calibrated, measurements of the BRF were performed at discrete
points over the hemisphere. Measurements were acquired over approximately 75 viewing angle for
each experiment, covering the hemisphere. Previous work has shown that the BRF of sea ice is
quasi-isotropic with a strong forward scattering peak [Jin and Simpson, 1999]. To capture the extent
and shape of the forward scattering peak, the measurement points were heavily weighted towards the
forward scattering part of the hemisphere, around the solar principal plane. Owing to shading from
the goniometer’s arm, measurements between 180 ° in azimuth (equal to the illumination azimuth
angle) and 270 ° were not achievable. The distribution of the measurement viewing angles across the
hemisphere is shown in figure 2. An average full BRF measurement was performed over a duration
of approximately 4h. After the measurements of the clean ice were performed, the instruments
were removed from the surface of the sea ice, and the 75 L of seawater containing a suspension of
impurities previously described were poured onto the surface of the sea ice. The seawater froze over
the course of 48 hours, forming a 5 cm layer of doped sea ice on the surface of the clean ice. The
new layer was left to consolidate over the duration of a week, and the BRF of the new surface layer of
sea ice was measured. Once the measurements of the doped sea ice layer were performed, a sea ice
core was taken from the centre of the tank, using a 3 cm diameter ice core auger. The ice core was
sectioned at 2 to 5 cm intervals immediately after the coring, and placed in sealed PTFE containers.
The ice core sections were left to melt at room temperature, and the bulk salinity was measured using
a seawater refractometer.

2.6 Radiative-transfer modelling

The BRF of the sea icemeasured in the laboratory was simulated using the PlanarRad radiative-
transfer model. PlanarRad [Hedley, 2008], which uses the invariant imbedded method to solve the
radiative-transfer equation, is the open source implementation of the Hydrolight model [Mobley,
1989] that computes directional radiance quantities for a homogeneous slab of media. The computa-
tion of the downwelling and upwelling radiances over the hemisphere is discretised into quadrilateral
regions, hereupon referred to as "quads". Two hemispheres (one for the downwelling and one for
the upwelling radiance) are divided into 217 quads each, with each quad covering 15° in azimuth
and 10° in zenith, except for the quad located between 85° and 90° and the polar cap. The radiance
quantities are averaged over each quad across the hemisphere. A description and representation of
the discretisation into quads is found in Mobley [1994]. PlanarRad has previously been used to
model the BRDF of different types of sea ice, with varying amounts of surface roughness [Lamare
et al., 2017a]. The calculations presented in this work allowed to examine the effects of the black
carbon and volcanic ash deposited in the sea ice independently from the physical parameters of the
sea ice, that varied during the experiments.

The parameters used as inputs to performmodel calculations included thewavelength range, the
illumination azimuth and zenith angles, the thickness of the sea ice, the reflectance of the underlying
seawater and tank, the surface roughness, the phase function of the sea ice, the absorption coefficient
of ice and impurities, and the attenuation coefficient of the sea ice. The parameters were divided
into two groups: the fixed parameters obtained from empirical measurements or the literature, and
parameters that were varied to reproduce the experimentally measured sea ice.
A wavelength range of the data presented in this paper was set to 400–850 nm, for the computations
of black carbon in sea ice and 450–1000 nm for the volcanic ash. The wavelength ranges were
chosen to match the instrument outputs in the laboratory, which were limited by the output of the
illumination source. An interval of 50 nm was chosen as a compromise between computational
effort and resolution. However, the input files provided in the data repository (DOI:xx) allow users
to perform calculations for individual wavelength numbers in the range.
The illumination was fixed to a single quad centred over a zenith angle of 60 ° and an azimuth angle
of 180 ° to match the illumination zenith angle in the laboratory. The model is rotationally invariant
with the output being relative to the illumination azimuth angle, therefore an azimuth angle of 180 °
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was chosen arbitrarily.
The thickness of the sea ice was calculated from the temperature profile measurements described
in section 2.2. For the modelling of the clean sea ice, the lower boundary was set as the diffuse
lambertian reflectance of the seawater and tank. The reflectance measurements of the seawater and
the bottom of the tank were obtained fromMarks et al. [2017b], who measured the nadir reflectance
of the sea ice tank full of seawater in a diffuse illumination environment. When the layer of doped
sea ice was placed on the surface of the clean sea ice, the lower boundary of the model was input as
the full BRF of the clean sea ice layer with the underlying seawater and tank reflectance.
The phase function of the sea ice was calculated using the Heyey-Greenstein (HG) phase function
[Henyey and Greenstein, 1941]. The HG phase function describes the directionality of the scattering
within the sea ice, which is controlled by the asymmetry parameter, g. The asymmetry parameter
was fixed to a wavelength independent value of 0.98 [Marks and King, 2014; Lamare et al., 2016]
during this study. The asymmetry parameter has been shown to be insensitive to particle shape over
the visible spectrum of light Grenfell and Warren [1999], and was fixed for wavelengths < 1000 nm,
as suggested by Lee-Taylor and Madronich [2002] for snow.
The surface roughness parameter, which was varied to fit the observations, was implemented in the
model based on Monte Carlo statistical modelling described by [Mobley, 1994]. To generate rough
surfaces, a surface of equilateral triangles is constructed, with the nodes of the triangles having
a mean elevation of 0. The standard deviation of the elevation of the nodes, σ, controlling the
random distributed elevations is used to described the roughness amount. The roughness parameter
is scale invariant, as the distance between the nodes is fixed and the standard deviation of the height
is relative to the horizontal distance. Once the surface is mathematically constructed a ray tracing
simulation [Mobley, 1994] is applied to the surface, and path of the rays interacting with the surface
are calculated. The resulting ratio of reflected radiance to irradiance is averaged over 2000 random
surfaces, creating a statistical representative value for the surface. A refractive index of 1 was used
above the surface for air, and the refractive index of ice [Warren and Brandt, 2008] was used for the
sea ice. The surface roughness in this study was varied between σ = 0.01 and σ = 0.2, which, in the
case of surface features located 5 cm apart, would be equivalent to a standard deviation of the height
of the nodes equal to 0.5 mm and 1 cm respectively. The attenuation coefficient of the sea ice was
calculated as the sum of the absorption coefficient of the sea ice and impurities, and the scattering
coefficient of ice as:

α(λ) = aice (λ) + aimp (λ) + s, (4)

with aice (λ) the wavelength dependent absorption coefficient of ice, aimp (λ), the combined ab-
sorption coefficient of the impurities in the sea ice, and s, the wavelength independent scattering
coefficient of the sea ice. The absorption coefficient of pure ice was obtained from Warren and
Brandt [2008], and considered representative of sea ice, as described by Light et al. [2004]. The
impurities in the sea ice were considered to be absorbing only, and the scattering from the impurities
was disregarded. To model the clean ice in the sea ice tank, small quantities of black carbon were
added to the ice. The absorption coefficient of the black carbon, representing contamination from the
outdoor air circulating into the laboratory, was calculated using the mass absorption cross-section of
black carbon with a particle diameter of 0.13 µm found in Dang et al. [2015]. To model the black
carbon and volcanic ash placed in the surface layer of the sea ice, the absorption coefficient of the
artificial black carbon and volcanic ash were used, calculated from themass absorption cross-sections
presented in section 2.3. The mass-ratio of the impurities in the sea ice, and therefore the absorption
coefficient was varied to obtain the values from the measured data. The scattering coefficient of the
sea ice was tuned to derived the value of the sea ice for each experiment, as small differences in the
temperatures during the growth of the sea ice generated different fabrics.

For each experiment, the radiative-transfer modelling was performed in two stages. First, the
clean sea ice layer was reproduced in the model, based on the parameters described above. Small
amounts of black carbon, the scattering coefficient of the sea ice and the surface roughness were
varied to obtain the best fit (described below) between the model and the measurements. In a second
step, the calculations using PlanarRad were repeated to reproduce the BRF measurements of the sea
ice with a doped surface layer. The model was split into two layers: a bottom layer of sea ice with the
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same properties as the clean layer, and a top layer with a thickness of 5 cm, containing an additional
known mass-ratio of the impurities placed in the sea ice (described in section 2.3). The lower layer
was computed as the full BRF of the clean ice, using the best-fit parameters obtained in the first
model run, with the thickness of the sea ice measured during the second part of the experiment minus
the 5 cm surface layer to account for growth between the two experiments. The BRF was computed
with a varying solar zenith angle over the ten zenith angle quads (9 quads + polar cap), and compiled
into a single lower input parameter, used as a lower boundary condition in the model.

In order to obtain modelling results that best explain the parameters of the sea ice observed
in the laboratory, the combination of the input parameters was varying in multiples steps. A first
fit between the modelled and the measured data was assessed visually for the nadir BRF, using
realistic values for the scattering coefficient and the black carbon absorption coefficient. Once
the combination of parameters produced an approximate fit, the parameters were varied within a
narrowed range of values and the goodness of fit was quantitively evaluated. For each model run
with varying parameters, a reduced χ2 test was performed for the nadir data. The reduced χ2 test is
expressed as:

χ2 =
∑

i

(Oi − Ci )2

σ2
i

, (5)

with Oi the measured BRF values for the wavelength i, Ci the modelled BRF, and σi the standard
deviation of the measured nadir BRF. The reduced χ2 test, allowed different parameter combinations
to be compared, and the combination yielding the lowest value was considered to be the best fit. After
the best fit was obtained for the nadir BRF, the values between the modelled BRF and the measured
BRF were compared across the hemisphere. In order to be able to compare the quad-averaged
modelled BRF and the measured BRF sampled at discrete points over the hemisphere, the measured
BRF values were interpolated based on a natural neighbour triangulation method [Okabe et al., 1992]
and averaged over the same discretisation of the hemisphere as PlanarRad. The surface roughness,
which has been shown to strongly affect the BRF distribution of sea ice [Lamare et al., 2017a] was
varied, and the angular distributionwas assessed visually. When the surface roughness parameter that
provided the best fit of the BRF was found, the combination of parameters was iteratively assessed
using the reduced χ2 test at nadir.

3 Results

The results are presented in three sections: the measurements of the artificial sea ice in the
laboratory are presented, the radiative-transfer model outputs are compared to the experimental data,
and the modelled effects of impurities on the BRF of sea ice are shown.

3.1 Measured BRF of artificial sea ice

The average nadir spectral BRF of the clean sea ice measured in the laboratory is presented
in figure 3 for each experiment. Each experiment was conducted from open seawater, and therefore
represents a new sea ice. The nadir BRF spectra of the sea ice have the largest values at shorter
wavelengths , with a maximum value between 400 and 550 nm, and decrease at longer wavelengths.
A secondary maxima is observed between 840 and 850 nm. The spectral dependence of the nadir
BRF observed in the laboratory is similar to natural sea ice [Gerland et al., 1999], with a decreasing
BRF owing to the increased absorption of the ice at higher wavelengths. Over the different exper-
iments, the thickness of the sea ice grown in the laboratory was not constant, owing to differences
in the temperature of the laboratory and the number of days the ice was grown. In figure 3, the
nadir BRF spectra are not linear as a function of sea ice thickness, suggesting different ice optical
properties for the different experiments. Owing to the differences in the fabric of the sea ice, the
measurements were not directly comparable, requiring the modelling of the sea ice to characterise the
optical properties of the sea ice, and separate the effects of impurities in the sea ice from the differ-
ences in thickness and structure.Furthermore, larger changes are observed between 400 and 800 nm,
whereas the nadir BRF spectra remain within the uncertainties above 800 nm, except for the exper-
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iment 6, where the clean ice nadir is larger by a factor of 1.5 than the average of the other experiments.

Figure 4 shows the polar plots for the BRF of a clean sea ice layer with a thickness of 33.5
cm (experiment 1) at 500, 600, 700, and 800 nm. The figure shows the angular pattern of the BRF.
The BRF of the sea ice is homogenous across a large part of the hemisphere, with the exception of a
forward scattering peak located between viewing zenith angles of 60 and 75 °, and is symmetrically
distributed across the solar principle plane between azimuth angles of 345 and 15 °. Similarly to the
forward scattering peak, the BRF is almost symmetrical along the solar principle plane across the
entire hemisphere. The values of BRF outside of the forward scattering peak decrease consistently
with the nadir BRF as the wavelength increases. The values of the BRF for the forward scattering
also decrease as a function of wavelength, to a lesser extent than at nadir however. Indeed, the nadir
BRF decreases by 240% at nadir, whereas the maxima in the hemisphere decreases by 20 % over
the wavelength range 500–800 nm. A similar trend was observed for the HDRF of bare young sea
ice measured in an outdoor sea ice laboratory [Lamare et al., 2017b]. The difference in wavelength
dependance between the quasi-isotropic part of the hemisphere and the forward scattering peak
observed for the experiment 1 is representative for all the experiments presented in the present study.

The anisotropy of the BRF was compared for the 6 different clean sea ice experiments. The
ANIF of the clean sea ice for each experiment is shown in figure 5, for a wavelength of 550 nm.
Owing to the differences in the nadir values of BRF between the experiments, the ANIF was used to
intercompare the different sea ice types, whilst removing the spectral differences. The anisotropy of
the sea ice is distributed in a similar pattern across the different experiments. However, the intensity
and the size of the forward scattering peak on the hemisphere varied between the measurements.
The intensity of the forward scattering peak was a factor of 7.98 higher than nadir for the sea ice
grown during the experiment 2 and 4.8 during the experiment 3. A noticeable difference is observed
between the anisotropy of the sea icemeasured during experiment n 6 and the anisotropy of the sea ice
measured during the other experiments. The nadir BRF of the sea ice during experiment 6, shown in
figure 3 is equally higher than for the other experiments. Excessive surface roughness as well as sig-
nificant slush were observed during the experiment, due to a functioning issue with the refrigeration
system. Therefore, the clean ice layer was only fitted at nadir when compared to themodelling results.

Figure 6 presents the anisotropy factor for each experiment after the surface layer bearing
impurities was formed on the top of the clean sea ice. The results are not directly comparable to
each other or to the clean sea ice measurements owing to differences in the sea ice fabric and surface
roughness. However the figure underlines general trends, which may be indicative of the impurities
in the sea ice, and which are confirmed by the radiative-transfer modelling. Figure 6 shows that
intensity of the anisotropy of the doped sea ice is generally lower in the forward scattering peak for
the doped sea ice than for the clean sea ice. The black carbon experiments exhibit a similar pattern in
anisotropy compared to the clean sea ice, whereas for the larger mass-ratios of volcanic ash (figure 5
e and f; and figure 6 e and f) the forward scattering peak appears wider across the forward scattering
part of the hemisphere. However, there is no significant difference in the intensity of the ANIF for a
lower mass-ratio of volcanic ash.

