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1 Introduction
Optical studies of the past decade have demonstrated that 
the inhomogeneous sea ice cover at different stages of melt 
causes a large spatial variability in the transmission of solar 
radiation to the underlying Arctic Ocean (e.g., Light et al., 
2008; Ehn et al., 2011; Nicolaus et al., 2012; Katlein et al., 
2015). The majority of transmitted light remaining under 
the sea ice is within the 400–700 nm spectral band termed 
photosynthetically active radiation (PAR) with shorter and 
longer wavelengths strongly attenuated within the overly-
ing snow and ice cover. Snow depth primarily controls the 
amount of PAR transmitted to the water column (Nicolaus 
and Katlein, 2013). In the late spring, lower surface albe-
dos of melting snow, developing melt ponds and white 
ice areas increase total under-ice PAR levels and drive pri-

mary production beneath the ice cover (Arrigo et al., 2014; 
Mundy et al., 2014). Simultaneously, enhanced differences 
in transmittance due to variation in surface type create a 
more complex radiation field beneath the ice cover, which 
is displayed in the diffuse vertical attenuation coefficient, 
Kd, and average cosine coefficient, μd, of downwelling irra-
diance in the water column. Frey et al. (2011) observed 
subsurface transmission peaks under white ice at 5–10 
m water depth due to an order of magnitude larger light 
transmission through adjacent melt pond-covered ice. 
The lateral spreading of radiation also impacts the vertical 
diffuse attenuation coefficient, K, due to changes to the 
angular distribution of the under-ice radiation field (Ehn 
et al., 2011; Katlein et al., 2016; Massicotte et al., 2018). 
Experiments to determine underwater irradiance distribu-
tions have been undertaken by Voss (1989), Berwald et al. 
(1995) and Leppäranta et al. (2003); however, they have 
not been examined in detail for ice-covered conditions, 
where the ice cover plays an important role in the meas-
urements of light availability for primary production esti-
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mates, as algal cells indiscriminately absorb light from any 
direction. Bio-optical models of primary production in the 
open ocean showed an underestimation of phytoplankton 
growth by 5–13%, if the shape of the underwater light 
field is ignored and only downwelling planar irradiance 
is measured (Sathyendranath et al., 1989). Furthermore, a 
recent ice-ocean radiative transfer modelling study high-
lighted that scalar irradiance could be up to 1.85 times 
greater than downwelling planar irradiance immediately 
beneath the ice cover (Pavlov et al., 2017).

The average cosine for downwelling irradiance, μd, pro-
vides a tool to describe the angular distribution of the 
underwater radiation field (0.5 being isotropic, and 1.0 
fully downward directed) and to relate spatial variability 
of the radiation field to the propagation of radiation in the 
atmosphere-ice-ocean system. This propagation generally 
follows an exponential decline with increasing depth from 
the water surface and can be modelled as a function of 
scattering and absorption processes (Kirk, 1981; Bannister, 
1992; Mobley, 1994; Berwald, 1999). However, the high 
scattering of radiation while propagating through the sea 
ice causes the angular distribution of light penetrating 
the water column to be different from the open water sce-
nario, which is largely controlled by the solar zenith angle 
(Kirk, 2011). Several studies have assumed that μd values 
beneath the ice cover are similar to those in open water at 
greater depths (Arrigo et al., 1991; Ehn and Mundy, 2013; 
Katlein et al., 2014), while others have assumed an iso-
tropic light field (e.g., Frey et al., 2011). The lateral spread-
ing of radiation caused by large-scale sea ice features, such 
as melt ponds, cracks and leads, is also expected to have 
an impact on μd, underlining the need for an improved 
understanding of the angular shape of vertical radiative 
transfer.

Direct observations of the average cosine may also help 
to classify the impact of the heterogeneous under-ice light 
field on irradiance readings obtained by different radio-
meter types. Measurements of photosynthetically active 
radiation (PAR) for primary production estimates are com-
monly performed with either scalar or cosine-corrected 
planar radiometers, although an underestimation of the 
prevailing light availability is known to occur with the 
latter (Morel and Gentili, 2004). Although scalar radio-
meter with a spherical collector that capture PAR from all 
directions provide a more realistic measurement for pri-
mary production, planar irradiance sensors are commonly 
used. Planar irradiance can be converted into scalar irradi-
ance using the average cosine; however, more knowledge 
regarding changes to μd beneath a sea ice cover is needed. 
To study alterations of μd in the ice-covered water column, 
simultaneous measurements with both sensor types must 
be performed at several depth levels. 

With increasing primary production over the period 
of ice melt, differences in light attenuation also alter the 
spectral composition of the radiant flux within the under-
ice water column (Pavlov et al., 2017). Algal cells, detritus, 
dissolved organic matter and water itself absorb irradi-
ance at specific wavelengths, which makes spectral irradi-
ance measurements necessary to calculate PAR accurately. 
Differences in the spectral absorption also have an effect 

on the conversion of irradiance units (Morel and Smith, 
1974). For primary production estimates, PAR data are 
given in quantum units [μmol m–2 s–1] instead of energy 
units [W m–2] because photosynthesis is a photochemical 
process that depends on the number of photons absorbed 
rather than their energy content. Sensors for measuring 
the broad-band PAR quantum flux that can accommodate 
changes in the spectral shape of the underwater light field 
are available. However, ice mass balance buoys to meas-
ure the bio-optical properties of the surface water layer 
are equipped with shortwave radiation sensors. These fre-
quently used sensors operate in energy units and need to 
be converted to quantum units for primary production 
studies.

Recognizing the need for an improved characterization 
of the under-ice light field, a dataset of spectral irradiance 
profiles beneath landfast sea ice was collected during the 
Green Edge ice-camp campaigns in May–June 2015 and 
June–July 2016. The objectives of this study were to: (1) 
describe the impact of the sea ice cover on coefficients to 
describe the spectral distribution of downwelling irradi-
ance in the water column, particularly the downwelling 
average cosine, with increasing depth and over the course 
of spring melt; (2) quantify how changes in these coeffi-
cients affect under-ice PAR readings taken with a cosine 
planar versus a spherical scalar radiometer and stated in 
energy units versus quanta units; and (3) investigate the 
impact of different irradiance detector types on primary 
production estimates. Variations in the diffuse attenua-
tion and average cosine of downwelling PAR are presented 
over the course of spring melt and related to a potential 
error that different measurements could have on primary 
production estimates.

