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Abstract The deposition of solar energy in the upper Arctic Ocean depends, among other things, on the
composition of the water column. During the N-ICE2015 expedition, a drift in the Arctic pack ice north of
Svalbard, an under-ice phytoplankton bloom was encountered in May 2015. This bloom led to significant
changes in the inherent optical properties (IOPs) of the upper ocean. Mean values of total water absorption
in the upper 20 m of the water column were up to 4 times higher during the bloom than prior to it. The
total water attenuation coefficient increased by a factor of up to around 7. Radiative transfer modeling, with
measured IOPs as input, has been performed with a coupled atmosphere-ice-ocean model. Simulations are
used to investigate the change in depth-dependent solar heating of the ocean after the onset of the bloom,
for wavelengths in the region 350–700 nm. Effects of clouds, sea ice cover, solar zenith angle, as well as the
average cosine for scattering of the ocean inclusions are evaluated. An increase in energy absorption in the
upper 10 m of about 36% is found under 25 cm ice with 2 cm snow, for bloom conditions relative to pre-
bloom conditions, which may have implications for ice melt and growth in spring. Thicker clouds and lower
sun reduce the irradiance available, but lead to an increase in relative absorption.

1. Introduction

The fate of the sunlight incident on the sea ice covered Arctic Ocean depends on many factors. Given the
high albedo of snow covered sea ice [e.g., Grenfell and Perovich, 1984], the state of the ice and snow cover
itself is the dominating factor. However, as some light will pass through the ice, the properties of the water
column below the ice also have bearing on where the solar energy ends up [Pegau, 2002]. The Arctic Ocean
is also moving to a regime with thinner ice, and possibly more open leads, which will increase the energy
input in the upper ocean [Arndt and Nicolaus, 2014]. Prevalence of particulate (including plankton) and dis-
solved matter in the water will modify the absorption and scattering properties of the water body, and
hence affect the vertical distribution of radiant heating [Pegau, 2002; Granskog et al., 2015]. In turn, this can
affect ice melt if the heat accumulates in the surface mixed layer [Hudson et al., 2013; Granskog et al., 2015].

The Norwegian Young Sea Ice Experiment (N-ICE2015) was a field campaign lasting from January to June
2015, where the vessel R/V Lance was moored to a total of four ice floes during the expedition [Granskog
et al., 2016]. An under-ice spring bloom of phytoplankton was encountered over the Yermak Plateau [Assmy
et al., 2016], during the 7 week drift with the third floe, from mid-April to early June. The bloom appeared to
have formed under the ice cover, and continued to develop during N-ICE2015, also being observed during
the drift of floe 4. The encounter with the bloom coincided with notable changes in oceanographic condi-
tions [Meyer et al., 2016], and caused significant changes in the inherent optical properties (IOPs) of the
upper ocean [Pavlov et al., 2016]. Under-ice blooms in the high-Arctic have been observed previously,
though later in the season [Pegau, 2002], under melt-pond covered ice [Arrigo et al., 2012], snow-free ice
[Fortier et al., 2002], or by the ice-edge [Mundy et al., 2009]. The bloom encountered during N-ICE2015, how-
ever, developed early in the season under sea ice that was covered with thick snow everywhere except on
newly refrozen leads.

In this work, we use the AccuRT (Geminor Inc., Maplewood, NJ, USA) radiative transfer model to estimate
the changes in the vertical distribution of solar heating under ice and in open water, following the change
from relatively transparent surface waters before the bloom, to the more turbid waters encountered during
the bloom. We compare our results to Pegau [2002] and Granskog et al. [2015], but in contrast to their open
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water studies we will also consider the effect of the sea ice and snow cover. Finally, using information on
ice cover (fractions of open water, thin ice, and thick ice) we estimate the aggregate scale solar heating of
the upper ocean in the study region.

2. Observations and Methods

2.1. Ice Conditions
Studies of ice thickness and snow depth were performed on the floes and in the surrounding area (A. R€osel,
Norwegian Polar Institute, 2016, personal communication). During the drift on floe 3, a bimodal distribution of
both sea ice thickness and snow depth was observed in the area around the ice camp. Many recently refrozen
leads in the region led to fairly large areas of ice less than 0:5 m thick, though the main mode of the distribu-
tion peaked for a thickness of about 1:2 m. Snow was similarly distributed with a main-mode peak at about
0:45 m, and a side mode with snow depths up to 0:1 m, originating from snow covering refrozen leads. In the
area around the camp on floe 4, we saw single mode distributions, with mean values of 1.2 and 0:3 m for ice
thickness and snow depth, respectively. However, observations during the drift with floe 4 were only carried
out on the thicker main floe, and not on the surrounding leads, causing the absence of the side mode.