The uncertainties of the measurements performed in the sea ice laboratory are assessed in
figures 7, 8, and 9. Based on the assumption that the BRF of sea ice is symmetrical along the
solar principal plane as it has been for snow [e.g. Hudson et al., 2006b; Dumont et al., 2010], and
as predicted by the theory used in the radiative-transfer modelling, the differences in the measured
BRF for symmetrical points on each side of the solar principal plane are considered to be due to
uncertainties linked to the measurements or to surface roughness. Indeed, the sea ice modelled with
the radiative-transfer code Planarrad to fit the measurements is computed with randomly orientated
surface roughness, maintaining symmetry on each side of the solar principal plane. However, the
surface roughness elements present in the artificial sea ice may have a dominant orientation, causing
asymmetry across the principal plane, and therefore introducing discrepancies between the modelled
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and the measured BRF.

Figure 7 shows BRF values for symmetrical points on each side the solar principal plane at
4 different wavelengths for the BRF measured during the experiment 1 for clean sea ice and doped
sea ice. A linear fit was applied to the measurement pairs for each wavelength and the coefficient of
determination, r2 was calculated. Figure 7a (clean sea ice) shows a similar r2 value for the 4 different
wavelengths, indicating the absence of a wavelength-dependent effect in the BRF measurements.
Furthermore, the r2 value is high for the clean sea ice measurement, with values between 0.96 and
0.979, indicating a good agreement between the two halves of the hemisphere. The r2 values for
the BRF of doped sea ice measured at 4 wavelengths, shown in figure 7b is lower than for clean ice
with r2 values between 0.818 and 0.835. Nevertheless, the r2 values are similar over the wavelength
range presented, confirming once again the absence of wavelength-dependent effects.

The measured BRF values for symmetrical points on each side of the solar principal plane for
each experiment are shown in figure 8 for a wavelength λ = 550 nm. For each experiment the values
measured for the clean sea ice and the doped layer are presented. Overall, the two halves of the
hemisphere are in good agreement, with the lowest r2 value being 0.807 for the experiment 1 with
doped sea ice, and the highest r2 value being 0.986 for the experiment 2 with clean ice. A majority
of the measurement points are located close to the identity line, and the largest mismatches between
symmetrical points are for the larger BRF values, indicating larger uncertainties around the forward
scattering peak, as shown below. In most cases, the linear fit of the BRF measurements is close to
the identity line, and the deviations from this line can be used as an indicator of the uncertainties of
the BRF measurements.

To better assess the spatial variability of the measurements across the hemisphere, the averaged
symmetrical points on each side of the solar principal plane are shown in figure 9, as well as the
±1 standard deviation. The data are represented as polar plots for each experiment with clean and
doped sea ice, with the upper part of the hemisphere of the polar plot showing the standard deviation
of the mean plotted in the lower half of the hemisphere. Confirming the results of figure 8, the
main differences between the two halves of the hemisphere are mainly located towards the forward
scattering peak. The higher standard deviations of the forward scattering peak may be explained
by the rapid change in intensity around the forward scattering peak, which are exacerbated by small
errors in the pointing accuracy of the laboratory goniometer, thus generating larger errors than for the
quasi-isotropic part of the hemisphere. Moreover Lamare et al. [2017a] have shown that the effects
of surface roughness are insignificant in the quasi-lambertian part of the hemisphere. Therefore, in
the case of oriented surface roughness, the effects would only be present in the forward scattering
peak. The polar plot of the standard deviation also highlights a number of spatial variations caused
by the interpolation of the measured points across the hemisphere, clearly distinguishable as circular
shapes outside the forward scattering peak. The level of confidence in the measurements, particularly
when performing a comparison with the modelled quantities, can be assessed using figure 9, which
highlights experiments with larger uncertainties (for example experiment 1b with a doped layer and
experiment 5a with clean sea ice).

Owing to the variability in the measurements of the sea ice discussed above, the measurements
of the artificial sea ice doped with impurities alone are not sufficient to characterise the effects of the
particulates on the BRF of sea ice. To elucidate the effects of the impurities over the variations in
the clean sea ice structure requires modelling. Therefore, radiative-transfer modelling was employed
to reproduce the measurements, based on the physical properties of the sea ice, to: 1) determine the
optical properties of the sea ice grown in the laboratory, and 2) investigate the effects of black carbon
and mineral aerosol deposits on the angular distribution of the reflected radiance of sea ice.
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3.2 Comparison with modelling results

In order to reproduce the BRF of the observed sea ice, values of the sea ice scattering co-
efficient and the absorption cross-section of black carbon were varied until a close visual fit was
observed. Once a close fit was obtained, the reduced χ2 was calculated for varying parameters in
small increments, until the lowest value was found. The results presented in the following section
were considered to be the best-fit for the measurements. For each measurement, the nadir BRF, the
BRF across the solar principle plane and the BRF across the hemisphere are presented and compared
to the model results for the clean sea ice layer and the doped layer. A summary of the optical
properties of the sea ice and the impurity mass-ratios are shown in table 1.

For all the experiments, the BRF of the clean sea ice at nadir shows a good agreement between
the measured and the modelled data across the wavelength range, except at wavelengths between 800
and 850 nm where for higher wavelengths, the model consistently underestimates the BRF (figures
10a, 11a, 12a, 13a, and 14a). All the calculations of the BRF at nadir below 800 nm, lie within the
uncertainty limits of the measurements, except for the clean ice measurements shown in figure 12,
where the model over-estimates the BRF at 550 and 600 nm. The values of the scattering coefficient,
shown in table 1 varied between 200 and 380 m−1 which is equivalent to a scattering cross-section
of 0.22 to 0.41 m2 kg−1. A comparison between the measured and modelled nadir BRF for experi-
ment 6 is shown in figure 14. As described in section 2, technical difficulties with the refrigeration
system entrained a different ice fabric during the measurements of the clean sea ice. To model the
rough surface with a visually whiter soft surface, a scattering coefficient of 600 m−1 was necessary.
Therefore, the reproduced BRF of the sea ice was not used as a lower boundary condition for the
doped layer, as it was not representative of the ice during the second part of the experiment. Instead,
the lower boundary was fitted iteratively, with a higher uncertainty in the results for experiment
6. The scattering cross-section values are similar to the values calculated by Marks et al. [2017b],
using a different radiative-transfer model. Small amounts of black carbon were added to the model
to account for particles being transported on the surface of the sea ice by the air pulled through the
cooling system from outside of the sea ice laboratory. A mass-ratio of 30 ng g−1 of black carbon was
found necessary to reproduce the measurements of the clean sea ice across the experiments, except
for the sea ice measured during experiment 5, where the best fit was explained by 10 ng g−1 of black
carbon.
The nadir BRF of the sea ice with a 5 cm surface layer of doped sea ice containing 68.6 ng g−1 of
black carbon and 2202.6 ng g−1 of volcanic ash are shown in figure 10a and 13a respectively. For the
sea ice with a doped surface layer, the model calculations were performed with a mass-ratio of 68
ng g−1 of black carbon and 2202.6 ng g−1 of volcanic ash. The modelled BRF of the clean ice layer
fitting the clean ice before the surface layer was added as a lower boundary condition. The scattering
coefficient of the 5 cm surface layer sea ice was then varied to fit the measurements. The model
calculations provide a good fit of the measured spectra for the volcanic ash, with BRF values below
the uncertainty limits of the measurements at 850 nm only. The modelled BRF of the layer of black
carbon on the sea ice however, underestimates the measurements at 850 nm and over-estimates the
BRF at 400 and 450 nm. In both cases, the surface layer of sea ice was shown to be more scattering
than the clean sea ice, with a calculated scattering coefficient of 600 m−1 versus 330 m−1 for the
clean ice in experiment 1, and 380 m−1 for the clean ice in experiment 5. The sea ice core taken after
the measurements with a doped surface layer revealed a 5 cm top section of granular sea ice, that
was less translucent, thus more scattering than the columnar sea ice observed below, confirming the
model calculations.

The BRF plotted along the solar principal plane in figures 10b, 11b, 12b, 13b, and 14b, at
a wavelength of 550 nm highlights a strong scattering peak in the forward direction for the higher
viewing zenith angles. The modelled BRF is in good agreement with the measurements across the
quasi-lambertian part of the solar principle plane. However, the model consistently over-estimates
the BRF values in the forward scattering peak. Although the BRF of the clean sea ice is accurately
reproduced by the model for the experiment 5, shown in figure 13, and the BRF values for viewing
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zenith angles between -70 and 40° are similar for the both the model output and the measurements,
the BRF of the forward scattering peak for the sea ice with a surface layer containing a mass-ratio
of 2202.6 ng g−1 of volcanic ash is not well reproduced by the model. The modelling results are
approximately a factor of 2 larger than the measurements. The discrepancy between the model and
the measurements is highlighted in figure 13c, where the measured forward scattering peak is lower
in intensity and diffused compared to the model. The BRF of the modelled layer of sea ice containing
68.6 ng g−1 of black carbon, provides a better fit of the observed data, with the quad located over a
viewing zenith angle of 70° being 25 % higher than the observation.

The BRF pattern across the hemisphere is presented for each experiment in figures 10c, 11c,
12c, 13c, and 14c. The modelled BRF is shown over the entire hemisphere, whereas the number
of BRF acquisitions in the lab were limited, as discussed in section 2.4 and 2.5. The outline of the
measured BRF was placed on the modelled BRF polar plots to facilitate comparisons. Overall, the
BRF pattern for sea ice is characterised by a quasi-lambertian response across the hemisphere and
a forward scattering peak, as described previously. For all the modelling results presented in this
study, a surface roughness of σ = 0.1 was used to describe the sea ice surface roughness. As shown
by [Lamare et al., 2017a], the surface roughness is a determining parameter in the width and position
of the forward scattering peak of the BRF of sea ice.

3.3 Effects of black carbon and mineral aerosol deposits on the BRF of sea ice

To investigate the effects of black carbon and mineral aerosol deposits on the BRF of sea ice,
the individual effects were considered separately from the other parameters affecting the BRF. To
do so, the properties of the sea ice were fixed in the model, and the mass-ratios of black carbon and
volcanic ash were varied.
Figure 15 presents the calculated values of BRF for a 50 cm sea ice layer, with an underlying diffuse
reflectance of 0.1 (representing optically thick seawater), and a scattering coefficient of 300 m−1.
The black carbon absorption coefficient calculated for the particles placed in the artificial sea ice
with Mie theory was used. The absorption coefficient of the black carbon is almost flat across the
visible wavelength spectrum, and therefore the spectral dependence of the reduction in the BRF of
sea ice with an increasing mass-loading of black carbon is governed by the absorption of the sea
ice. The BRF computations using PlanarRad show that the absorption by black carbon in the sea ice
is wavelength dependent, reducing the BRF at shorter wavelengths (where the signal is dominated
by the sea ice scattering) more than at larger wavelengths (where the ice absorption dominates the
signal). In the case of black carbon with an absorption cross-section of 2.97 m2g−1 at 550 nm, 10 ng
g−1 of black carbon evenly distributed in the sea ice reduce the BRF of a 50 cm thick multi-year sea
ice by 4 % at 500 nm and 2.5 % at 800 nm. A mass-ratio of 50 ng g−1 of black carbon reduces the
BRF by 18% at 500 nm and 11% at 800 nm. Mass-ratios above 100 ng g−1 are rarely found in the
arctic, however mass-ratios up to 5000 ng g−1 are presented for completeness.
As shown in figure 16, the nadir BRF of sea ice is less sensitive to volcanic ash mass-loadings,
as it has previously been shown in the literature [Lamare et al., 2016]. The spectral shape of the
absorption coefficient of the volcanic ash particles is more pronounced than the black carbon, with an
enhanced absorption at shorter wavelengths. Therefore, even at larger mass-loadings, the nadir BRF
of sea ice is negligeably reduced beyond 800 nm, compared to shorter wavelengths. In comparison to
the black carbon, 10 ng g−1 of volcanic ash in the sea ice reduce the BRF of a 50 cm thick multi-year
sea ice by 0.13 % at 500 nm and 0% at 800 nm. A mass-ratio of 500 ng g−1 of volcanic ash, which
may be found after a punctual deposition event, reduces the BRF by 12% at 500 nm and 0.91% at
800 nm.

In figure 17, polar plots of the BRF of the sea ice described above, with varying mass-ratios of
black carbon and volcanic ash are presented. The change in the nadir BRF for increasing amounts
of impurities, shown in figures 15 and 16 is representative of the change in the BRF across the
quasi-lambertian part of the hemisphere. However, the reduction in BRF for the forward scattering
peak is lesser, with an increase in the anisotropy for higher mass-loadings of particulates. In contrast
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to the measurements of the BRF of the artificial sea ice, the increase in mass-loading of impurities
does not affect the shape of the forward scattering peak, which remains spread over the same number
of quads regardless of the mass loading.

4 Discussion

In the following section the effects of impurities on the BRF of sea ice are discussed, and the
limitations of the study are assessed.

4.1 The effect of impurities on the BRF of sea ice

4.1.1 Black carbon

The effects of black carbon aerosol deposits on the nadir reflectance of sea ice have been well
characterised, showing a strong reduction in reflectance across the visible wavelengths as the black
carbon mass-loading increases. The light absorption by the black carbon is more pronounced in the
visible than the infrared wavelengths owing to the strong absorption of sea ice in the infrared. The
results presented in this paper show a similar trend in the BRF at nadir. However, the reduction in
BRF induced by the black carbon in the sea ice is not homogenous across the viewing angles in the
hemisphere. The directional dependence of the BRF of sea ice to black carbon is much larger outside
of the forward scattering peak than for the forward scattering peak.

In order to reproduce the BRF of the clean sea ice with the radiative-transfer model, small
quantities of black carbon in the sea ice were necessary. The model calculations estimated between
10 and 30 ng g−1 of black carbon to be present in the clean sea ice. The authors consider the
mass-loading to be realistic, as the sea ice laboratory is located near a car parking area, close to an
international airport and major traffic routes.