2 Methods
2.1 Study area
Spectral irradiance measurements were conducted as part 
of the Green Edge project in 2015 and 2016 on landfast sea 
ice (67° 28.784’ N, 63° 47.372’ W) near Qikiqtarjuaq, Nuna-
vut, Baffin Bay (Figure 1a). From 5 May to 8 June 2015, 
surface irradiance and under-ice spectral irradiance were 
measured prior to melt onset, under different snow depths 
and mostly overcast sky. The solar zenith angle ranged 
from 54° to 80° with a mean angle of 61°. In 2016, meas-
urements began after snow melt onset, and spectral irradi-
ance data were collected beneath sea ice covered with wet 
snow, shallow melt ponds and white ice between 14 June 
and 4 July. Sky conditions were characterized as cloudy 
with sunny intervals to fully overcast, long periods of fog 
and a solar zenith angle ranging from 45° to 73° with a 
mean angle of 59°. All measurements were performed 
around the ice camp in areas with undisturbed surfaces. 
Snow depth, hS, melt pond depth, hMP, the height of drained 
white ice above melt pond surface, hBI, freeboard height 
of white ice above sea surface, hFB, and ice thickness, hI, 
were measured with a ruler at the sea ice surface above the 
under-ice irradiance measurement after each deployment 
of optical equipment. Melt pond coverage was estimated 
from unmanned aerial vehicle (UAV) photographs taken 
90 m above the sampling area  (Figure 1b, c).
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2.2 Irradiance measurements
At each sampling station, the optical set-up consisted of 
a surface reference radiometer which measured incident 
downwelling planar irradiance, Ed(0,l), and an under-ice 
arm equipped with three radiometers to measure trans-
mitted downwelling planar irradiance, Ed(z,l), down-
welling scalar irradiance, E0d(z,l), and upwelling scalar 
irradiance, E0u(z,l), (Figure 2). These four hyperspectral 
radiometers (two planar RAMSES-ACC and two scalar 
RAMSES-ASC, TriOS GmbH, Germany) were equipped with 
internal pressure and tilt sensors and measure irradiance 
spectra in the wavelength range of 320 to 950 nm at a 
resolution of 3.3 nm (190 channels).

Spectral albedo, a(l), of different sea ice surface fea-
tures was measured prior to the under-ice light sampling. 
To achieve this, a planar radiometer was mounted on 
an aluminum pole 1.5 m away from the tripod and was 
turned upward to measure downwelling planar irradiance 
before it was turned downward to measure reflected pla-
nar irradiance. Spectral albedo was calculated as the aver-
age ratio of five consecutive downwelling and upwelling 
irradiance readings. 

Transmitted irradiance beneath the sea ice cover was 
recorded using a custom-built double-hinged aluminum 
pole (hereafter L-arm) connected to a manual winch to 
lower the instrument array to greater water depths by 
attaching additional 1.5-m aluminum poles to the arm. 
The L-arm was deployed through a 20-inch auger hole, 
and the radiometers were positioned directly beneath the 
ice bottom 1.5 m south of the hole. Snow or shaved ice 
was placed back into the hole to minimize the influence of 
elevated light levels on under-ice measurements. For the 
investigation of spectral and PAR transmittance, the two 
planar radiometers, used as surface reference and under-
ice sensor, were cross-calibrated in-air by simultaneously 
recording incident downward irradiance. Cross-calibration 
was performed following the equation provided in Antoine 
et al. (2013). Further steps of pre-analysis included the 

immersion correction of all under-ice light data due to the 
larger refractive index of water compared to air, and an 
exclusion from further analysis of data recorded when the 
vertical angle of the L-arm exceeded 5° from nadir. 

Figure 1: Study area. (a) Location of ice camp as part of the Green Edge campaign in 2015 and 2016 on landfast 
sea ice near Qikiqtarjuaq, Southern Baffin Island, NU, Canada (Courtesy of E. Rehm) and UAV photographs showing 
sea ice surface conditions in the sampling area on (b) 16 June and (c) 2 July 2016. DOI: https://doi.org/10.1525/
elementa.363.f1

Figure 2: Schematic of optical equipment deploy-
ment and derived coefficients. Above the air-snow 
interface: measurement of spectral incident irradi-
ance (Ed(0)) and spectral surface albedo (a); beneath 
the ice bottom via L-arm: measurement of transmitted 
downwelling planar and scalar irradiance spectra (Ed(z), 
E0d(z)) and upwelling scalar irradiance (E0u(z)). Spectral 
irradiance data were used to calculate transmittance 
(T), downwelling average cosine (μd) and diffuse verti-
cal attenuation coefficient of downwelling (Kd) and 
scalar irradiance (K0). DOI: https://doi.org/10.1525/
elementa.363.f2

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/doi/10.1525/elem
enta.363/434848/363-6212-3-pb.pdf by guest on 10 April 2022



Matthes et al: Average cosine coefficient and spectral distribution of the 
light field under sea ice

Art. 25, page 4 of 15  

In 2015, 17 vertical profiles of Ed(0,l), E0d(z,l), and 
E0u(z,l) were collected in 0.4–0.5-m steps from approxi-
mately 0.1 m below the ice bottom to a water depth of 18 
m. Due to no significant changes (Student’s-T-test) of snow 
depth and sea ice thickness over the sampling period and 
much larger vertical angles, only five profiles with a snow 
depth exceeding 15 cm (thick snow cover) were used in 
the calculation of changes in transmittance, diffuse atten-
uation and the downwelling average cosine in the water 
column. Using the same protocol as that in 2015, in 2016 
eleven under-ice irradiance profiles to a water depth of 20 
m were recorded under different sea ice surface proper-
ties, including four measurements underneath thin snow-
covered ice, three measurements below white ice and four 
measurements below ponded ice.

2.3 Chlorophyll a measurements
For the analysis of chlorophyll a (chl a) concentration 
in the sea ice bottom, the bottommost 3 cm of at least 
two ice cores were extracted at a thick snow site in 2015 
and thin snow and white ice sites in 2016 in proximity to 
the optical measurements. No ice cores were collected in 
melt ponds. The detailed sampling method is described in 
Galindo et al. (2017). Water samples were taken at 1.5, 5, 
10 and 20 m using Niskin bottles, while ice-water inter-
face samples were collected at 0.5 m with a submersible 
pump (Cyclone®) mounted to an under-ice arm. In the 
laboratory, melted sea ice and water samples were filtered 
onto 25 mm GF/F filters using a vacuum pump, wrapped 
in aluminum foil and stored at –80°C until analysis. Total 
chl a concentration was determined by High Performance 
Liquid Chromatography (HPLC) following Ras et al. 2008.