The Monarch 120 black carbon sample used in the laboratory to mimic atmospherically
deposited black carbon, is a gas soot produced by the combustion of hydrocarbons [Muckenhuber
and Grothe, 2006]. Monarch 120 has previously been used in laboratory studies as an experimental
analog for atmospheric black carbon / soot to inter-compare methods for the measurement of black
carbon [Hitzenberger et al., 1999; Sadezky et al., 2005], and to study the radiative effects of black
carbon / soot in snow or sea ice [Brandt et al., 2011; Zender et al., 2009; Marks et al., 2017b]. The
commercial soot was used as an equivalent of the discontinued Monarch 71 from Cabot Corporation,
for which the optical properties were characterised [Clarke et al., 1967; Clarke and Noone, 1985],
and used byGrenfell et al. [2011] to calibrate integrating-sandwich spectrophotometer measurements
of impurities in snow and ice. In this study, the mass absorption coefficient of Monarch 120 was
considered to be within the range of black carbon values typically found in Arctic sea ice or snow.
The calculated MAC value of the samples used was found to be similar to the values of the MAC of
black carbon reported by Dang et al. [2015], as described in section 2.3. However, the black carbon
deposits found in Arctic snow and sea ice originate from numerous sources and vary in composition.
The black carbon deposited on the snow or sea ice surface is removed from the atmosphere by dry
or wet deposition, the latter being the dominant process in the Arctic, totaling over 90% of the
overall deposition [Dou and Xiao, 2016]. The deposited carbonaceous aerosols vary in provenance
and therefore are made up of short range and long range transported particles. Today, uncertainties
still remain on the exact provenance of the black carbon deposited in the Arctic. Early studies
designated anthropogenic sources as the main contributor to black carbon transport to high latitudes,
but later biomass burning was identified to be a significant contribution [Hegg et al., 2009]. Based
on the Goddart general circulation model, Koch and Hansen [2005b] suggested that 20% of the
Arctic soot found in the Arctic is from industrial and biofuel emissions from south Asia. However,
Shindell et al. [2008] showed that the aerosols found at surface level in the Arctic are mainly from
European emissions, whereas East Asian emissions are found higher in altitude. Stohl et al. [2007]
showed that high concentrations of carbonaceous material, which was shown to be a combination
of elemental carbon and organic carbon, were found in the European Arctic, following emissions
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from agricultural fires in the Baltic countries in 2006. Indeed, fires, including agricultural fires or
forest fires have been shown to be a major source of black carbon [Lavoue et al., 2000; Paris et al.,
2009] present in the Arctic, which has a strong radiative impact on the climate through deposition
on snow [Flanner et al., 2007; Paris et al., 2009]. A modelling study of particule trajectories in
the atmosphere proposed by Stohl [2006], indicates that fire may be the primary source of black
carbon transport to the Arctic in the summer. Popovicheva et al. [2017] argue that approximately
50% of the black carbon found north of 60°N originates from flaring of gas associated with oil
production. Black carbon quantities measured in studies often refer to black carbon as a generic
term black carbon equivalent matter, owing to the differences in the size distribution, shape, coating
and therefore the optical properties of the particles, which depend on the source and the distance
from it. As they are first emitted, carbonaceous particles are formed of agglomerates of primary
spherules [Bond and Bergstrom, 2006]. As the particles age or are wetted, the particles collapse to
form aggregates [Bond and Bergstrom, 2006, and references therein] which changes the absorption
and scattering values of the particles. Owing to the variability in size and optical properties of
black carbon found in the atmosphere, Bond and Bergstrom [2006] suggest that the mass absorption
coefficient of black carbon may vary by a factor of 4. The value of the mass absorption coefficient
of the Monarch 120 used in the present study was 2.78 m2g−1 at a wavelength λ = 550 nm, which is
approximately a factor 2.5 lower than the value of 7.5 m2g−1 recommended by Bond and Bergstrom
[2006] and Flanner et al. [2007]. However, the values of the mass absorption coefficient of black
carbon in global models range from 2.3 to 18 m2g−1 [Bond et al., 2013, and references therein],
meaning that the experimental black carbon used in this study is on the lower end of the the range
used by the modelling community. Although the mass absorption coefficient of the black carbon
used in the laboratory was lower than typical values found in the Arctic, the experimental black
carbon allowed to validate the radiative-transfer calculations, and provide insight on the effects of
black carbon on the BRF of sea ice. For more specific applications, such as fitting field observations
or parameterising general circulation models, the authors recommend running the model with black
carbon values adapted to each situation.

4.1.2 Volcanic ash / mineral aerosols

The modelling results of the effects of volcanic ash on the BRF of sea ice highlight the
difference in the spectral response in comparison to black carbon at nadir. The volcanic ash exhibits
an enhanced absorption at shorter wavelengths, and is less absorbing at larger wavelengths. Indeed,
for mass-ratios between 1 and 1000 ng g−1, the decrease in the BRF of doped sea ice is less than
0.03 above 650 nm, whereas at 450 nm, the reduction in BRF reaches 0.1. The characteristic signal
from the absorption cross-section of minearal dust is clearly visible in figure 16 [Lamare et al.,
2016], contrasting with the flat response of black carbon. However, the modelled BRF of the entire
hemisphere for sea ice containing black carbon or volcanic ash (figure 17) have a similar distribution
across the hemisphere. The anisotropy of the BRF in response to mass-loadings of black carbon and
mass-loadings of volcanic ash is similar, although for sea ice doped with volcanic ash, a mass-ratio
of a factor of 10 higher is necessary to obtain similar BRF values to sea ice doped with black carbon.
On the other hand, the measurements of the BRF of the laboratory sea ice doped with volcanic
ash deposits in the surface layer suggest that the forward scattering peak is subdued and spread
out in comparison to the BRF of clean sea ice and sea ice doped with black carbon. The observed
discrepancy between the measurements and the modelling may be explained by a change in the fabric
of the sea ice between experiments owing to the change in environmental conditions caused by a
reduced heat flux from the refrigerator plant [Marks et al., 2017b]. This explanation is supported by
figure 5, which shows a weaker forward scattering maxima for the clean sea ice in experiment 6.

The sample of volcanic ash collected close to the Eyjafjallajökull volcano in Iceland was
ground in a vibrating mill to achieve a typical aerosol size distribution of long-range transported ash,
and an average particle diameter of 0.83 µm was obtained for the samples used in this study. The
value is representative of fine particles found in long-range transported aerosols, and fits within the
values measured in the literature across polar sites, inventoried by Zdanowicz et al. [1998]. However,
the mean particle size used in the laboratory was approximately a factor of two smaller than dust
samples measured on the Penny Ice Cap by Zdanowicz et al. [1998], which may be explained by
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rapid transport of Saharan dust despite the distance, and highlighting the variability of mineral
aerosol deposit sizes found in the Arctic. Obtaining representative values of the optical properties of
volcanic ash is particularly difficult, as the variability in the size distribution of the particles and the
mineral composition lead to a wide range of optical properties. Indeed, measurements of volcanic
ash particles from the Eyjafjallajökull eruption in 2010 found in the literature show an important
variability in the size distribution and optical properties of the ash: Johnson et al. [2012] measured
aerosols approximately 1200 km from the source from the FAAM aircraft, with particles distributed
around 0.1–0.6 µm and 0.6–35µm and extinction coefficient values of 0.45–1.06 m2g−1 at 550 nm;
Turnbull et al. [2012] performed measurements over the southern North Sea, showing a wide range
of ash concentrations with diameters distributed around 0.2 µm for the fine mode and 4 µm for the
coarse mode, and extinction coefficients between 0.6 and 0.8 m2g−1 at 550 nm. Newman et al.
[2012], based on the measurements performed by Turnbull et al. [2012] calculated a mass absorption
coefficient of 0.035 m2g−1 at 550 nm for Eyjafjallajökull ash, which is approximately three times
less absorbing than the volcanic ash prepared in the laboratory presented in this study, that has a
mass absorption coefficient of 0.11 m2g−1 at 550 nm. Furthermore, as detailed in Lamare et al.
[2016] the shape of the mineral particles has an effect on the absorption and scattering properties
of the particles, impacting the response of the scattered light from the doped sea ice. However,
the modelling study performed by Newman et al. [2012] showed that for Eyjafjallajökull ash, the
optical properties are not particularly sensitive to assumptions of irregular or spherical particles.
Although the variability of the volcanic ash optical properties is important, the mass absorption
coefficient values of the samples used in this study are considered to be within the range of values
of mineral aerosols deposited in the Arctic, and are in agreement with the values suggested by Dang
et al. [2015]. Furthermore, as shown in Lamare et al. [2016] the change in the values of absorption
cross-section of the mineral aerosol deposits only has little effect on the albedo for most sea ice types,
with the differences in the optical properties of the sea ice types introducing larger changes than the
differences in the optical properties of the mineral ash / dust. Thus, the Eyjafjallajökull ash sample
was considered to be an acceptable proxy for mineral aerosol deposits. Nevertheless, as suggested
for black carbon, the radiative-transfer model can be run with different mass absorption coefficient
values, and therefore the authors recommend the input of specific mineral aerosol mass absorption
coefficient data for specific applications of the model.

4.2 Model uncertainties

The calculations of the absorption of the impurities in the sea ice was based on Mie calcula-
tions. The size distributions of the black carbon and volcanic ash were obtained by observing trapped
particles on a filter in an SEM. The Mie calculations relied on the assumption that the particles were
spheres. The results have show a better agreement between the model and the measurements for the
black carbon particle than for the volcanic ash. Although, the volcanic ash particles were determined
to be spherical-like from the SEM image analysis, the discrepancy between the shape of the forward
scattering peak in the model and the measurements for the experiments with a mass-loading of
volcanic ash suggests that the particle shape affects the forward scattering peak. However, although
the absorption cross-section may be adjusted for basic shapes [Bohren and Huffman, 1983], previous
studies have shown that the non sphericity of particles is complex to model [Nousiainen, 2009].

The black carbon modelled in the sea ice to obtain a fit of the clean sea ice measurements
was assumed to be evenly distributed throughout the sea ice. Owing to the air circulation, it is
more likely that the particles were deposited on the surface of the sea ice. However, Lamare et al.
[2016] have shown that layer of impurities in the sea ice have a similar effect on the albedo of snow
than if the impurities are evenly distributed throughout the pack. Here, a similar assumption was
made. Furthermore, Marks et al. [2017b] discuss the possibility of the black carbon particle being
transported throughout the sea ice layer, via the brine channels, which mitigates further the effects
of the layering of the black carbon.
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During the experiments, roughness features were observed on the surface of the sea ice. The
surface roughness was modelled in PlanarRad, based on a random mathematical surface realisation.
The surface roughness is used as a tuning parameter in the model to fit the observations, controlling
the intensity and width of the forward scattering peak in the hemisphere. A quantitative assessment
of the surface roughness during the measurements was not performed. Therefore, the determination
of the role of the surface roughness versus the volcanic ash on the diffusion of the forward scattering
peak of the BRF for volcanic ash loadings observed during the measurements is complex. Further
investigations of volcanic ash particles in sea ice grown with a smooth surface are recommended.

To enable the comparison between the measurements of the BRF across the hemisphere and
the modelling results, the BRF was averaged over the model quad discretisation of the hemisphere.
The interpolated measurements over discrete points on the hemisphere underline rapid changes in
intensities around the forward scattering peak. By averaging over quadrilateral regions of 10 × 15°,
a loss in the definition of the forward scattering peak is observed. Furthermore, the discrete mea-
surement points across the hemisphere were interpolated, then quad averaged. The averaging of
the interpolated data may introduce errors, particularly for quad which have a limited number of
measurement points. Although, the model is able to characterise the overall pattern of the angular
distribution of reflectance, a better resolution would provide more accurate data at higher zenith
angles. However, for the part of the hemisphere outside the forward scattering peak direction, the
lack of resolution of the model is not critical, owing to the simile-lambertian response of the sea ice.
Furthermore, the discretisation was constrained by the computational resources available during this
study, and the resolution can be adjusted in the model parameter files.

When fitting the observed BRF of the sea ice using the radiative-transfer model, the thickness
of the sea ice was used as a constraining parameter. The thickness of the sea ice was determined
using a thermocouple array attached to a PTFE rod placed in the sea ice tank, by observing the
discontinuity of the temperature profile. Owing to the size of the sea ice tank, measurements of the
sea ice coring were not possible, as the core hole would have affected the multiple scattering within
the sea ice, which in turn would have affected the BRF measurements. The thermocouples were
placed every 4 cm in the upper part of the tank, which was a compromise between the interval and
the coverage over the depth of the tank. Furthermore, the thermocouple rod may have introduced
small errors in the measurements, with ice growth on the rod. However, the profiles were compared
to the lengths of the ice cores drilled after each experiment, and the temperature profiles were found
to be consistent with the sea ice thickness in the centre of the tank. Small changes in the thickness
of the sea ice which may have occurred, affect the spectral BRF in a similar manner to a changing
scattering coefficient. The effect of small changes in thickness on the scattering coefficient of the ice
will be investigated in the future.

5 Conclusions

The measurements of the BRF of artificial sea ice doped with black carbon and volcanic ash
were performed in a sea ice laboratory, using a goniometer. The sea ice exhibited similar character-
istics to natural sea ice, with a strong forward scattering maxima, located around the solar principle
plane at viewing zenith angles similar to the illumination zenith angles. The optical properties of the
sea ice were calculated by comparing the results from a radiative-transfer model to the measurements.
The model study used the physical properties of the sea ice, combined with knowledge of the optical
properties of the black carbon and volcanic ash particles to perform the BRF calculations. The scat-
tering coefficients derived were in agreement with previous laboratory measurements [Marks et al.,
2017b] and representative ofmulti-year sea ice. For all the comparisons, themodel over-estimated the
BRF in the forward scattering peak, with much larger absolute differences in the forward scattering
peak than across the rest of the hemisphere. Furthermore, the model provides a better representation
of the BRF of sea ice containing black carbon particles than the BRF of sea ice with volcanic ash
deposits. The angular distribution of the errors between the modelled and measured BRF of the sea
ice containing volcanic ash particles suggests that the assumption of spherical particles in the Mie
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calculations for the volcanic ash do not hold true. Further work investigating the effects of shaped
particles on the BRF of sea ice is necessary.
The results improve the radiative-transfer modelling of the directional reflectance of sea ice, by vali-
dating the modelling results with empirical measurements. The comparison between the laboratory
measurements and the modelling showed that the radiative-transfer model may be used to derive the
optical properties of sea ice. The model workflow allows for the combination with an independent
atmospheric radiative-transfer model, providing a useful tool for the remote sensing community
interested in sea ice.
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Table 1. Recapitulation of the experiments performed in the sea ice laboratory, the physical properties of the
sea ice, and the optical properties of the sea ice derived from the radiative-transfer calculations.

Experiment number Type of impurity added to
the upper layer of sea ice

Mass-ratio of the impurities in
the top layer / ng g−1

Thickness of the sea ice
(Clean run/ Poisoned run) / cm

Scattering coefficient of
the clean sea ice / m−1

Mass-ratio of black
carbon in the clean sea ice

/ ng g−1

1 Black carbon 68.6 33.5 / 36 330 30

2 Black carbon 34.3 40 / 44 300 30

3 Black carbon 205.9 28 / 33 200 30

4 Volcanic ash 550 27.5 / 32 310 20

5 Volcanic ash 2202.6 35 / 46 380 10

6 Volcanic ash 5506.6 36 / 43.5 600 30

Figure 1. The laboratory goniometer on the surface of the artificial sea ice.
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Figure 2. Polar plot of the typical acquisition angles of BRF over the hemisphere. The illumination azimuth
angle was set to 180° out of convention. The red circle symbolises the fixed illumination angle (φi = 180°, θi
= 60°) for the campaign. The left half of the polar plot represents light being scattered in a backward direction
and the right part of the plot represents forward scattering.

Figure 3. Nadir BRF of the clean sea ice measured in the laboratory with the goniometer. Experiments 1,2,
and 3 were performed with the Ocean Optics spectrometer for the black carbon experiments, and experiments
4,5, and 6 with the ASD spectrometer for the volcanic ash experiments. The shaded areas represent ±2σ.
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Figure 4. Measured BRF of clean sea ice in the laboratory for wavelengths 500, 600, 700 and 800 nm. The
illumination angle was φ = 180°, θ = 60°.
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Figure 5. ANIF of the BRF of the clean sea ice measured (λ = 550 nm) in the laboratory during the
different experiments, with varying sea ice thicknesses. a) Experiment 1, 33.5 cm, b) Experiment 2, 40.0 cm, c)
Experiment 3, 28.0 cm, d) Experiment 4, 27.5 cm, e) Experiment 5, 35.0 cm, f) Experiment 6, 36.0 cm. Note
that the colorbars have different scales for each ANIF.