2.4 Data analysis
In the following calculation of the coefficients, measured 
irradiance spectra were interpolated to 1-nm steps and 
vertical profiles of under-ice Ed(z,l), E0d(z,l) and E0u(z,l) 
were calculated at 0.5-m steps from 1.5-m to 18-m (2015) 
or 20-m (2016) water depth using linear interpolation. 
Spectral irradiance and PAR transmittance through the 
ice cover at different stages of melt were estimated by 
dividing Ed measured at the ice bottom by Ed measured 
simultaneously at the ice surface. For the description of 
the angular structure of the under-ice light field, μd(z,l) 
was calculated as the ratio of Ed to E0d for each profile. To 
provide average μd for the four surface types (thick snow, 
thin snow, white ice, ponded ice), a two-term power series 
model was fitted through the under-ice μd(PAR) profiles of 
each surface type. Scalar under-ice irradiance E0(z,l) was 
estimated by summing the coincident measurements of 

E0d and E0u. The vertical diffuse attenuation coefficient for 
downwelling irradiance Kd(z,l) was estimated by fitting 
an exponential curve (R2 > 0.96) through the under-ice Ed 
profiles. To study differences between under-ice Kd and K0, 
an exponential curve (R2 > 0.96) was also fitted through 
the under-ice profile of E0 to estimate K0(z,l). All calcula-
tions were also performed with the coefficients for PAR, 
which was integrated over the waveband 400–700 nm.

The investigation of a factor to convert under-ice PAR 
data, given in energy units into values stated in pho-
ton density, was undertaken by a spectral conversion of 
downwelling scalar irradiance measured in W m–2 nm–1, 
E0d(z), into the corresponding quantum irradiance given 
in μmol m–2 s–1, E0d-Q(z), as follows

 ( ) ( )
700

0 0400d W dE z E z d λ− = ∫  (1)

 ( ) ( )700 0
0 400

 

   
d W

d Q
A

E z
E z d

c hN

λ
λ−

− = ∫  (2)

including the speed of light (c), Planck’s constant (h) and 
Avogadro’s number (NA). Afterwards, the ratio E0d-Q(z, PAR) 
to E0d-W(z, PAR) was calculated for different stages of sea 
ice melt.

2.5 Statistical analysis
A normal distribution of the data set and the homogene-
ity of variances were confirmed, and a square root trans-
formation was applied, if necessary, before parametric 
tests were used. To investigate differences in snow depth 
and ice thickness between the sampling years, a Student’s 
T-test was performed. A one-way ANOVA was used to test 
for significant differences in PAR transmittance between 
surface types, followed by Tukey’s HSD to identify signifi-
cantly different groups. Additionally, differences between 
planar and scalar irradiance measurements, as well as dif-
ferences in the downwelling average cosine, μd(PAR), and 
in the EQ/EW ratio with changing surface types and increas-
ing depth were tested using a two-way ANOVA.

3 Results and Discussion
3.1 Sea ice surface
The conditions on the sea ice surface displayed a strong 
contrast between sampling years (Table 1). Snow depths 
in 2015 varied between 7 and 32 cm with snowfall events 
in the end of May and were significantly higher than in 
2016 (t = 2.5211, df = 18, p < 0.05). Measured surface 
albedo was very high, averaging 0.95 in the PAR range. 
Ice thickness did not decrease, and no surface flooding 

Table 1: Average ± standard deviation snow depth ( )Sh , height of white ice above melt pond surface ( )WIh , melt pond 
depth ( )MPh , ice thickness ( ) Ih , and freeboard ( )FBh  by sampling year. DOI: https://doi.org/10.1525/elementa.363.t1

Year Sh  (cm) WIh  (cm) MPh  (cm) Ih  (m) FBh  (cm)

2015 23 ± 8a –b – 1.24 ± 0.06 4 ± 4

2016 11 ± 6a 5 ± 2 5 ± 3 1.19 ± 0.12 9 ± 3

a Shared superscripts represent statistically significant differences: p < 0.05.
b Dash indicates no melt ponds or white ice had formed during the sampling period.
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was observed in the sampling area during the period of 
the irradiance measurements in this study. Additional 
description of the environmental conditions are available 
elsewhere (Oziel et al., 2019). 

In mid-June 2016, air temperatures were above the 
freezing point, and the ice surface was covered with a rela-
tively wet snow cover displaying a mean albedo of 0.73 
in the PAR spectral range which corresponds to reported 
albedo values of melting snow (Figure 1b; Perovich, 1996). 
Shortly after, snow melt and a rain event on 22 June acted 
to rapidly flood the ice surface. Snowfall and freezing sur-
face water due to low air temperatures during the night 
slowed down surface melt during the following days. By 
27 June, large, but shallow melt ponds were visible at the 
ice surface (Figure 1c). Surface PAR albedos of melt ponds 
and bare ice averaged 0.33 and 0.57, respectively, and lay 
in the reported range for ponded and white ice (Perovich, 
1996). Melt pond coverage of the ice surface reached 
17–27% within the sampling area; however, melt ponds 
became smaller at the end of June due to increased sur-
face drainage (Oziel et al., 2019). Ice thickness also began 
to decrease from >1.2 m at the end of June to <1.0 m by 4 
July, but was not significantly different from that of 2015 
(t = 1.4931, df = 26, p = 0.147). 

3.2 Spectral and PAR transmittance
The change from a thick snow cover in May 2015 to wet 
snow in mid-June 2016 to ponded and white ice by the 
end of June resulted in a significant increase in the trans-
mittance of light through landfast sea ice of the same 
thickness (F3,12 = 39.64, p < 0.001; Table 2). Transmittance 
profiles for selected spectral bands and PAR in the water 
column beneath different ice surface types are shown for 
selected days in the supplemental material (Figure S1). In 
2015, new snowfall events caused low transmission of sur-
face radiation through the highly reflective snow-covered 
sea ice, which then decreased monotonically with water 
depth. Spectral transmittance peaked between 470 and 
570 nm reflecting the high absorption of snow and ice 
in the longer wavelength spectrum. In 2016, transmission 
through ice with a thin layer of wet snow was significantly 
larger with a more pronounced peak of spectral transmit-
tance at wavelengths between 470 and 500 nm beneath 
the ice bottom. Light transmission through white ice was 
of the same magnitude. However, vertical spectral trans-
mittance profiles showed a small increase in the 400 to 

600 nm wavelength spectrum in the first 3 m below the 
ice bottom due to higher light transmission through adja-
cent melt ponds. The typical exponential decline of trans-
mittance was observed beneath ponded ice.