Figure 6. ANIF of the BRF of the sea ice with a surface layer dopedwith impurities measured in the laboratory
during the different experiments, with varying thicknesses and mass-ratios of black carbon or volcanic ash. a)
Experiment 1, 36.0 cm, 68.5 ng g−1 of black carbon, b) Experiment 2, 44.0 cm, 34.3 ng g−1 of black carbon, c)
Experiment 3, 33.0 cm, 205.9 ng g−1 of black carbon, d) Experiment 5, 32.0 cm, 550 ng g−1 of volcanic ash,
e) Experiment 5, 46.0 cm, 2202.6 ng g−1 of volcanic ash, f) Experiment 6, 43.5 cm, 5506.6 ng g−1 of volcanic
ash. Note the different scale for subfigure d).
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Figure 7. Scatter plot of measured BRF values for symmetrical points on each side of the solar principal
plane at wavelengths 500, 600, 700, and 800 nm for a) experiment 1 with clean sea ice, b) experiment 1 with
doped sea ice. A linear fit was performed for each dataset - the equations and r2 values are indicated within the
figure. The black dotted line represents x=y.
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Figure 8. Scatter plot of measured BRF values for symmetrical points on each side of the solar principal
plane at a wavelength λ = 550 nm for a) experiment 1, b) experiment 2, c) experiment 3, d) experiment 4, e)
experiment 5, f) experiment 6. The blue dots represent measurements performed for a clean sea ice, and the red
dots represent measurements performed for the doped sea ice. A linear fit was performed for each dataset - the
equations and r2 values are indicated within the figure. The black dotted line represents x=y.
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Figure 9. Mean BRF at λ = 550 nm of the measured artificial sea ice. The numbers in the figure indicate the
number of the experiment, for a) clean sea ice, and b) sea ice with a doped layer. The bottom half of the polar
plots represents the mean of the symmetrical points of the two half hemispheres along the solar principal plane.
The top half of the polar plots represents the standard deviation of the mean.
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Figure 10. Comparison between the measured BRF and the modelled BRF for experiment n°1, where a
surface layer containing 68.6 ng g−1 of black carbon was added. The clean sea ice was 33.5 cm thick, and
the sea ice with a doped layer was 36.0 cm thick. a) Nadir BRF. The modelled BRF is shown as points at
the calculated wavelengths, and a line was added to help the visualisation. The grey shaded area around the
measured BRF spectra represents ±2σ. b) BRF across the solar principle plane plotted for a wavelength,
λ = 550 nm: the negative numbers represent the backscattering part of the plane and the positive numbers, the
forward scattering part of the plane. The vertical blue lines mark the zenith bounding lines of the quads over
which the values were averaged. c) BRF across the hemisphere at a wavelength, λ = 550 nm, averaged for each
quad. The BRF measurements (bottom left of each pane) are presented in the same format as the model output
(bottom right of each panel) for ease of comparison. The outline of the measured quads is plotted on the model
output to guide the eye. The values of the quads lying outside of the color scale range are indicated in black
over each concerned quad.
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Figure 11. Comparison between the measured BRF and the modelled BRF for experiment n°2. The clean
sea ice was 40.0 cm thick. See caption of figure 10 for more details.
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Figure 12. Comparison between the measured BRF and the modelled BRF for experiment n°3. The clean
sea ice was 28.0 cm thick. See caption of figure 10 for more details.
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Figure 13. Comparison between the measured BRF and the modelled BRF for experiment n°5, where a
surface layer containing 2202.6 ng g−1 of black carbon was added. The clean sea ice was 35.0 cm thick, and
the sea ice with a doped layer was 46.0 cm thick. See caption of figure 10 for more details.

Figure 14. Comparison between between themeasured nadir BRF and themodelled nadir BRF for experiment
n°6. The clean sea ice was 36.0 cm thick. The BRF across the hemisphere was not modelled owing to the
particularity of the layer during the measurements.
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Figure 15. Nadir BRF of a clean sea ice layer with a varying mass-ratio of black carbon. The ice was
modelled with a thickness of 50 cm, a underlying diffuse reflectance of 0.1, and a scattering coefficient of 300
m−1 for an illumination zenith angle of 60 ° and a wavelength range 400–850 nm. The mass-ratio of black
carbon distributed throughout the sea ice was varied between 0 ng g−1 and 5000 ng g−1.

Figure 16. Nadir BRF of a clean sea ice layer with a varying mass-ratio of volcanic ash. The ice was modelled
with a thickness of 50 cm, a underlying diffuse reflectance of 0.1, and a scattering coefficient of 300 m−1 for
an illumination zenith angle of 60 ° and a wavelength range 400–850 nm. The mass-ratio of volcanic ash
distributed throughout the sea ice was varied between 0 ng g−1 and 10000 ng g−1.
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Figure 17. BRF of a clean sea ice layer with varying mass-ratios of black carbon and volcanic ash. A fixed
sea ice layer was modelled with a thickness of 50 cm, a underlying diffuse reflectance of 0.1, and a scattering
coefficient of 300 m−1 for an illumination zenith angle of 60 °. The results are presented here for a wavelength,
λ = 550 nm. The mass-ratio of the black carbon was varied between 0 ng g−1 and 5000 ng g−1, and the
mass-ratio of the volcanic ash was varied between 0 ng g−1 and 10000 ng g−1.
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Supplementary information

Artificial sea ice thickness

The following figure shows the temperature profiles measured during each experiment
in the sea ice laboratory, on the day the BRF measurements were performed. The plots
are categorised by experiment with the blue lines representing the profile of the clean
sea ice, and the red lines representing the temperature profile of the same clean sea ice
with an additional 5 cm surface layer of impurity bearing sea ice. The horizontal dashed
lines mark the change in gradient of the temperature profile, which was used as an indi-
cator of the sea ice / seawater interface. The change in gradient of the profile is clearly
marked for most of the measurements, defining the sea ice thickness. However, for pro-
files with a smoother transition (profile 4b, 5b, and 6a) between the linear temperatures in
the seawater and the rapidly changing temperatures in the sea ice, the sea ice thickness
was obtained with higher uncertainties. Indeed, the calculated sea ice thickness varies
depending on the position of the transition considered to represent the water / ice inter-
face. An example of the possible interpretations is plotted for experiment 5, where the
sea ice thickness may lie between 42.0 and 49.5 cm. The average thicknesses of the upper
and lower boundaries of the transition were used in the modelling study, presented in
this chapter.
Note the unusual shape in the temperature profile for the experiment 4a. The tempera-
ture profile was measured after the BRF measurements was acquired. The blue line in
the plot highlights the warmer surface of the sea ice owing to the heat generated by the
tungsten-halogen lights.
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FIGURE 7.1: Temperature profiles in the sea ice simulator tank for each
BRF measurement.
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ABSTRACT

Measurements of the Hemispherical Directional Reflectance Factor (HDRF) of 13 cm thick first-year sea ice were performed at
the Sea-ice Environmental Research Facility (SERF) at the University of Manitoba, Canada. The HDRF data were acquired with
the Gonio Radiometric Spectrometer System (GRASS) over a wavelength range of 400–1700 nm and over the viewing azimuth
angles 0–360◦ and viewing zenith angles 0–60◦. The measurements constitute the first full HDRF in-situ characterisation for
bare first-year sea ice surfaces. The averaged HDRF was shown to be quasi-isotropic over the hemisphere, except for a strong
forward scattering maxima (hotspot), centred over the solar zenith angle and 180◦ from the solar azimuth angle. The intensity
of the HDRF measured at the hotspot were a factor of ten larger than at nadir over the measured wavelength range and
showed less wavelength dependence than for nadir. Variations in the HDRF values outside the hotspot were negligible. The
BRF of the first-year sea ice was simulated with the PlanarRad radiative-transfer model. By varying the parameters affecting
reflectance in the sea ice and comparing the model outcomes to the measured data, a light scattering coefficient of 150 m−1

was determined for the sea ice at SERF, with particulate mass-ratios of 200 ng g−1 of black carbon and 10 mg m−3 of algae.
The optical properties of the sea ice estimated with the model are typical of first year sea ice. The modelled BRF reproduced
the measured HDRF pattern.

Introduction

Changes in the shortwave surface albedo of sea ice significantly impact the global climate system through the positive-feedback
effect1–4. A shift in the type of sea ice present in the spring and summer in the Arctic, from thick multi-year sea ice to thin
first-year sea ice has been observed over the past decades5–7, impacting the energy budget of the sea ice cover. Indeed, the
shortwave spectral albedo has been shown to be smaller for first-year sea ice than for multi-year sea ice8–11, and the thinning
of the ice12–14 contributes to an increase in the absorption of solar radiation, as more light is transmitted through the ice15

and absorbed by the underlying ocean. Observations of the drivers of radiative forcing are essential to provide insight into
the rapid transformations on-going in polar regions16–18. Satellite remote sensing is widely used to monitor the temporal and
spatial variability of the albedo of sea ice over vast polar expanses19–23. Although advances in remote sensing technology have
facilitated the acquisition of multi-angular data24, observations of the surface of the Earth are limited to a discrete number of
narrow viewing geometries, defined by the solar zenith angle (SZA), the viewing zenith angle (VZA) and the relative azimuth
angle between the sun and the sensor25. Owing to the anisotropy of the reflected radiation above sea ice26, knowledge of the
bidirectional reflectance distribution function (BRDF), which describes the angular distribution of reflectance, is necessary to
normalise the radiance observed at different viewing angles and derive surface properties such as albedo. Field measurements
of the angular reflectance provide empirical data that may be used as input parameters for BRDF models deriving surface
albedo27, 28, or validate the performance of satellite BRDF algorithms29, 30.
In practise, field BRDF measurements are not achievable, as the definition of BRDF relies on radiance being measured with
an infinitely small solid angle31, 32. The bidirectional reflectance factor32 (BRF) is a measurable quantity that is commonly
used to describe the angular reflectance pattern of a surface. However, BRF relies on direct illumination only and does not
account for the diffuse illumination provided by the atmosphere. Because of the technical difficulties linked to measuring
BRF, field measurements report the hemispherical–directional reflectance factor (HDRF), which, for clear skies, provides an
approximation for BRF33. HDRF, that accounts for direct and diffuse illumination can be expressed as32:

HDRFλ (θr,φr,2π,θi,φ i) =
Lλ (θr,φr,2π;θi,φ i)

Lid
λ (θ i,φ i,2π)

, (1)



where Lλ is the spectral radiant flux of the measurement surface and Lid
λ is the spectral radiant flux of an idea Lambertian target in

the viewing azimuth angle φr and zenith angle θr, with the azimuth and zenith illumination angles, respectively φi and θi. Most
instruments measuring reflectance anisotropy do so with a finite field of view, resulting in the hemispherical-conical reflectance
factor (HCRF), described in Schaepman-Strub et al.32(eq. 16). In this work, the radiance measure across the field of view of the
sensor was considered isotropic and therefore measurements are referred to as HDRF34, 35. The BRF / HDRF of snow on sea
ice has been previously characterised through field measurements and modelling studies36, 37 and the BRF of bare sea ice has
been modelled38–40. However, field measurements of the HDRF of bare sea ice, and in particular first-year sea ice are scarce41, 42.

In this study, the first complete HDRF measurements of thin first-year sea ice are presented. The HDRF acquisitions
were carried out at the out at the Sea-ice Environmental Research Facility (SERF) located at the University of Manitoba,
Winnipeg, Canada, using the Gonio RAdiometric Spectrometer System (GRASS). The physical properties of the sea ice
observed during the measurements were used to simulate the BRF of first-year sea ice with a radiative-transfer model. By fitting
the observational data, the scattering coefficient of the sea ice and impurities content (black carbon and algae) was derived.

Methods

Experimental site
SERF features an outdoor pool of 18.3 m long, 9.1 m wide and 2.6 m deep, filled with artificial seawater that replicates the
chemical composition of natural seawater53. A detailed description of the facility can be found in Else et al54. Over the course
of the experiment described in this study, the average water salinity recorded was 30.84 practical salinity units (PSU). The
seawater in the pool is exposed to the ambient outdoor temperatures and freezes in the winter, forming sea ice. Measurements
were performed during the second experiment of the 2016 campaign season, between the 16th February and 28th February
2016. The sea ice was formed from open water as of the 9th February 2016, when the heating system in the pool was turned
off. At the start of the measurements, the ice in the SERF pool had grown to a thickness of 13 cm. Daily sea ice coring was
performed, using a Kovacs Mark II coring system to assess the thickness of the sea ice. Owing to daily air temperature ranging
from -11 to -0.18◦C, the sea ice did not grow further, with an average thickness of 13.06 cm throughout the sampling campaign.
A retractable roof was placed over the pool, during major snowfall events, to keep the sea ice snow-free for the duration of
the measurements. A small snow fall event occurred on the 22nd February 2016, depositing approximately 0.5 cm of snow on
the surface of the ice. The irregular deposition of snow was manually cleared the next day to maintain a bare sea ice surface.
Because HDRF measurements require clear skies, acquisitions were limited by the atmospheric conditions. The sky conditions
were monitored using a GoPro digital camera with a diagonal field-of-view of 149.2◦. Only measurements without the presence
of cumulus and less than 10% (visual assessment) cirrus were kept in this study. Because of a high number of overcast days,
four complete sets of HDRF were measured over the duration of the experiment, on the 21st, 25th and 26th February 2016.
The inter-calibration of the optics on GRASS (described in Instrumentation section) was destructive to the surface, therefore
GRASS was displaced after each set of HDRF measurements. To avoid the influence of the sides of the pool, GRASS was kept
as close to the centre of the pool as possible, whilst maintaining an untouched surface within the base ring of the goniometer.

Instrumentation
HDRF measurements were acquired out with a field goniometer, the Gonio RAdiometric Spectrometer System (GRASS)55, 56.
The structure of the goniometer is characterised by a hemispherical frame composed of three curved arms spaced apart by
30◦ and four structural arms for support. The upper part of the structure sits on a rail on a lower base ring of 2 m in radius
and can be rotated by 360◦. For the measurements in this study, four signal collectors were mounted on each curved arm at
viewing zenith angles of 15, 40, 50 and 60◦, and an additional signal collector was attached to the top of the hemisphere with
an viewing zenith angle of 0◦. Measurements were limited to a maximum 60◦ viewing zenith angle, as at higher zenith angles
the elongated footprint would have included a section of the goniometer’s base ring, corrupting the measurement. The signal
collectors consist of a collimated lens with an 8◦ field of view, aimed at the centre of the goniometer’s ring on the target surface.
In the configuration described above, the footprint area of the nadir downward looking signal collector had an approximate
diameter of 27.8 cm. The lenses were connected with optical fibres to a visible and shortwave infra-red (V-SWIR) spectrometer
via a multiplexer. The custom built V-SWIR spectrometer system is composed of two separate spectrometers operating over the
spectrum wavelength range 400 – 1700 nm with a spectral resolution of 1 nm. An Ocean Optics USB 2000+ spectrometer
was used to measure incoming light between 400 and 969 nm, and a BWTEK Sol 1.7 spectrometer operated between 970
and 1700 nm . In order to correct for small changes in illumination conditions during the measurements, an upward looking
integrating sphere was mounted on the top of the GRASS structure. The integrating sphere was connected to the spectrometer
system with an optical fibre. A motorised mirror in the spectrometer, flipping between the signal from the integrating sphere
and the multiplexer, allowed for a quasi-simultaneous measurement of the total downwelling irradiance for each angular surface
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measurement. A further detailed description of GRASS can be found in Ball et al.35 and Marks et al.57.

Nadir sea water reflectance measurements were performed using an ASD FieldSpec portable spectral radiometer. A square
section measuring 2 x 2 m, was cut out of the sea ice leaving the seawater exposed. Radiance measurements were made over
the wavelength range 400 – 2400 nm, using an 8◦ field of view lens attached to the optical fibre. The lens was attached to the
end of a 1m boom which was connected to a tripod, to avoid disturbance by the operator. The lens was placed at a height of 1m
from the surface of the seawater over the centre of the hole in the ice. Although the height of the ASD lens was lower than
GRASS nadir signal collector, measurements at multiple heights ranging between 25 cm and 1 m from water level showed a
mean standard deviation of 1.05% in the visible and 2.43% in the shortwave infra-red. Thus, the height difference between the
ASD and GRASS were not taken into account.

Field measurements and data processing
The HDRF of the sea ice at SERF was recorded in multiple steps. A single rotation was obtained from the 13 signal collectors
over a period of 15 minutes, allowing a characterisation over a viewing azimuth angle of90◦ azimuth and a viewing zenith angle
of 60◦. The upper section of the structure was rotated four times over a sampling period of approximately 1 hour to achieve a
complete HDRF set. However, because of the large solar zenith angles at the time of the measurements, the rotations were
constrained by the shading of the structure on the measured surface of the sampling area, and the rotations were not carried
out at equal intervals. Thereupon, measurements within 30◦ of the backward scattering solar principal plane (SPP) were not
achieved. For each single rotation, four nadir measurements of the sea ice were obtained, producing twelve nadir measurements
for each HDRF set. For each upwelling acquisition by the signal collectors, a downwelling irradiance measurement was
obtained with the integration sphere, to account for variations in the atmospheric conditions, and the change in solar zenith
angle. Measurements were performed close to solar noon to limit the effects of a changing solar zenith angle. The average
variation in solar zenith angle was 0.14◦ for a full HDRF set performed at solar noon and 3.58◦ one hour after solar noon. The
variation in solar azimuth angle was taken in account in the rotation of the structure. The change in solar azimuth angle over the
period of a single rotation was less than 4◦ and considered within the azimuthal pointing accuracy of the instrument.
Preceding each full HDRF acquisition, the measurements were normalised against a pseudo lambertian reflector, as defined
by equation 1. A Spectralon panel was placed on a horizontal frame across the base ring of GRASS. The structure allowed
the panel to be aligned with the footprint of the nadir viewing signal collector at a constant surface level, without disrupting
the target sea ice below. The 60 x 60 cm panel was approximately 20 cm above the surface of the sea ice. The radiance
measured by the nadir signal collector was used to compute the HDRF for all the signal collectors, based on the assumption
the the Spectralon panel was lambertian. Because the Spectralon panel was not perfectly lossless, a calibration was carried
out at the National Physical Laboratory, UK using the National Reference Reflectometer (NRR). The absolutely calibrated
spectrophotometer was used to evaluate the spectral reflectance of the Spectralon panel and provide a correction factor between
401 nm and 1001 nm. The correction factor was extrapolated over the full range of wavelengths measured by GRASS35.
To account for the variations in the readings from each coupled signal collector / optical fibre, an inter-calibration of response
from the signal collectors was realised after each HDRF set. The inter-calibration was performed by measuring the radiance
from each signal collector against a stable light source35 and dividing the raw target radiance measurements by the lamp’s
response. As the calibration process required the operators to enter the measurement area in order to access the signal collectors,
GRASS had to be displaced to a new location on the sea ice surface after each calibration.
Following the previous steps, the HDRF was calculated as:

HDRFλ (θr,φr) =
( (

Lraw
i,λ (θr ,φr)

Lcal
i,λ

)

Ir,λ

)
C f ,λ

(
Lraw

id
Lcal

nad,λ
)
, (2)

with Lraw
i , the raw surface radiance measured with each signal collector, Lcal

i , the radiance of the inter-calibration lamp
measured for each signal collector, Ir the downwelling irradiance measured with the integrating sphere simultaneously with
each upwelling radiance measurement, C f , the Spectralon correction factor measured on the NRR, Lraw

id , the raw Spectralon
panel radiance measured with the nadir signal collector and Lcal

nad , the radiance of the inter-calibration lamp measured with the
nadir signal collector. In this study, the HDRF measurements are displayed using polar plots. For display purposes, the values
were interpolated using the triangulation-based natural neighbour method. Where data was missing in the backscattering part of
the the hemisphere, the HDRF was symmeterised.

Radiative-transfer modelling
The radiative-transfer calculations of the BRF of the sea ice were performed using PlanarRad58. PlanarRad is an open source
radiative-transfer model that uses the invariant numerical integration technique to solve the radiative-transfer equations, based
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on the algorithm described by Mobley59. A description of the parameters used by the model for sea ice can be found in Lamare
et al.40, who previously used PlanarRad to compute the BRDF of three types of characteristic bare sea ice as a function of
surface roughness.
The scattering and absorption of light in sea ice are constrained in the model by the absorption coefficient, a, the attenuation
coefficient α , the phase function, the solar zenith angle and the surface roughness. The solar zenith angle was fixed at 61.5◦,
to reproduce the mean sun angle during the measurements. The random surface roughness in the model40 was fixed, with an
elevation standard deviation of σ = 1 cm, to account for the estimated surface roughness at SERF. The Henyey-Greenstein
phase function60 was used to describe the directionality of the scattering within the sea ice. The asymmetry parameter, g, was
fixed to a wavelength independent value of 0.98 for the sea ice in this study. The total absorption coefficient for the sea ice was
calculated as:

αtotal = αice +αbc +αal , (3)

with αice, the absorption coefficient of pure ice, αbc, the mass absorption coefficient of black carbon, and αal , the mass
absorption coefficient of algae. The absorption coefficient of pure ice was used for the sea ice, based on the values of Warren
and Brandt61. The absorption coefficient of the black carbon was calculated using the mass absorption cross-section of black
carbon45, based on a black carbon particle size of 0.13 µm. For the purpose of this study, the mass-ratio of the black carbon in
the sea ice was varied between 75 ng g−1 and 200 ng g−1. The absorption coefficient of algae was calculated using chlorophyll
a (Chl-a) measurements as a proxy for algae. The absorption cross-section of chlorophyll a (Chl-a) for the bottom 10 cm of sea
ice was obtained from Mundy et al.44 and mass concentrations of algae in the sea ice were varied between 1 mg m−3 and 50
mg m−3.
The attenuation coefficient of the sea ice was expressed as:

A = αtotal + s, (4)

with αtotal , the total absorption coefficient described in equation 1, and s, the scattering coefficient. The scattering coefficient of
sea ice was varied between realistic values to fit the observed data.

In order to model the field observations at SERF, a layer of 13 cm of sea ice was placed on an underlying optically thick
layer of water. The diffuse reflectance of the water under the sea ice was obtained from the ASD measurements (described in
the Instrumentation section). The parameter space was explored by varying the values of the scattering coefficient of the ice,
whislt the black carbon mass-ratio and the algae content were varied. In a first step the averaged nadir HDRF measurements of
the sea ice were reproduced by performing a visual fit, assessing the sensitivity of the parameters. In a second step, a chi-square
test for goodness of fit was calculated for the different combinations of parameters to determine the best fit. The quantity of the
chi-square used here is described by:

χ2 = ∑ (Oi −Ci)
2

σ2
i

, (5)

with O the observed data and C the modelled data at a wavelength i, and σ , the standard deviation of the observed data.
Chi-square values were assessed for a range of scattering coefficients between 70 and 190 m−1. For each scattering coefficient,
a mass-ratio of black carbon of 75, 100, 150 and 200 ng g−1 was placed in the sea ice, with mass-ratios of 1, 10, 25 and 50 mg
m−3 of algae. The combination of values yielding the lowest chi-square value were considered to best describe the observed
sea ice parameters.

Results
HDRF measurements
A total of four full HDRF acquisitions were obtained during the field campaign. Further HDRF measurements were discarded
owing to overcast sky illumination conditions, as measurements of the HDRF require clear skies. For a comparison with the
radiative-transfer modelling, the HDRF sets were averaged, producing a representative HDRF of the sea ice conditions observed
at SERF.

Nadir measurements
The average nadir for each HDRF set is shown in figure 2 a. The plotted HDRF nadirs are formed of 12 averaged nadir
measurements acquired over four rotations. The plotted spectra display a strong wavelength dependance, with the nadir HDRF
decreasing with between 575 and 1200 nm, owing to the absorption of ice dominating the signal at higher wavelengths. In the
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visible wavelengths, the nadir HDRF decreases sharply as the wavelength decreases between 550 and 400 nm. The spectral
albedo of young ice has been shown to be flat between 400 and 600 nm43. The observed trend for all nadir spectra suggests
the presence of light-absorbing impurities in the sea ice. Indeed, Chlorophyll-a has a strong absorption between 400 and 700
nm, with very little absorption above 720 nm44. Additionally, the absorption of black carbon decreases with an increasing
wavelength45, which associated with the higher absorption of sea ice at longer wavelengths, makes the sea ice more sensitive to
black carbon in the visible. Although the values of HDRF are much lower for the thin first-year sea ice observed at SERF, the
spectral shape of the nadir HDRF is in agreement with measurements found in the literature: the overall decreasing values with
larger wavelengths and a secondary maxima peaking at 1100 nm have been previously observed10, 46.
Nadir measurements of the sea ice surface show little variation over the duration of the field campaign. In the visible part of
the spectrum, the error bars are larger than for the infrared. The observed difference was caused by the sensitivity difference
between the two spectrometers in GRASS rather than a physical effect in the sea ice. Although the small difference observed
between the HDRF measurements obtained on the 21st February 2016 and the measurements obtained on the 25th and 26th

February 2015 could be explained by the light snowfall event that was subsequently removed on the 22nd February 2016, and
therefore a change in the optical properties of the sea ice, most of the measurements lie within the 2 standard deviations error
bar. Furthermore, the small variation in nadir HDRFs (approximately 0.01 across the visible) was considered to be negligible
and consequently, for the purpose of this study, the conditions of the sea ice are considered identical throughout the campaign.
Although the spectrometer recorded a signal above 1250 nm, the intensity of the HDRF was considered too low to be detected
by the instrument and values above zero were considered as noise.
The average nadir HDRF over the measurement campaign is shown in figure 2 b, for comparison with the modelling results.
The average nadir measurement is considered to be representative of the sea ice at SERF over the duration of the field campaign.

HDRF of first year sea ice
The polar plots of the averaged HDRF of the first year sea ice at SERF are shown in figure 3 for wavelengths 450, 600, 750,
900, 1050 and 1200 nm. The illumination azimuth angle of the sun was fixed at 180◦ out of convenience, meaning that the
section of the plot between 90◦ and 270◦ represents the backscattering part of the hemisphere and the section between 270◦ and
90◦ represents forward scattering. The radius of the polar plot represents the viewing zenith angle, here plotted from 0◦ to 60◦.
The average solar zenith angle for all the plots was 61.57◦±0.43 (1SD).
At all wavelengths, the HDRF of sea ice shows no significant departure from uniformity across the hemisphere, except for a
strong forward scattering hotspot and is quasi-symmetrical along the solar principal plane. At 600 nm, the values outside the
forward scattering peak vary by a maximum of 0.12 and a maximum of 0.047 at 1200 nm.The hotspot is centralised over the
solar principal plane axis, spreading approximately across 30◦ in azimuth, with significantly larger values close to a viewing
zenith angle of 60◦, where the values of the HDRF are a factor of 10 higher than at nadir. The hotspot is observable at all
wavelengths and the relative pattern of the HDRF has very little wavelength dependence. The values across the lambertian-like
part of the hemisphere vary consistently with the nadir as a function of wavelength, as shown in figure 2. However, the hotspot
varies to a lesser extent, maintaining large values across the range of wavelengths: at 1200 nm, the nadir HDRF is 99.32%
lower than the value measured at 600 nm, whereas the HDRF only decreased by 11.04% for the strongest part of the hotspot
over the same wavelength step. The anisotropic pattern of the HDRF of the first year sea ice observed at SERF is in good
agreement with the measured BRF of melt season sea ice37, 41 found in the literature.

Modelling the BRF of sea ice
The BRF of sea ice was computed with a radiative-transfer model, using the physical properties of the measured sea ice as
inputs. The scattering coefficient and impurities content in the sea ice were varied to reproduce the measured HDRF at nadir.
Using the derived optical properties of the sea ice, the BRF and HDRF were compared.

Nadir fit
The modelled BRF values from the central nadir quad in PlanarRad were compared to the average nadir HDRF shown in figure
2 b. Figure 1 presents the calculated chi-square goodness of fit between the modelled BRF and measured HDRF as a function
of the sea ice scattering coefficient, for varying mass loadings of black carbon and algae. The lowest chi-square number was
considered to represent the best combination of parameters explaining the BRF of the observed sea ice. For all the different
combinations of black carbon and algae mass-ratios, the chi-square values are distributed in a bowl shape, with a minima for
the scattering coefficient located between 110 and 150 m−1. The lower values of chi-square, between 110 and 150 m−1 show
little variation, with no clear minima. The slightly flat minima indicates a lack of sensitivity of chi-square to the different
combination of black carbon and algae. Therefore the scattering value of the observed first-year sea ice is considered to be
between 110 and 150 m−1. To fit the HDRF measurements, the combination of parameters yielding the lowest chi-square value
were picked. In this study, a scattering coefficient of 150 m−1, with a mass-ratio of 200 ng g−1 of black carbon and 10 mg m−3

of algae produced the best fit of the averaged nadir HDRF.

5/14



Figure 2 b shows the modelled wavelength dependent nadir BRF spectra, plotted with the nadir HDRF obtained at SERF. To
limit computational resources, the BRF was calculated with a wavelength step of 100 nm. A comparison of the spectra at
nadir shows a good agreement between the model results and the observations, with all the modelled points being within 2
standard deviations of the average nadir. Although the overall wavelength dependence at nadir is well reproduced, the model
underestimates the secondary maxima at 1100 nm, and overestimates values between 600 and 800 nm by approximately 20%.
The shape of the nadir HDRF spectrum at shorter wavelengths is correctly simulated by the model.