Observations undertaken in 2016 during melt pond for-
mation showed that the initial increase in under-ice light 
levels was caused by snow melt onset, which likely caused 
the surface albedo to be much lower in mid-June 2016 
in comparison to very high albedos observed in late-May 
2015. PAR transmittance of white and ponded ice corre-
sponded with that presented in the literature (Ehn et al., 
2011; Light et al., 2015). PAR transmittance recorded dur-
ing snow melt was of the same magnitude as the transmis-
sion of PAR through the subsequent white ice, although 
the surface albedo of wet snow was greater. The similarity 
implies an increased light attenuation within the white 
ice layer. Ice algae, which were observed in the ice bot-
tom in both years, could have influenced the transmitted 
light spectra. However, measured ice algae chl a concen-
tration decreased from 3.476 mg m–2 to 0.267 mg m–2 
over the sampling period. Instead, scattering within the 
drained surface layer of white ice, which consisted of large 
melt-grain clusters permeated by void space, could have 
caused a stronger light attenuation than the likely water-
saturated snow layer at the snow-ice-interface (Light et al., 
2008).

3.3 Vertical diffuse attenuation in the water column
During the 2015 pre-melt study, the thick snow and ice 
layer was associated with a very diffuse radiation field in 
the water column and a small Kd(PAR) between 0.08 and 
0.14 m–1 (Figure 3a). Over the sampling period, Kd(PAR) 
decreased to a relatively constant value at the end of May, 
while the difference between K0 and Kd increased from 4 
to 18%. In the following year, Kd(PAR) increased by a fac-
tor of two from 0.09 m–1 to 0.23 m–1 (Figure 3b). The dif-
ference between the two coefficients decreased from 8 to 
3%. 

The variations in Kd(PAR), and K0(PAR) with depth and 
ongoing melt progression may have been related to 
a change in the absorption of PAR by algae cells in the 
water column. In 2015, average chl a concentration in 
the first 20 m of the surface water layer varied between 
0.177 μg L–1 and 0.135 μg L–1 until it dropped to 0.035 
μg L–1 on 29 May. Afterwards chl a increased again to a 
value of 0.159 μg L–1 on 6 June. PAR attenuation in the 

Table 2: Post-hoc comparison of average PAR transmittance (T ) ± standard deviation through landfast sea ice with 
 different surface types in 2015 (thick snow) and 2016 (thin snow, white ice, melt pond). DOI: https://doi.org/10.1525/
elementa.363.t2

Group n T(PAR) Tukey’s HSD comparisons

Thick snow Thin snow White ice

Thick snow 5 0.003 ± 0.0008 –a – –

Thin snow 4 0.118 ± 0.05 p < 0.001 – –

White ice 3 0.121 ± 0.04 p < 0.001 – –

Melt pond 4 0.264 ± 0.05 p < 0.001 p < 0.05 p < 0.05

a Dash indicates no significant differences observed.
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water column only decreased slightly with the decline in 
chl a concentration. In 2016, vertical diffuse attenuation 
increased with ongoing melt progression due to enhanced 
absorption and scattering caused by an increase in aver-
age chl a concentration from 0.258 μg L–1 on 15 June to 
1.828 μg L–1 on 4 July in the upper 20-m water column. 
Furthermore, phytoplankton cells are mainly forward-
scattering which could have influenced a decrease of the 
difference between Kd and K0.

To study differences in diffuse attenuation of transmit-
ted irradiance with increasing depth, Kd and K0 were cal-
culated between 3 and 6 m and between 6.5 and 18 m for 
the 2015 dataset (Table S1), as well as between 1.5 and 6 m 
and between 6.5 and 20 m for the 2016 dataset (Table S2), 
based on an observed smaller decrease in transmittance 
in the water column below 6-m depth (data not shown). 
The difference between K0 and Kd was 22%, whereas in 
2016, the melting ice cover displayed a 9% greater K0 in 
the first 6-m water depth. In both years, the radiant flux 
became more downward-directed and less impacted by 
differences in light transmission through the sea ice cover 
with greater water depths resulting in only an 11% greater 
K0 than Kd between 6.5- and 18-m depths in 2015 and 4% 
greater K0 between 6.5 and 20 m in 2016. 

Diffuse attenuation coefficients largely varied directly 
beneath the ice bottom with the change in ice surface 
from a wet snow cover to a mixture of bare ice and 
melt ponds. Light exiting the snow-covered ice layer in 
2015 was more diffuse due to the highly scattering dry 
snow conditions (see next section), leading to a greater 
difference between Kd and K0. Leppäranta et al. (2003) 
reported a 10% larger K0 in snow- and ice-covered lakes, 
as well as a decrease in the difference between the two 
coefficients after the artificial removal of the scattering 
snow cover. Our results show the same trend with ongo-
ing surface melt, whereby the large portion of longer 
wavelengths, which penetrate through the ponded ice 
cover and are absorbed strongly in the surface water 
layer, may have also contributed to a decrease between 
Kd and K0.

3.4 Differences between under-ice planar and scalar 
irradiance profiles
Comparing irradiance profiles recorded with planar versus 
scalar radiometers, surface type (F3,24 = 14.25, p < 0.001) 
and depth (F1,24 = 43.97, p < 0.001) had a significant effect 
on the discrepancy between the recorded downwelling 
planar and scalar irradiance profiles in both years. Sum-
marizing the 2015 dataset, measurements of E0d(PAR) at 
3-m and at 18-m water depths were on average 38 and 
32% larger, respectively, than simultaneous Ed(PAR) read-
ings. Upwelling scalar irradiance, E0u(PAR), was an order 
of magnitude less, resulting in a slightly higher E0(PAR) of 
3% compared to E0d(PAR) throughout the entire water col-
umn. In 2016, the difference between E0d(PAR) and Ed(PAR) 
was lower, between 31 and 34% at 3 m and between 
25 and 28% at 20-m depth, due to overall greater light 
transmission through the sea ice cover. E0u(PAR) was again 
within 3% of that of E0d(PAR). 