Comparison with HDRF
The BRF of first-year sea ice modelled with the parameters described in the previous section are compared to the averaged
HDRF measurements of the sea ice surface at SERF in figure 4 for the wavelengths 400, 600, 800 and 1000 nm.. To enable the
comparison of the quad averaged modelled BRF and the HDRF measurements performed at discrete points over the hemisphere,
the HDRF shown in figure 4, was obtained by averaging the measurements over quads identical to the output of PlanarRad. For
an easier comparison, the BRF colour scale was set to the same as the HDRF scale. Because measurements were not carried
out above 60◦ VZA, the quads containing no data were left blank for the HDRF results. PlanarRad was used to compute the
BRF over the entire hemisphere, therefore the BRF values are shown for all the quads for completeness.
The modelled BRF exhibits a similar pattern to the measured HDRF. The BRF of the modelled first-year sea ice is almost
lambertian across the hemisphere, except for a forward scattering peak located in the same part of the hemisphere as for the
HDRF measurements. However, the scattering peak of the BRF is narrower at the quad centered over 50◦ VZA and the values
for the quads centered at 60 ◦ VZA and located at 15◦ in azimuth on each side of the solar principal plane are lower for the
BRF than the HDRF. Additionally, the hotspot extends over larger viewing zeniths angles for the modelled BRF, but cannot be
compared with the measurements owing to the lack of measurements at higher viewing zenith angles. The BRF and HDRF
show a similar near symmetry along the solar principal plane at all wavelengths. The BRF of sea ice follows the same darkening
trend for the quasi-lambertian part of the hemisphere between 600 and 1000 nm, as observed for nadir in figure 2. Furthermore,
hotspot values decrease slower than the isotropic values on the hemisphere with an increasing wavelength, as it was shown in
figure 3 for the HDRF measurements.
In figure 5, the comparison between the modelled BRF and measured HDRF over the solar principal plane, highlights the
differences between the two quantities as a function of viewing zenith angle. Results are reported for the wavelengths 400,
600, 800 and 1000 nm. At all wavelengths, the model outputs and measurements show a good agreement between -40◦ VZA
(equivalent to 40◦ VZA, 180◦ VAA on the polars plots) and +30◦ VZA (equivalent to 30◦ VZA and 0◦ VAA on the polars
plots). For wavelengths at 400 and 600 nm, the measurements show a slight increase in HDRF for larger zenith angles in the
backscatter direction, that the model did not predict. However, because of the shading of the instrument, measurements of the
backscattering solar principal plane were not performed and the values presented in figure 5 were interpolated. For smaller
viewing zenith angles, the interpolated values are considered to be representative, because of the proximity of measurement
points on the hemisphere. However, for larger zenith angles, the interpolated values may be considered as artefacts. In the
forward scattering part of the hemisphere, the model underestimates the BRF at 40◦ VZA but the values are within 0.1 of the
measurements. Inversely, at 50◦ VZA, the model overestimates the BRF in comparison to HDRF for shorter wavelengths, and
shows a close agreement for longer wavelengths. At the forward scattering maxima (60◦ VZA), the BRF values are largely
overestimated, being a factor of 7 to 11 higher than the HDRF measurements.

Discussion and Conclusions
The HDRF of thin first year sea ice shows a uniform reflectance across the hemisphere, with a strong anisotropic foreword
scattering peak, approximately located around the same zenith angle as the illumination from the sun. For the solar zenith
angles reported in this study, which are representative of arctic spring conditions (60◦ SZA), the forward scattering hotpot is
located around 60o VZA, and for VZAs lower than 45◦, the sea ice may be assumed to have lambertian properties. Therefore,
for the normalisation of multi-angular satellite remote sensing measurements of first-year sea ice, corrections for the anisotropic
reflectance can be ignored outside the forward scattering peak direction. In the case presented here, with a SZA of 60◦,
measurements under 45◦ VZA or located at an azimuth further than 30◦ from each side of the forward solar principal plane do
not require normalisation. Nevertheless, for satellite products requiring the characterisation of the distribution of reflectance
across the entire hemisphere, such as albedo products, the knowledge of the location, size and strength of the forward scattering
peak is essential. The field measurements of the sea ice surface at SERF were performed to provide detailed knowledge about
the anisotropy of first-year sea ice for the remote sensing and climate modelling community. The meteorological conditions at
the time of the field campaign were a limiting factor and only a preliminary characterisation of the HDRF of first-year sea ice
was achieved. Hence, the authors recommend more extensive future field campaigns, to provide measurements of the HDRF
for a wider variety of sea ice types and thicknesses. To overcome the limitations of this study and provide insight on the angu-
lar reflectance of sea ice for a wider range of conditions, the measurements were used to validate a BRF radiative-transfer model.

6/14



The modelling section of this study shows that the anisotropy of the reflectance of the first year sea was reproducible
with radiative-transfer calculations. Furthermore, using measured physical parameters as input parameters, the model was
used to determine the optical properties of the sea ice. The scattering coefficient of the sea ice at SERF was estimated to be
between values of 110 and 150 m−1, with a best fit at 150 m−1. The range of values considered in this are consistent with
scattering coefficients for first year sea ice found in the literature []. The scattering coefficient isn’t sensitive to the mass-ratio of
black carbon or algae in the sea ice between 110 and 150 m−1. However the values are inter-dependent to explain the shape
of the spectra of HDRF at nadir. The modelling study presented here shows that a scattering coefficient of 150 m−1 with a
mass-ratio 200 ng g−1 of black carbon and 10 mg m−3 of algae, provide the best parameters to fit the observed data. Although
the mass-ratio of black carbon is high, the value wasn’t considered unrealistic. Global modelling of black carbon in snow
reports concentrations between 100 ng g−1 and 200 ng g−1 for a 2.8◦ x 2.8◦ cell over Winnipeg47. Although measurements of
black carbon mass-ratios deposited in snowpacks across Canada48 found much lower values averaging between 19 and 22 ng
g−1, higher values of back carbon are not uncommon in urban or industrialised areas49. Furthermore, the sea ice facility is
located on the campus of the university of Manitoba, close to car parking areas, and a major highway is located approximately 1
kilometre from the sea ice facility, the associated vehicle traffic being a major source of black carbon emissions50. A value of
10 mg m−3 of Chl-a is reasonable with quantities commonly observed in sea ice51, 52. For modelling purposes, the algae was
considered to be uniformly distributed throughout the sea ice and vertical variations of algae concentration were not taken into
account, as such assumptions have been shown not to effect the Nadir reflectivity?.

The modelling of the first-year sea ice at SERF was able to describe the HDRF / BRF pattern over the hemisphere, as well
as providing a good fit for the HDRF values of the isotropic part of the hemisphere. However, a discrepancy was observed
between PlanarRad results and the observed data in the forward scattering peak, where the model consistently overestimated
the values of HDRF. The quad with the highest HDRF value, centered over a viewing zenith angle of 60◦ on the solar principal
plane, was approximately a factor of 7 higher than the measurements, for all wavelengths. A possible explanation for the
differences between the modelled and observed data is that PlanarRad averages the BRF values over discrete segments of the
hemisphere. Therefore, the value of the forward scattering peak in the quad centered over 60◦ VZA and 0◦ VAA, is an average
of the values located between 55 and 65◦ VZA and between 352.5 and 7.5◦ VAA. The compared HDRF measurements were
limited to the 60o VZA signal collector, and therefore when the data is represented as quads to match the PlanarRad output, the
HDRF of the forward scattering peak is under-estimated. Furthermore, as shown in the results, the forward scattering maxima
is located on the edge of the measured part of the hemisphere, and has not been entirely captured by the instrument. Indeed,
the modelling results suggest that the hotspot extends up to 75◦ VZA, which was not recorded with GRASS. For a further
characterisation of the forward scattering hotspot at high solar zenith angles, the authors recommend measurements with a field
goniometer that can perform measurements at higher viewing zenith angles. A second explanation for the discrepancy between
PlanarRad and GRASS outputs, is that although the HDRF was considered to be an approximation of BRF, the quantities
measured differ32. The difference in the forward scattering peak values may be explained by the difference in the ratio of diffuse
to direct illumination between the two quantities, as a higher ratio of diffuse to direct illumination causes the angular reflectance
maxima to be smoothed out32. For the measurements to be useful for remote sensing purposes, the field measurements should
corrected for atmospheric effects using an additional radiative-transfer code.

The results presented in this study provide the first field measurements of the HDRF of thin first-year sea ice. Radiative-
transfer modelling of the solar radiation for the same sea ice conditions generally shows a good agreement with the measurements.
However, large differences in values are observed for the forward scattering peak, which could be explained by the difference
in the definitions of measured and modelled quantities. However, the overall pattern of the angular reflectance of sea ice is
well reproduced. Although further in-situ work is required, the results presented here allow to estimate the extent of the bias
introduced by the anisotropy of sea ice on multi-angular satellite measurements and contribute to better retrievals of albedo
over sea ice.
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Figure 1. Chi-square (χ2) goodness of fit test, as a function of the sea ice scattering coefficient for combinations of
mass-absorption coefficients of black carbon between 75 and 200 ng g−1 and algae between 1 and 50 mg m−3.
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Figure 2. a) Average nadir HDRF of each complete set measured with GRASS over the wavelength range 400 – 1700 nm. For
clarity, noisy spectra due to the join between the two spectrometers around 970 nm and the absorption band between 1340 and
1480 nm are not shown. The error bars represent 2 standard deviations. b) Average nadir HDRF of the sea ice surface measured
at SERF (blue line) and modelled nadir BRF, with a scattering coefficient of 150 m−1, and a black carbon mass-ratio of 200 ng
g−1 and an algae mass-ratio of 10 mg m−3 calculated at an interval of 100 nm (black squares).
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Figure 3. Polar plots of the averaged HDRF of 13 cm thick first-year sea ice at wavelengths 400 – 1200 nm. The average solar
zenith angle was 61.57◦±0.43 (1SD).

Figure 4. Top: HDRF polar plots of 13 cm first-year sea ice measured at SERF for wavelengths 400, 600, 800 and 1000 nm.
For direct comparison with the PlanarRad model, the measurements were averaged over quads of the same dimension as the
model. Bottom: BRF polar plot of 13 cm first-year sea ice with best-fit parameters for wavelengths 400, 600, 800 and 1000 nm.
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Figure 5. Comparison of the measured HDRF (circles) and the modelled BRF (squares) along the solar principal plane of 13
cm first-year sea ice for wavelengths 400, 600, 800 and 1000 nm.
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Chapter 9

Synthesis and concluding remarks

The principal aim of the work presented in this thesis was to characterise the bidirec-
tional reflectance distribution function of sea ice in response to deposited light-absorbing
aerosols, for the calibration of satellite remote sensing products. In this final chapter, a
summary of the findings of each individual chapter is presented, followed by a general
discussion on the overall aims of the work, and finally suggestions for future research
will be put forward.

9.1 Summary of the key finding for the individual studies

In this section, the key findings from each individual chapter are presented.

9.1.1 The impact of mineral aerosol deposits on the albedo of snow and sea
ice

In chapter 3 calculations employing a coupled atmospheric and snow/sea ice model
highlighted the effects of five different types of mineral aerosol deposits on character-
istic snow and sea ice types. Firstly, the albedo of different snow and sea ice types was
calculated with a fixed mass-ratio of different mineral aerosol deposits distributed evenly
throughout the media. Secondly, the albedo of snow and sea ice containing varying mass-
ratios of Asian dust was calculated. Thirdly, the mineral dust was placed in a surface
layer, and in multiple layers with varying intervals throughout the snow. The main find-
ings of the work are summarised below:

• The study confirms that much larger mass ratios of mineral aerosol deposits in
snow or sea ice are necessary to reduce the albedo, compared to black carbon. To
achieve the same decrease in albedo, a mass ratio of mineral aerosol deposits of a
factor of 100 larger than the mass ratio of black carbon deposits is required. The
wavelength-dependent effects of the mineral aerosol deposits on albedo are similar
to black carbon, where the increase in absorption affects shorter wavelengths a lot
more than in the infrared, owing to strong ice absorption at larger wavelengths.
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• Despite differences in the absorption cross-section of the different mineral aerosol
deposits reaching 77 %, variations in the type of mineral aerosol deposit in the snow
or sea ice do not have a significant effect on the albedo. Indeed, the variation in the
albedo of snow and sea ice more sensitive to the optical properties of the snow or
sea ice than the optical properties of the different types of mineral aerosol type.
Moreover, melting snow or sea ice are more sensitive to mineral aerosol deposits
than fresh snow of multi-year sea ice, which participates in a positive-feedback
loop entraining further melting. Therefore, it is more important to consider the
optical properties of the snow or sea ice when studying the effects of light-absorbing
impurities on the radiative budget of snow or sea ice.

• The mass-ratio of mineral aerosols deposits necessary to change the albedo of snow
and sea ice significantly is larger than the quantities typically observed in the Arctic.
However, large mass-ratios of mineral aerosol deposits can be found concentrated
in layers through snowpacks, owing to deposition by storm events. The thickness of
a surface layer containing mineral aerosol deposits has little impact on the albedo,
with changes of less than 0.5 % between the albedo of a snowpack with a 1 cm
surface layer and a 10 cm layer containing 100 ng g−1 of dust. When the mineral
aerosol deposits are distributed in multiple layers throughout the snowpack, mass-
ratios of mineral aerosols placed in closely spaced layers has a larger effect on the
surface albedo than the same mass-ratios placed in a 1 cm thick surface layer. As
the spacing between the layers increases, the effects on the surface albedo become
similar to a single surface layer.

• The TUV-snow model was validated against the results of a widely used radiative-
transfer model (Flanner2007a). The two models were shown to be in agreement for
the calculation of volcanic ash mass-ratios in snow.

9.1.2 The optical properties of laboratory grown sea ice doped with black car-
bon

In chapter 4, the initial experiments using the first large scale sea ice laboratory in the UK.
Realistic sea ice was grown in a tank in the sea ice laboratory, and the e-folding depths and
nadir reflectance were measured. In a second step, a 5 cm layer of sea ice with varying
mass-ratios of black carbon was grown on the surface of the previous sea ice, providing
the first optical laboratory study of black carbon in sea ice. The reflectance data measured
in the laboratory was compared with the modelled sea ice, using the TUV-snow model,
that was previously used in chapter 3. The key results from the work were:

• The sea ice simulator was shown to create realistic sea ice conditions, with scatter-
ing cross-sections varying between 0.05 to 0.35 m2kg−1. The reflectance of the sea
ice measured in the laboratory was within the range of reflectance values of sea ice
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measured in the field (Grenfell and Maykut, 1977). The physical parameters of the
artificial sea ice were characteristic of a first year ice sea ice with the typical density,
salinity profile and structure of natural sea ice.