The under-ice irradiance levels were low under the 
snow-covered sea ice in 2015 with downwelling scalar PAR 
never exceeding 4.9 μmol m–2 s–1 (Figure S2a). Under-ice 
PAR levels were 30 times higher after the beginning of 
surface melt in June 2016, reaching mean E0d(PAR) values 
of 151.8 μmol m–2 s–1 during snow melt, and 105.5 and 
280.3 μmol m–2 s–1 beneath white and ponded ice at 1.5-m 
depth, respectively (Figure S2b–d). Fog events became 
more frequent by the end of June which caused lower 
incident radiation levels. Irradiance profiles recorded 
below white and ponded ice shortly after each other also 
illustrated a decreasing impact of the heterogeneous light 
transmission on the under-ice PAR levels with increasing 
depth (Figure 4). The decrease in PAR with depth was 
greater under melt ponds than that under white ice until 
10 m where the curves became parallel and, therefore, PAR 
propagation was no longer influenced by the sea ice cover. 

3.5 Under-ice downwelling average cosine
The measured irradiance spectra, Ed(l) and E0d(l), and the 
calculated spectral downwelling average cosine, μd(l), are 
shown for specified depths in Figure 5. Changes in the 

Figure 3: Vertical diffuse attenuation of downwelling planar PAR (Kd) and scalar PAR (K0). Coefficients were 
measured beneath landfast sea ice in (a) 2015 and (b) 2016. Total chlorophyll a (Tchl a) is given as average concentra-
tion in the first 20-m depth. DOI: https://doi.org/10.1525/elementa.363.f3

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/doi/10.1525/elem
enta.363/434848/363-6212-3-pb.pdf by guest on 10 April 2022



Matthes et al: Average cosine coefficient and spectral distribution of the 
light field under sea ice

Art. 25, page 7 of 15

spectral shape of downwelling radiation with  increasing 
depth had an impact on μd(l). On 16 May 2015, light 
levels were exceedingly low and diffuse due to the thick 
snow cover which resulted in relatively constant μd(l) 
values between 400 and 600 nm with a low at 490 nm 
(Figure 5a). Above 600 nm, irradiance was rapidly attenu-
ated in the water column. In 2016, the spectral shape of 
μd(l) demonstrated a wavelength dependence. Beneath 
snow-covered sea ice at 1.5-m depth, the lowest μd(l) of 
0.65 was measured at 431 nm and slightly increased to 
0.66 at 400 nm on 14 June. A much stronger increase 
in μd(l) was measured towards longer wavelengths 
 (indicating a more downwards directed irradiance field) 
with ratios of 0.72 at 700 nm. Enhanced noise for μd(l) 
was observed below 10-m depth due to the reduction in 
irradiance levels. With ongoing surface melt, the small-
est μd(l) values of 0.69 shifted from the blue towards the 
green part of the spectrum at 487 nm at 1.5 m on 4 July 
(Figure 5b–d). The low transmission and strong attenua-
tion of spectral irradiance >600 nm caused uncertainty in 
the calculation of the average cosine above 600 nm due 
to the detection limit of the sensor. However, irradiance 
values of the red spectrum were so low that they were not 
expected to have an impact on the calculation of μd(PAR).

The angular distribution of downwelling radiation in 
the photosynthetic waveband below landfast ice cover 
varied significantly with surface type (F3,24 = 15.54, 

Figure 4: Interpolated profiles of measured  under-ice 
PAR. Plotted as downwelling planar irradiance Ed 

(dashed lines), downwelling scalar irradiance E0d (solid 
lines) and scalar irradiance E0 (dotted lines) beneath 
snow-covered sea ice on 14 June (green), white ice on 
27 June (orange), and ponded ice on 27 June (blue) 
2016. DOI: https://doi.org/10.1525/elementa.363.f4

Figure 5: Spectral downwelling under-ice irradiance and downwelling average cosine of spectral irradiance. 
Measurements of spectral Ed (dotted lines) and E0d (dashed lines) were performed (a) beneath snow-covered ice on 16 
May 2015, (b) beneath snow-covered ice on 14 June 2016, (c) beneath white ice on 27 June 2016, and (d) beneath 
ponded ice on 4 July 2016. Spectral irradiance and spectral μd (solid lines) are plotted for three depths. DOI: https://
doi.org/10.1525/elementa.363.f5
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p < 0.001) as well as with the change in the shape of the 
spectra with depth (F1,24 = 62.38, p < 0.001; Figure 6). In 
2015, the PAR light field was nearly isotropic displaying 
significantly lower downwelling average cosines, μd(PAR), 
at 3-m depth below ice that was covered with a >15-cm 
thick snow layer than in 2016 (Table 3). The snow layer as 
a highly scattering medium caused the most diffuse light 
field directly beneath the ice bottom. With increasing 
depth, μd(PAR) significantly increased, similarly to those 

observed in the following year at the same depth level. 
In 2016, the PAR light field was more downward-directed 
associated with a greater light transmission through the 
sea ice cover. At the ice bottom, μd values for PAR did not 
vary significantly between ice surface properties, but con-
tinuously increased with depth; μd(PAR) measured at 18 m 
beneath ponded ice was significantly greater than that at 
3 m. Furthermore, μd(PAR) in the water column beneath 
snow-covered ice showed substantially less change with 
depth below 10 m than those under white and ponded 
ice. 

Light propagation became more downward-directed 
(μd > 0.7) with the transition from a thick snow cover to 
a mosaic of white ice and melt ponds due to an increased 
light transmission. Downwelling average cosine values, 
stated in the literature, range from 0.56 to 0.7 directly 
beneath the sea ice bottom, which corresponds well with 
our field observations (Arrigo et al., 1991; Ehn and Mundy, 
2013; Katlein et al., 2014). Diffuse incoming radiation 
caused by clouds and fog also play a role in the under-
ice light propagation. The frequent fog events in late June 
2016 could have had an effect on the lower μd beneath 
white ice compared to sea ice with a thin snow layer.

Variations in the propagation of downwelling irradiance 
with increasing depth were recently examined numeri-
cally for an ice-covered water column north of Svalbard as 
the ratio of E0 /Ed in the PAR spectrum. In the model, the 
sea ice was covered with a thin snow layer. Ratios of E0/Ed 
are presented for pre-bloom and bloom conditions based 
on the output from a radiative transfer model (Pavlov et 
al., 2017). A reversal of this ratio allows for a reasonable 
comparison against our μd results, as E0 is not expected to 
be much larger than E0d in the water column. Modelled 
values stated by Pavlov et al. (2017) were a near constant 
0.55 at the ice bottom (indicating that the model pro-
duces a nearly isotropic light field at the base of the ice 
cover independent of irradiance level), and then increased 
with depth to 0.7 during pre-bloom conditions and to 
0.65 during a phytoplankton bloom at 40-m depth. Based 

Figure 6: Downwelling average cosine (μd(PAR)) 
beneath different sea ice surface types. Mean 
μd(PAR) was calculated from vertical irradiance pro-
files beneath sea ice with a thick snow cover in 2015 
and beneath ice with a thin snow cover, ponded and 
white ice in 2016. DOI: https://doi.org/10.1525/ele-
menta.363.f6

Table 3: Post-hoc comparison of mean downwelling average cosine (μd(PAR)) ± standard deviation beneath landfast sea 
ice with different surface types: thick snow (TkS) in 2015 and thin snow (TnS), white ice (WI), and melt pond (MP) in 
2016. DOI: https://doi.org/10.1525/elementa.363.t3

Surface type Depth 
(m)

μd(PAR) Tukey’s HSD comparisons

μd-TkS 

(PAR, 3 m)
μd-TnS 

(PAR, 3 m)
μd-WI 

(PAR, 3 m)
μd-MP

(PAR, 3 m)

Thick snow 3 0.61 ± 0.01 –a – – –

18 0.70 ± 0.02 p < 0.001 – – –

Thin snow 3 0.69 ± 0.02 p < 0.001 – – –

18 0.73 ± 0.01 p < 0.001 – – –

White ice 3 0.66 ± 0.02 p < 0.05 – – –

18 0.72 ± 0.02 p < 0.001 – – –

Melt pond 3 0.69 ± 0.03 p < 0.001 – – –

18 0.75 ± 0.01 p < 0.001 p < 0.05 p < 0.001 p < 0.01

a Dash indicates no significant differences observed.
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on measured under-ice irradiance, our results showed the 
same trend of a decreasing μd(PAR) with depth. However, 
measured μd(PAR) was higher and varied between 0.61 
and 0.69 directly beneath the ice bottom. 

In the ice-covered water column, scattering and absorp-
tion processes control the propagation of light. Both pro-
cesses determine changes in the angular distribution of 
light, while absorption alone impacts the spectral shape 
and creates a downward-directed light field weighted 
toward blue-green wavelengths with increasing depth. 
Measurements in 2015 recorded very low under-ice irra-
diance levels and only small changes in μd(PAR), which 
indicate a low impact of PAR-absorbing and -scattering 
particles in the water column. Hence, light attenuation 
was mainly influenced by the high absorption coefficient 
of water itself, which dominated the rate of change in the 
average cosine mainly in the red portion of the spectrum. 
Blue-green light is weakly absorbed by water and, there-
fore, shows a greater reflectance which overlaps with the 
observed low of μd(l) at 490 nm (Morel and Gentili, 2004).

In 2016, measured under-ice irradiance profiles showed 
an enhanced attenuation of light between 400 and 500 
nm toward the end of June, influenced by an increase in 
phytoplankton biomass in the surface water layer. The 
implications on the under-ice light field can be seen in 
an increased rate of change of μd(PAR) below white and 
ponded ice compared to the mean μd(PAR) profile meas-
ured in the beginning of June beneath ice with a thin 
snow layer (Table 3, Figure 5b–d). Furthermore, the 
increased concentration of phytoplankton and absorp-
tion of wavelengths at the chlorophyll maxima led pho-
tons of the green spectrum to penetrate deepest and 
caused the observed depression in spectral μd at 487 nm 
due to a greater reflectance in the water column (Morel 
and Gentili, 2004). Pavlov et al. (2017) also postulated an 
increase in E0 compared to Ed under bloom conditions 
due to enhanced backscattering of algal cells. Although 
eukaryotic cells are described as weak backward-scatterers 
due to their large cell size (Kirk, 2011), the unique colo-
nial aspect of Phaeocystis pouchetii, the nanoflagellate 
observed in Pavlov et al. (2017), could potentially influ-
ence backscatter more. More research on the subject is 
required. Our results showed a decline in the differences 
between E0d and Ed with negligible E0u over sea ice melt 
progression and increased chl a concentration which sug-
gests a stronger impact of the overall larger light trans-
mission to the ocean rather than the elevated scattering 
by particles on the under-ice light propagation in spring. 
Note, however, that average chl a concentration in the 
water column only reached 1.8 μg L–1 during our study in 
2016, in comparison to 7.5 ug L–1 in Pavlov et al. (2017). 

Discrepancies between Ed and E0d are dependent on 
the relative importance of scattering versus absorption. A 
very diffuse underwater light field due to a low sun angle 
and/or multiple scattering in the overlying snow and ice 
cover increases the discrepancy between planar and scalar 
measurements, which can cause a large error in the meas-
urement of light availability for the estimation of polar 
primary production. Hence, the use of planar irradiance 
Ed instead of scalar irradiance E0 in primary production 

studies will always represent an underestimate of the 
prevailing underwater light conditions that needs to be 
corrected (Morel and Gentili, 2004; Kirk, 2011; Pavlov et 
al., 2017). To show percentage difference in primary pro-
duction estimates resulting from planar vs. scalar PAR 
input, depth-integrated daily production was calculated 
for light-limiting conditions in surface waters on 14 June 
and light-saturating conditions on 1 July 2016. Averaged 
hourly surface irradiance, recorded over a period of 24 
hours, together with the presented coefficients of light 
transmission through snow-covered, ponded and white 
ice and with Kd(PAR), were used to calculate vertical under-
ice profiles of planar and, by using an average cosine of 
0.7, scalar irradiance. Hourly photosynthetic rate was cal-
culated with parameters gained from photosynthesis vs. 
irradiance (PvsE) curves of phytoplankton communities 
sampled at the ice camp. A maximum photosynthetic 
rate, Pmax, of 0.83 (0.25) mg C chl a–1 h–1, light saturation 
point, Ek, of 59 (102) μmol m–2 s–1 and photoinhibition, b, 
of 7.9 × 10–4 (9.4 × 10–5) of communities sampled on 14 
June (1 July) were applied in the equation stated in Platt 
et al. (1980) and normalized to the chl a concentration 
measured from 0.5-m to 60-m depth. Afterwards, primary 
production rates were integrated over a depth of 60 m and 
over 24 hours. 