• The calculations of the reflectance and e-folding depths of sea ice using the TUV-
snow radiative-transfer model with the measured optical and physical properties
of the artificial sea ice as inputs were able to reproduce the measurements within
the uncertainty limits, showing that the sea ice simulator can be used as a model
validation tool, rather than complex field measurements.

• A 5 cm surface layer of sea ice containing mass-ratios of 75, 150 and 300 ng g−1

of black carbon caused a decrease in reflectance of 3, 10 and 21% respectively. The
model calculations were able to reproduce the absorption of black carbon in sea ice
based on knowledge of the physical properties of the observed sea ice. The agree-
ment between the results produced by the TUV-snow model and the measurements
validated the model as a tool to accurately quantify the radiative forcing of polar
regions, with the associated effects of black carbon in sea ice.

9.1.3 Changes in the optical properties of snow explaining an early onset of
algae bloom

In chapter 5, the TUV-snow model was used to calculate downwelling irradiance through
land-fast sea ice with an overlying snow cover. The radiative-transfer calculations were
used to support the observations of an algae spring bloom in conditions that were previ-
ously thought to be insufficient to drive algae growth. The outcomes of the study were:

• A snow thickness of 40 cm on the surface of sea ice was previously considered
to be a limiting factor for under-ice algae growth (Mundy et al., 2007b; Campbell
et al., 2014). However, an early onset of under-ice algae growth was measured in
the North East of Greenland, when a 1 m thick snow cover over a 1 m layer of
sea ice was present. Increasing Chlorophyl a concentrations were recorded with no
apparent change in the thickness of the snow.

• The measured downwelling irradiance at the bottom of the sea ice was on the limit
of the sensor detection levels, with an under-ice photosynthetically active radiation
of 0.17 µmol photons m−2 s−1.

• Radiative-transfer calculations were performed to compute the downwelling pho-
tosynthetically active radiation through the snow and sea ice, showing that chang-
ing snow conditions (warming snowpack) affect the amount of light reaching the
bottom of the sea ice. Based on the modelling results, a change in the optical prop-
erties of the snow layer was provided as an explanation for the ice algae growth in
low light conditions.
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• The observations support that the primary production beneath snow covered first-
year sea ice is more widely spread than previously thought, and is an essential
contributor to the overall primary production in the Arctic.

9.1.4 The effects of surface roughness on the spectral BRDF of sea ice

Chapter 6 looked at the anisotropic reflectance of sea ice, using a radiative-transfer model
designed to compute directional radiance fluxes. The BRDF of sea ice was modelled for
three characteristic sea ice types with varying thicknesses as a function of surface rough-
ness. The modelling study provided the first extensive characterisation of the BRDF of
sea ice for different conditions (illumination angles, sea ice type, sea ice thickness), and
investigated the effects of increasing surface roughness. The main findings of the work
are summarised below:

• Studies of the BRDF of bare sea ice are scarce in the literature. The outcome of the
study was a large dataset parameterising the BRDF of bare sea ice, which can be
used as a validation tool for General Circulation Models or remote sensing prod-
ucts.

• Radiative-transfer calculations showed that the surface roughness has a significant
effect on the anisotropy of the BRDF, particularly affecting the forward scattering
peak. An accurate characterisation of the forward scattering peak width and inten-
sity was provided.

• Further efforts are necessary to increase the resolution of the radiative-transfer
model to capture more accurately the rapidly changing intensities across the for-
ward scattering part of the hemisphere.

• For satellite sensors viewing sea ice below a viewing zenith angle of 45◦ for typical
illumination angles in the Arctic during spring and summer, corrections for the
anisotropy of the radiation reflected from the sea ice are not critical, as the sea ice
exhibits a quasi-lambertian response outside of the forward scattering peak.

• For small amounts of surface roughness, the quasi-lambertian part of the hemi-
sphere was shown to be more sensitive to changes in sea ice thickness than the
forward scattering peak, which is also less wavelength dependent than the quasi-
lambertian part of the hemisphere. For larger amounts of surface roughness, the
forward scattering peak is also affected by surface roughness, and becomes more
wavelength dependent than for a smoother sea ice.

• The results showed that surface roughness is inter-dependent of the physical pa-
rameters affecting the BRDF of sea ice, and therefore cannot be considered sepa-
rately or ignored in calculations of the radiation budget of the sea ice.
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9.1.5 The effects of black carbon and mineral aerosols on the angular reflectance
of sea ice

Chapter 7 expanded on the work in chapter 6, by investigating the effects of light-absorbing
impurities on the BRF of sea ice. The BRF of realistic sea ice grown in the Royal Holloway
laboratory, which was first presented in chapter 4, was measured. Based on the methods
developed in chapter 4, a 5 cm surface layer containing particles representative of aerosol
deposits was placed on the sea ice. Artificial black carbon was used to represent atmo-
spheric black carbon particles, and based on the findings of chapter 3, a sample of vol-
canic ash represented mineral aerosol deposits. The BRF measurements performed with
a laboratory goniometer were compared to the output of the model described in chapter
6. The key findings were the following:

• The radiative-transfer calculations based on the physical properties of the sea ice
and the calculated optical properties of the impurities measured in the laboratory
were able to reproduce the BRF of sea ice doped with black carbon.

• The spectral dependent effects of black carbon particles distributed in a surface
layer of the sea ice on the nadir BRF are similar to the trends observed in the litera-
ture for reflectance and albedo (Grenfell and Light, 2002; Marks and King, 2013b).
The absorption of mineral particles in the sea ice are more wavelength-dependent
than black carbon, with enhanced absorption at shorter wavelengths. The quasi-
lambertian part of the hemisphere was more sensitive to a varying mass loading of
impurities than the forward scattering peak.

• Further work needs to be conducted on the effects of mineral aerosols deposits
on the angular reflectance of sea ice in the forward scattering peak, as the model
appeared to consistently overestimate the BRF in the forward scattering peak. Fur-
thermore, the discrepancies between the model output and the measurements can
be explained by the difference in sampling resolution between the two. When mea-
suring the BRF of sea ice, a high angular sampling resolution is recommended.

9.1.6 Angular measurements of first-year sea ice in natural illumination con-
ditions

In chapter 8, the first measurements of the HDRF bare sea ice with natural illumination
conditions were presented. A field goniometer was deployed on an outdoor artificial
sea ice layer of sea ice with a thickness of 13 cm, at the University of Manitoba, Win-
nipeg, Canada. The facility, has widely been used to study realistic sea ice in controlled
conditions. The radiative-transfer model used in chapter 6 and validated in chapter 7,
was employed to calculate the optical properties of the sea ice and derive the impurities
mass-ratios in the sea ice. The main findings of the work were the following:
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• The pattern of the HDRF of the sea ice measured at the sea ice facility, although not
directly comparable, showed a similar trend to the modelling of sea ice presented
in chapter 6, and the measurements of the BRF of indoor artificial sea ice measured
in chapter 7.

• The study confirms that for large illumination zenith angles (above 60 ◦), the nor-
malisation of reflectance is not necessary below viewing zenith angles of 45◦ for all
viewing azimuth angles. However for satellite products necessitating knowledge
of the reflected radiation across the hemisphere such as albedo, the characterisation
of the forward scattering peak is essential.

• The study was limited by the thin layer of sea ice. Further studies are necessary to
characterise the angular reflectance of sea ice for a varying sea ice thickness.

• The radiative-transfer calculations were used to derive the optical properties of the
sea ice, as well as the impurities in the ice. The measured ice was calculate to have a
scattering coefficient of 150 m−1, which is representative of first year sea ice (Lamare
et al., 2016). A mass-ratio of 200 ng g−1 of black carbon was present in the ice, which
was indicative of the surrounding urban environment. Furthermore the absorption
spectrum of Chlorophyl a was necessary to reproduce the observed data using the
model, with an estimated 10 mg m−3 of algae present in the sea ice.

• Although the model was able to reproduce the HDRF measurements across the
hemisphere, the model overestimated the intensity of the forward scattering peak,
in a similar manner to chapter 7.

• The model did not include diffuse radiation, and although the BRF was shown to
be correlated with the HDRF, further work is recommended to include a direct and
a diffuse component to the radiative-transfer.

9.2 Conclusion

The results of the individual chapters have highlighted the importance of accurately char-
acterising the angular response of reflected radiation from sea ice, to better monitor the
radiative forcing of sea ice using satellite remote sensing products. The work in this the-
sis was governed by several overarching scientific questions, which the different chapters
attempted to cover. Below, the knowledge from the different chapters is synthesised and
combined in response to the questions.

1. Which parameters affect the BRDF of bare clean sea ice, and what are the individual
effects of the parameters?
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A review of the literature, presented throughout the introductions of the different
chapters in this thesis has shown that the BRDF of sea ice has only been superficially
characterised, through spare field measurements, limited laboratory experiments
and radiative-transfer modelling. Previous studies have outlined the characteristic
anisotropic pattern of the BRDF of sea ice, with a quasi-lambertian response across
the major part of the hemisphere, and a strong scattering peak in the forward direc-
tion, located close to the illumination zenith angle. The surface roughness of sea ice
was shown to diminish the intensity and diffuse the forward scattering peak. How-
ever, a comprehensive characterisation of the BRF of sea ice in response to varying
physical and optical parameters that can be observed in nature has been lacking.
The results presented in chapter 6 have shown that the principle parameters con-
trolling the anisotropy of the sea ice are the thickness, the wavelength, the solar
zenith angle, the scattering of the sea ice, and the surface roughness. The surface
roughness of the sea ice was shown to be the principal parameter controlling the
intensity size, and location of the forward scattering peak. However, the modelling
outputs indicated that the surface roughness could not be parameterised separately
from the physical parameters of the sea ice, being inter-dependent of the thickness
of the sea ice, the solar zenith angle and wavelength. Indeed the forward scattering
peak responds differently to varying physical parameters for smooth sea ice sur-
faces than for rougher surfaces. A decrease in the thickness of the sea ice lowers the
BRF of the quasi-lambertian part of the hemisphere, hardly affecting the forward
scattering peak for smooth sea ice, whereas the intensity of the forward scattering
peak decreases strongly with a thinning sea ice for larger amounts of surface rough-
ness. For a smooth sea ice, the size of the scattering peak across the hemisphere
increases as a function of an increasing illumination zenith angle as the location of
the forward scattering peak moves in a specular manner, and the intensity of the
forward scattering peak increases. For rough sea ice, the size of the forward scat-
tering peak does not change and the intensity does not increase as rapidly as for
smooth sea ice. The wavelength dependence of the BRDF of the sea ice also differs
for varying amounts of surface roughness, where with small amounts of surface
roughness, the forward scattering peak does not change in size with an increasing
wavelength, but decreases in size for larger surface roughness values. The surface
roughness was used in the model as a fitting parameter to reproduce the measured
BRF and HDRF of sea ice in chapters 7 and 8, and realistic values of surface rough-
ness were used to provide a good fit of the observational data. Overall, the work
has shown that surface roughness is an essential parameter in the determination of
the forward scattering peak of the BRDF of sea ice, which needs to be accurately de-
fined to correctly derive satellite products that rely on the knowledge of the angular
distribution of reflected radiation.

2. How do impurities, which are know to strongly impact the nadir reflectance of sea
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ice, affect the anisotropy of sea ice?

In the introduction, light-absorbing impurities were shown to significantly affect
the radiation budget of the sea ice. However, no studies investigating the effects
of aerosol deposits either natural or of anthropogenic nature on the BRDF of sea
ice were found. The effects of black carbon deposits on the albedo and reflectance
of sea ice have been widely discussed in the literature, and are still the object of
ongoing publications. However, comprehensive studies on the effects of mineral
aerosols deposits on the albedo of snow and sea ice were scarcer. Therefore, before
addressing the effects of mineral aerosols on the BRDF of the ice, a study describing
the impact of different types of mineral aerosol deposits was undertaken in chapter
3. As shown in the previous section, the main finding was that the type of sea ice or
snow is more important than the type of mineral aerosol deposit when investigat-
ing the radiative forcing of mineral aerosol deposits in the cryosphere. Owing to the
lack of data for the BRDF of sea ice containing aerosol deposits in the literature, the
radiative-transfer model required empirical measurements to be compared against
and validated. In chapter 4, a new large scale sea ice laboratory was presented, and
used to validate reflectance measurements of sea ice containing a superficial layer
doped with black carbon. The laboratory proved to be an ideal validation tool for
the evaluation of sea ice models, providing a controlled environment where the
different physical and optical parameters of the sea ice are monitored. The work
paved the path for chapter 7, where the effects of black carbon particles and vol-
canic ash representing generic mineral aerosol particles on the BRF of sea ice were
investigated. Owing to the variability in the sea ice fabric from an experiment to an
other, the observations in the sea ice laboratory were reproduced using a radiative-
transfer model. As it was the case in chapter 4, the sea ice laboratory served as a
validation tool for the PlanarRad radiative-transfer model, showing the ability for
the model to describe the angular characteristics of the reflected radiation above sea
ice. The BRF pattern of the sea ice across the hemisphere was shown to remain sim-
ilar as the mass-ratio of black carbon was increased, although the quasi-isotropic
part of the hemisphere was more sensitive to the black carbon than the forward
scattering peak. The effects of the volcanic ash on the BRF of sea ice were less
clear, as the measurements seemed to indicate a diffusion of the forward scattering
peak and a stronger reduction in the forward scattering peak, but the modelling re-
sults did not support the observations. Furthermore, the radiative-transfer model
was employed to derive the parameters of thin young sea ice from observations in
chapter 8. The values of black carbon estimated by the model were considered to
be realistic, owing to the urban setting of the outdoor sea ice facility. However, no
empirical measurements were available to confirm the results. Overall, the work
presented in this thesis has contributed to a better understanding of the effects of
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impurities on the BRDF of sea ice, although the findings have lead to further ques-
tions that need to be investigated, discussed in the following section.

3. Can radiative-transfer modelling provide an accurate representation of the BRDF
of sea ice for varying physical and optical parameters, to provide the remote sens-
ing community with better inputs for satellite products, and can radiative-transfer
modelling replace in-situ measurements?

Throughout the work in this thesis, the main objective was to parameterise aerosol
deposits in sea ice using radiative-transfer models, that would in turn provide re-
liable inputs for empirical models that are used to derive surface albedo products
from multi-angular satellite data, or for General Circulation Models that rely on
accurate retrievals of albedo. Indeed, in-situ measurements of sea ice, particularly
multi-angular measurements are complex, costly in resources and require substan-
tial data processing, as shown in chapter 8. Measurements performed on artificial
sea ice are easier to obtain, however the work in chapter 7 has shown that separat-
ing the effects of the impurities in the sea ice from the physical parameters of the
sea ice was complex. Nevertheless, the experimental setup proved to be an excel-
lent validation tool for two different radiative-transfer models. In chapter 4, the
modelled reflectance was in good agreement with the measurements. However,
although the trends and angular patterns of the BRDF of sea ice could be repro-
duced by the model in chapter 7, the model showed a consistent overestimation of
the intensities in the forward scattering peak. Consequently, the radiative-transfer
models cannot be used alone to describe the BRDF of sea ice, and further empirical
validations are necessary.

9.3 Recommendations for future research

Based on the knowledge acquired during the work presented here, future recommenda-
tions are proposed:

• When further characterising the effects of mineral aerosol deposits on the BRDF
of sea ice, a quantitative assessment of the surface roughness is required, in order
to constrain the different parameters, that have similar attenuation effects on the
BRDF. In the case of the sea ice laboratory measurements, experiments measuring
the BRF of the artificial sea ice with varying amounts of generated surface rough-
ness are recommended.

• Although the laboratory measurements were a good proxy for naturally occurring
sea ice, the uncertainties could be further reduced by using a collimated illumina-
tion beam, and ensuring that the heat generated by the lamps does not affect the
surface of the sea ice.
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• The PlanarRad radiative-transfer model has shown potential in describing the BRDF
of sea ice. The overestimation of the intensity of the forward scattering peak may
me explained by the difference in resolution between the measurements and the
model, which averages radiance over quads. Implementing a smaller quadrilat-
eral discretisation is recommended. Moreover, the implementation of a diffuse il-
lumination component in order to reproduce HDRF measurements should be in-
vestigated. Further comparisons with empirical data are required however. In that
sense, an inter-comparison study between the model outputs, in-situ measurements
in the field and overpassing satellite retrievals should be considered, to validate the
model as a remote sensing calibration tool.

• The measurements of the HDRF of sea ice with the field goniometer at the sea ice
facility in Winnipeg were complex and the measurements were limited by the struc-
ture of the instrument. Further uncertainties were introduced by the long acquisi-
tion times of the spectroradiometer. Recent developments in BRF acquisitions have
provided novel tools with great potential for rapid measurements and easier de-
ployments, which are essential for fieldwork in the Arctic. The latest technological
advances in unmanned aerial vehicle technology provide a new platform for HDRF
measurements. Furthermore, the investigation of the use of CCD arrays rather than
cumbersome spectrometer systems is recommended.

• The outdoor measurements at the sea ice facility were limited by the thickness of
the sea ice, owing to weather conditions. Further HDRF measurements of bare sea
ice with varying sea ice thicknesses are suggested.
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ABSTRACT�
 

A new permanently instrumented radiometric calibration site 
for high/medium resolution imaging satellite sensors is 
currently under development, focussing on the visible and 
near infra-red parts of the spectrum. The site will become a 
European contribution to the Committee on Earth 
Observation Satellites (CEOS) initiative RadCalNet 
(Radiometric Calibration Network). This paper describes the 
site characterisation that was carried out, both to define the 
exact location of permanent monitoring instrumentation, and 

properties. The characterisation involved a range of tests, 
using an ASD FieldSpec spectroradiometer, and the Gonio 
Radiometric Spectrometer System, a hyperspectral, multi-
angle HDRF instrument. Teams from NPL and CNES each 
performed parts of this characterisation, working together to 
acquire the data and generate the final outcome 

Index Terms RadCalNet, site characterisation, HDRF, 
vicarious calibration
�

1. INTRODUCTION�
 
Vicarious calibration and validation using ground reference 
sites is a key technique in Earth Observation, both for the 
cross comparison of sensors (including calibration of lower 
accuracy sensors against sensors with better radiometric 
calibration) and for monitoring long-term drift (effectively by 
comparison against themselves using a stable ground 
reference). It is common to use accessible desert sites for - 
field-campaign measurements that are made to coincide with 
a satellite overpass. 

CEOS, the space arm of GEO (Group on Earth 
Observations), is in the process of establishing RadCalNet, a 
network of instrumented test sites, where field-measurement 
campaigns are supplemented by permanent instrumentation 
which takes measurements of the ground throughout the day. 
In the prototype phase RadCalNet is being established with 
four reference sites: University of Arizona/
Railroad Playa, Arizona, USA; ; 
the CNES site at La Crau, France; and the new ESA/CNES 
site in Gobabeb, Namibia. It is hoped that once RadCalNet is 
fully established (during 2016), additional sites will be added.  

In addition to the requirements of RadCalNet, which will 
initially be limited to nadir, the Gobabeb site will provide off-

nadir measurements to increase the number of matching 
overpasses. The site is being established as part of a 
collaborative project between ESA and CNES, in conjunction 
with NPL and Magellium. 

To achieve SI traceability for the new ESA/CNES 
RadCalNet site, NPL has performed a detailed 
characterisation and calibration of the instruments and 
artefacts to be used on the site.  

This paper describes the establishment of the Gobabeb 
site, including how the site area and specific site locations 
were chosen, together with the results of measurements of a 
field campaign in November 2015. 

 
2. PREPARATION�

 
2.1. Area�Selection�

 
The location of the new ESA/CNES vicarious calibration site 
was selected following a comprehensive global study by 
Magellium for suitable RadCalNet sites. Scores were given 
to areas on Earth based on the following criteria: spatial 
homogeneity at 1 km2 resolution; spatial homogeneity at 10 
km2 resolution; flatness; atmospheric aerosol content and 
percentage of cloud free days. These scores were used to 
establish regions of interest, which were then studied in 
greater detail including accessibility, GSM coverage and 
proximity to inhabited areas. In total 86 sites across the world 
were flagged as potential sites by the study. From this list the 
new ESA/CNES site was chosen to be based near the 
Gobabeb Research and Training Centre in Namibia. 

Further surface homogeneity studies focusing on 
individual Gobabeb areas were performed by CNES using 
Sentinel 2 and PLEIADES data. The most important criterion 
for the test site is its homogeneity over different spatial 
scales, i.e. the representativeness of small scale areas 
(~10 m2) compared with much larger ones (100 m2), to enable 
calibration of several satellite sensors with different image 
resolutions. 

 
2.2. Instrument�Characterisation�

 
To reduce the uncertainty in the field site characterisation, 
NPL performed a range of tests on the instruments that were 
be used on the site to provide traceability to SI. This was done 
for the instruments intended for the initial characterisation of 
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the site, for the in-situ calibration standards and for the 
permanent monitoring instrumentation. The site 
characterisation instrumentation included two ASD 
FieldSpec spectroradiometers for measuring nadir surface 
reflectance and GRASS (Gonio RAdiometric Spectrometer 
System), a system for measuring reflectance at different 
viewing angles. The in-situ SI traceable standards included 

. The instrument intended 
for permanent autonomous operation is a CIMEL sun 
photometer. The results of these laboratory tests are presented 
in [1]. 

 
3. SITE�CHARACTERISATION�

 
Several tests were conducted during a two week measurement 
campaign in Autumn 2015. This involved a visual assessment 

 (to 
ensure the permanently installed instrument can use the GSM 
network as a means of data transmission), and a detailed 
characterisation study of the spectral reflectance and 
homogeneity of the chosen test site, as described in more 
detail in the following sections. 

 
3.1. Nadir�measurement�

 
The nadir ground reflectance measurements were performed 
using ASD FieldSpec portable spectral radiometers. The 
ASD instrument has good sensitivity over a wavelength range 
of 400 nm to 2400 nm. It can be used with a bare fibre (with 
approximately 25° FOV) or with a lens, which has either an 
8° FOV (NPL) or 5° FOV (CNES). Measurements taken with 
the ASD are in radiance units. For traceable reflectance 
values, measurements of a reference diffuser (Spectralon) are 
necessary, taken with the same measurement geometry and 
under the same illumination conditions as the ground 
measurements. 

 

 
Figure�1:�Measurements�with�the�ASD�spectrometer�

 
3.1.1. Area�Characterisation�
Area characterisation was performed over a set of small 
squares. NPL took repeated measurements over the same 
small set of points to obtain an understanding of repeatability 
and stability, while CNES took measurements over a much 

wider area to understand surface homogeneity on different 
scales (from a few cm to a km). 

Measurement of a single point consisted of a short 
sequence that approximately took 5 minutes: a Spectralon 
measurement, four ground measurements (eight for CNES) at 
slightly different positions, then a final Spectralon 

ncluded 5 
readings from the ASD at each position, which were then 
averaged. position included 20 
scans -  

 
3.1.2. Static�test�
In order to understand the ground BRF (Bidirectional 
Reflectance Factor) effects and to check that the solar zenith 
angle changes could be correctly accounted for in the area 
characterisation data, an investigation was carried out to 
study the variation in reflectance at a single ground point. 
Spectralon measurements were taken in quick sets of five, 
every half an hour, and between those times, a single reading 
from the ground was taken every two minutes, to provide a 
near continuous record of the ground reflectance. The 
Spectralon readings were interpolated, using BRF values 
every 10 degrees from laboratory calibration prior to the field 
campaign, on a smooth curve to give estimated BRF values 
for all times of ground measurements. 

 
3.1.3. Tarpaulins�
A set of three large, uniform reference tarpaulins was brought 
to the site. These were manufactured to have Lambertian 
reflectance properties and three different grey scale levels. 
They were previously calibrated for total diffuse reflectance 
and 0º:45º radiance factor at NPL. In the field they were used 
to provide a large uniform area over which we could perform 
comparisons of different measurement procedures, and 
investigate how much effect changing the ASD operator has 
on the results. 

 

 
Figure�2:�Measurements�with�tarpaulins�

 
3.1.4. Downwelling�Irradiance�
In order to measure the downwelling irradiance (from the Sun 
and sky) at the site, the ASD was used with an alternative 
input optic. A diffuser replaced the lens at the end of the input 
fibre and the instrument was set up vertically upwards. The 
ASD and tripod were set up a short distance away from the 
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GRASS structure (far enough to ensure that it did not affect 
the GRASS measurements, but close enough to be 
comparable), and left monitoring for the entire morning. 
These data were intended to be used partly as validation of 
the downwelling measurements made using GRASS, and 
also to provide a representative idea of the variation in solar 
irradiance over a day. 

 

 
Figure�3:�Close­up�of�diffuser�input�

 
3.2. Multi­angular�measurements��

 
Ground-based measurements of the hemispherical directional 
reflectance factor (HDRF) of the site were carried out with 
the GRASS [2]. GRASS is designed to record quasi-
simultaneous, multi-angle, hyperspectral measurements of 

mounted on 
a hemispherical frame and aiming at the same target area are 
connected with fibre optic cables to a V-SWIR 
spectroradiometer, operating over a wavelength range from 
400 nm to 1700 nm. A full description of the system can be 
found in [3] and [4]. 

 

 
Figure�4:�GRASS�instrument�in�situ�

 
3.2.1. GRASS�measurements�
During the campaign, measurements were made using 
GRASS with clear sky conditions over viewing zenith angles 
from 0º to 50º with a 10º interval and azimuth angles from 0º 

to 360º with a 30º interval. Changes in illumination were 
monitored with an integrating sphere mounted on the 
instrument and a reference measurement was recorded at 
nadir over a Spectralon panel. Random sampling points were 
chosen over an area of 300 m × 300 m that was selected in 
the first stage of the project based on criteria given in Section 
2.1. Repeated measurements at different sampling points 
allowed HDRF datasets to be obtained over a range of solar 
zenith angles. Furthermore, measurements were timed to 
correspond to key satellite overpasses (Sentinel 2A MSI and 
Landsat 8 OLI). 

 
3.2.2. ASD�­�GRASS�nadir�view�comparison�
As an additional check on the consistency of the ground 
reflectance measurements, the ASD was used in conjunction 
with GRASS. Measurements were taken of the ground as 
observed by GRASS nadir view and with the ASD 
spectrometer as well. This was repeated with both the 
Spectralon Panel and then the tarpaulins placed in the view of 
GRASS and the ASD. These data provided an alternative 
route to compare nadir view results of the same ground patch 
from two instruments that have different footprint on the 
surface (the ASD footprint is around 9 cm diameter while 
GRASS is about 20 cm).  

 
3.3. Site�Impact�

 
The impact of continuous foot traffic on the site is a concern. 
As visible in Figure 5 (from images with the high resolution 
sensor PLEIADES), the paths where area characterisation 
was done, and particularly the GRASS positions, show a 
marked change compared with other areas. Any future visits 
to the site will have to be planned carefully so that any 
damage to the site is minimised. 

 

 
Figure�5:�PLEIADES�70�cm­panchromatic� image�of�

the� site,� taken� 18th�December� 2015,� approximately� two�
weeks�after�the�field�campaign�darkened�areas�represent�
the� surface� damaged� due� to� foot� traffic� and� darkened�
circles�GRASS�positions� (copyright�CNES,�Distribution�
Airbus�Defence�and�Space)�
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4. EXPECTED�OUTCOMES�
 

4.1. Results�from�data�
 

The data are currently being processed. They will provide 
information about surface homogeneity at the scale of a few 
square centimetres, which is equivalent to the footprint size 
of small zenith angles for the CIMEL Sun Photometer that 
will be used for the permanent instrumentation. The sparse 
measurements over larger areas of the test site will test the 
representativeness of the CIMEL sun photometer 
measurements over the overall area. In addition the ASD 
measurements will provide full hyperspectral information, 
which will be used to allow spectral interpolation of the 12 
spectral bands provided by the CIMEL Sun Photometer. 

The site characterisation included the necessary 
repetitions and additional testing required to establish a 
robust uncertainty budget for the reflectance values for the 
site. The characterisation and calibration of the instruments 
by NPL ensures rigorous traceability to SI.  

GRASS measurements will produce HDRF information 
about the site, which can be compared with future CIMEL 
measurements. 

 
4.2. Mast�installation�

 
The final stage of the site development will include the 
installation of the permanent instrumentation the mast and 
weather station. This will involve mounting the CIMEL 
instrument on top of a mast from which measurements of the 
atmosphere and surface will be taken. The original plan was 
to use the same type of mast at the new Gobabeb site as at the 
La Crau site [5]. This had to be modified as the Gobabeb site 
is located in the territory of the Namib-Naukluft National 
Park protected area, so the ground cannot be destroyed or 
permanently modified and only masts with guy ropes can be 
installed.  

Taking into consideration surface damage during site 
characterisation (see fig 5), an additional set of mast 
installation practice runs will be performed in the UK to 
establish the least invasive method. 

 
5. CONCLUSIONS�AND�SUMMARY�

 
This paper presents a process for establishing a new 
radiometric calibration site for visible and NIR satellite 
sensor validation. The Gobabeb site is being developed as a 
European contribution to the RadCalNet network. This site 
was selected following an extensive study of the potential 
areas, based on a number of predefined criteria. The choice 
of the final position for the mast installation was supported 
by initial site characterisation campaign results. All 
instruments and artefacts used during the site characterisation 
were previously calibrated and/or characterised at NPL.  

The in situ measurements on the site performed near the 
end of 2015 confirmed excellent environmental and surface 
homogeneity for this location. Due to surface dryness and 
moderate winds present, especially in the afternoon hours, the 
biggest challenge for the in situ measurements was to 
maintain a good state of the reference reflectance panels 
throughout the campaign duration. Several additional daily 
comparisons of standards were performed to monitor their 
stability. Site characterisation data processing is currently 
ongoing, and the results will be presented in the full version 
of this paper. 

The installation of the permanent equipment is scheduled 
for Summer 2016. It is expected that the site will become 
operational soon after that. 
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