Results indicate that once photosynthesis is saturated, 
the impact of the average cosine on calculated primary 
production rates is minimal. Figure 7 shows a 3% higher 
daily carbon production calculated with E0d instead of Ed 
on 1 July. The importance of using the scalar irradiance 
for production estimates is more pronounced in the pre-
bloom period when light availability is still limiting pho-
tosynthesis and under-ice phytoplankton communities 
are adapted to low-light conditions. Depth-integrated 
daily carbon production was 16% lower using Ed instead 
of E0d due to the linear relationship between the rate 
of photosynthesis and increasing light levels before 

Figure 7: PvsE curves of phytoplankton and  calculated 
daily carbon production in the ice- covered water 
column. Depth-integrated primary production at the 
sampling site down to 60 m was derived from PvsE 
curves of phytoplankton communities sampled on 
14 June (orange, 16%) and on 1 July 2016 (red, 3%). 
Black lines show Ed(PAR) and E0d(PAR) values at 2-m 
depth at 12:00 pm. DOI: https://doi.org/10.1525/ele-
menta.363.f7
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reaching saturation levels. We note these estimates fall 
slightly below and above the range of 5–13% modelled by 
Sathyendranath et al. (1989). To avoid possible discrepan-
cies in production estimates, scalar radiometers should be 
utilized, particularly in studies investigating the timing of 
under-ice blooms. If only downwelling planar irradiance 
is measured, an average cosine of 0.6 beneath snow-cov-
ered sea ice and 0.7 beneath ponded and white ice can be 
used to convert these under-ice measurements into down-
welling scalar irradiance.

3.6 PAR unit conversion factors
Knowledge about the relation between total quanta and 
total energy at different depths also plays a relevant role 
in the conversion of underwater irradiance data. In bio-
logical studies, PAR data are commonly stated in units of 
μmol m–2 s–1 (EQ), while energy balance studies use units 
of W m–2 (EW). Often the comparison between results from 
the two disciplinary fields is unclear because irradiance 
data are usually converted spectrally and conversion ratios 
for PAR data are lacking. The EQ/EW ratio for PAR is depend-
ent on water transparency and depth and was studied for 

several open water bodies (Morel and Smith, 1974; Reinart 
et al., 1998). This study investigated variations in the ratio 
spectrally and was used to study changes in the conver-
sion factor of E0d(PAR) values directly. 

The highest and significantly different ratios were 
observed in profiles near the ice bottom (F1,24 = 16.16, 
p < 0.001) due to spectral narrowing as light propagates 
downward in the water column (Table 4). With increasing 
chl a concentration in the water column, profiles became 
C-shaped with a minimum between 6- and 10-m depth 
before again increasing at further depth. Figure 8a pre-
sents the calculated EQ/EW ratio of E0d(PAR) with increasing 
depth in 2015. Below the ice bottom at 3-m depth, mean 
ratios of 4.24 were reached while a mean ratio of 4.14 was 
measured at 18-m depth. The observed differences in the 
ratios over time were related to variations in the spectral 
shape of transmitted irradiance (Figure 8b). The greatest 
ratio of 4.32, measured on 6 June at 3-m depth, was caused 
by a high transmission of longer wavelengths between 
550 and 600 nm with a lower energy content. In contrast, 
on 16 May noticeably less irradiance between 550 and 
600 nm, but more between 450 and 500 nm (photons 

Table 4: Average ratio EQ/EW ± standard deviation beneath landfast sea ice with different surface types at two depth 
levels (3 m, 18 m). DOI: https://doi.org/10.1525/elementa.363.t3

Depth (m) Ratio EQ/EW-Surface type

Thick snow Thin snow White ice Melt pond

3 m 4.24 ± 0.05 4.26 ± 0.03a 4.24 ± 0.01 4.26 ± 0.02

18 m 4.15 ± 0.01 4.14 ± 0.01a 4.20 ± 0.04 4.26 ± 0.07

a Shared superscripts represent statistically significant differences: p < 0.05.

Figure 8: The ratio EQ/EW and spectral shape of scalar under-ice irradiance. (a) Vertical profile of ratio EQ/EW and 
(b) transmitted spectral scalar irradiance at depths of 3 m (dashed lines) and 18 m (solid lines) measured beneath 
snow-covered sea ice in 2015. Mean ratio stated as calculated average of 5 days. DOI: https://doi.org/10.1525/ele-
menta.363.f8
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with a higher energy content), were transmitted which 
resulted in a smaller ratio of 4.16 at the same depth level. 
The reason for a spectral shift in transmitted irradiance is 
likely a change in the ice algal biomass in the bottom-ice 
layer. Within the sampling period, the chl a concentration 
in the last 3 cm of the ice bottom varied from 3.8 mg m–2 
on 16 May to over 31.8 mg m–2 on 27 May and 0.5 mg m–2 
on 2 June (Galindo et al., 2017), which contributed to the 
decrease in the transmission of wavelengths between 400 
and 500 nm at the end of May and, thus, caused lower 
ratios. Water column chl a concentration was low (<0.2 μg 
L–1) throughout the sampling period and had only a small 
impact on the spectral composition of PAR. 

In 2016, measured EQ/EW ratios varied less beneath 
the ice bottom (Table 4) which could have been related 
to a low chl a concentration in the bottommost 3 cm 
of the ice layer never exceeding 3.5 mg m–2 throughout 
the sampling period. However, only beneath sea ice with 
a thin snow cover, the ratio decreased significantly with 
depth likely due to a low light absorption by algal cells 
in the water column (Figure 9a). The chl a concentra-
tion was less than 0.3 μg L–1. Beneath white and ponded 
ice (Figure 9b, c), the water column showed character-
istics of blue-green waters (Morel and Smith, 1974). The 
increase in light attenuation by increased phytoplankton 
biomass altered the spectral composition of the radiant 
flux, so that photons of the green spectrum traveled deep-
est causing a greater ratio. The increase in the ratio with 
depth, observed beneath ponded ice, also emphasizes a 
chlorophyll maximum at greater depths. Generally, the 
EQ/EW ratio of 4.25 can be used to convert PAR given in 
watt units and measured directly beneath the ice. Morel 
and Smith (1974) provide an EQ/EW ratio of 4.15 ± 10% for 
a PAR unit conversion in the open water which encom-
passes with our observations. Another aspect that can 
be drawn from the spectral composition of downwelling 
irradiance is the observed change in the quality of PAR. 

The efficiency of photosynthetic processes depends on 
how well the spectral composition of PAR matches the 
absorption spectrum of algal pigments, so that a shift of 
the radiant flux towards the green spectrum results in a 
lower quality of PAR and, thus, lower efficiency in the uti-
lization of radiant energy by phytoplankton (Morel, 1978; 
Morel, 1991). As shown, the spectral shape of transmitted 
irradiance varied with increasing chl a concentration and 
has to be considered in the discussion of light availability 
for primary production. 

Understanding the spring bloom dynamics of phyto-
plankton in the Arctic is of key importance to make pre-
dictions about the biological productivity in the Arctic 
marine environment in future. A significant fraction of 
the primary production takes place beneath a sea ice 
cover and commences during the spring–summer transi-
tion, when the sea ice cover starts to melt, and lasts until 
nutrients become limiting (Mundy et al., 2014; Barber et 
al., 2015). To understand and predict the timing and inten-
sity of the spring bloom under Arctic sea ice, knowing how 
much PAR is available in the surface layer of the water col-
umn is important. Whereas energy balance studies require 
the flux of solar radiation energy incident onto the surface 
for calculating, e.g., radiative heating or melting rates, esti-
mates of primary production require information of the 
total flux of photons in the PAR wavelength range from all 
directions at a given point in the water column or, in other 
words, the scalar irradiance, E0-Q(PAR).

The dependence of transmitted PAR propagation in the 
under-ice water column (e.g., transmission, vertical diffuse 
attenuation and downwelling average cosine) on the state 
of surface melt have been summarized in Figure 10 to 
assist with parametrization of the under-ice light field in 
polar primary production studies. The schematic figure 
presents the coefficients required to link PAR measured (1) 
above and below a melting landfast sea ice cover in spring, 
(2) in different units and (3) with different radiometer 

Figure 9: The ratio EQ/EW beneath sea ice with different surface types. Vertical profiles of the ratio measured (a) 
beneath snow-covered sea ice, (b) white ice and (c) ponded ice in 2016. Mean coefficient stated as calculated average 
for each surface type. DOI: https://doi.org/10.1525/elementa.363.f9
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types. Spectral irradiance measurements were a require-
ment to derive these coefficients and to convert between 
units. However, irradiance data in biological studies are 
often measured using integrated PAR band sensors, in 
units of quanta, with sometimes little consideration of 
the prevailing light field (e.g., use of only a planar sen-
sor). The presented results show variations of each coef-
ficient in relation to the prevailing surface conditions to 
describe the propagation and attenuation of PAR in the 
water column. 

In the next step, these coefficients can be applied in 
primary production studies as well as in models to calcu-
late PAR availability beneath Arctic landfast sea ice, even 
if only incident solar irradiance is known. Information 
about the sea ice surface from drone or satellite imagery 
can be used to assess the spatial heterogeneity of the 
surface, so that regional PAR transmittance can be cal-
culated following Equation 3 of bulk transmittance ( )T , 
first presented by Perovich (2005) and later confirmed in 
a model exercise of ponded first year sea ice by Taskjelle 
et al. (2017).

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )( ) ( )
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Average values of PAR transmittance, as presented in this 
paper, for snow-covered ( )TS , melt pond-covered ( )MPT  and 
white ice ( )WIT , their area fraction (A) as well as the sur-
face albedo of water (aW) can be used to calculate regional 
PAR transmittance at a given time (t). The subsequently 
gained, still planar under-ice PAR values (Ed), together with 
the average cosine μd(PAR) and vertical diffuse attenuation 
coefficient Kd(PAR) from Figure 8, can now be applied to 

estimate vertical profiles of downwelling scalar irradiance 
(Ed) following Equation 4.
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4 Conclusion
During melt season, changes in the under-ice light field 
can occur over a relatively short time period and, in turn, 
can cause a large error in the measurement of radiation 
available for photosynthesis. Our investigation aimed to 
minimize the error by providing new information about 
coefficients to describe the propagation of transmitted 
PAR below the sea ice cover in spring. Large variation in 
the apparent optical properties were shown over time 
and water depth due to a decreased surface albedo with 
the melting of snow and the appearance of melt ponds 
as well as an increase in scattering and absorption pro-
cesses in the water column. The presented measurements 
of the downwelling average cosine are the first reported 
beneath sea ice and are in good agreement with modelled 
values. Significant differences in μd(PAR) were observed 
directly beneath the ice bottom, but not with increas-
ing depth. Hence, error in the calculation of under-ice 
primary production can be avoided if measured down-
welling irradiance is converted into scalar irradiance by 
using an average cosine of 0.7 (0.6 beneath snow-covered 
sea ice). 

For future statements about the timing of primary 
production beneath the thinning Arctic ice pack, more 
information is still needed on the evolution of the angular 
distribution of the underwater light field over a diurnal 
cycle. With continuing melt progression, low sun angles, 
longer daylight and refreezing of the melting sea ice 

Figure 10: Parametrization of the under-ice light field. Flow chart of attributes to describe the transmittance (T ) of 
incident shortwave (SW) and PAR irradiance through sea ice with a thick snow cover (TkS), white ice (WI) and ponded 
ice (MP), and the under-ice propagation of PAR: downwelling vertical diffuse attenuation coefficient (Kd), downwelling 
average cosine (μd) and ratio (EQ/EW) to convert PAR stated in energy units [W] into photon flux density [Q]. Transmit-
tance and the change in Kd over the sampling period are given as ranges. PAR-fraction of incident shortwave radiation 
taken from Yu et al. (2015). DOI: https://doi.org/10.1525/elementa.363.f10
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surface caused by low night temperatures are likely to 
have a strong impact on the transmission and angular dis-
tribution of the radiant flux penetrating the ice-covered 
ocean. Here, the use of Monte-Carlo simulations to cre-
ate a 3D model of the average cosine will be beneficial 
to characterize the heterogeneous light climate in spring. 
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