2.2. Observations
With the exception of a few vertical absorption profiles in the upper ocean, done in January, the majority of
optical measurements were done during floe number three (occupied 18 April to 5 June) and four (7–21
June) of N-ICE2015 [Granskog et al., 2016]. The bloom we study here was first encountered under floe 3 on
25 May, and persisted under both floes 3 and 4 until the end of the campaign.

Profiles of radiation absorption and attenuation coefficients were measured with an ac-9 (WET Labs, Philo-
math, OR, USA) which measured absorption and attenuation at nine distinct wavelengths between 412 and
715 nm. Measurements were done in situ during vertical profiles through holes in the ice. Scattering correc-
tions of the ac-9 absorption data were done by subtracting the measured value at 715 nm [Zaneveld et al.,
1994], or in some cases that at 650 nm. Subtracting the value at 650 nm was done when the absorption at
this wavelength was lower than that at 715 nm. Corrections for temperature and salinity were done using
coefficients from R€ottgers et al. [2014]. Due to technical problems with the long cable, only one full depth
profile down to 100 m was collected with the ac-9 after the onset of the bloom. Successful short-cable pro-
files were conducted from the surface down to about 20 m depth. The data set of measured ocean IOPs
[Taskjelle et al., 2016a] is described in more detail by Pavlov et al. [2016].

At the time, the bloom was encountered, measurements of incident, reflected, and under-ice irradiance
were performed under two different ice types on floe 3, using Ramses ACC-VIS sensors (TriOS Mess- und
Datentechnik GmbH, Rastede, Germany). These sensors are cosine collectors with a wavelength range 350–
900 nm. Continuous measurements on floe 3 [Taskjelle et al., 2016b] were performed at a fixed location
where the ice thickness and snow depth were approximately 1.3 and 0:4 m, respectively. The under-ice
downwelling irradiance was measured approximately 30 cm below the ice bottom. To limit light leakage
from the hole drilled for the sensor, the ice core was put back in the hole after deploying the sensor, and
the snow shoveled back, so snow depth immediately above the sensor was approximately 40 cm.

In addition, a transect across a refrozen lead was repeated approximately every 2 days from 12 May to 3
June, where the ice was found to be 0.2–0.3 m thick with snow depths up to 0.06 m [Kauko et al., 2016].
Under-ice downwelling irradiance was measured using an angled arm that extended 1 m away from the
9 cm diameter hole drilled for the sensor. As the ice was less than 30 cm thick, and the sensor was held as
close to the ice bottom as possible, the hole will likely not have had any significant influence on the meas-
urements [Petrich et al., 2012].

Sea ice transmittance is calculated as the integral of transmitted irradiance over the integral of incident
irradiance:

T 5

ð
EtransmittedðkÞdk
ð

EincidentðkÞdk
: (1)
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Values of transmittance given below, for observations or simulations, are integrated over the wavelength
range considered, i.e., 350–700 nm. Albedo is calculated similarly, but with reflected instead of transmitted
irradiance in the numerator.

2.3. Modeling
To estimate absorption and attenuation coefficients at 350 nm, the measured values from the ac-9 are
extrapolated using a linear fit between 412 and 510 nm, similar to the method by Granskog et al. [2015].
Measured absorption and scattering coefficients are used as inputs to a radiative transfer model, where the
scattering coefficients are calculated by subtracting the measured absorption coefficients from the mea-
sured beam attenuation coefficients.

The model used is AccuRT [Hamre et al., 2014], a radiative transfer model based on DISORT [Thomas and
Stamnes, 1999]. This is a coupled atmosphere-snow-ice-ocean plane parallel model that uses the discrete
ordinates method to solve the radiative transfer equation. Measured IOPs are added to the lower slab in
addition to pure water, below a layer of ice. The ocean is divided into 2 m thick layers, with measured IOPs
from the corresponding depths used in each layer, and the Henyey-Greenstein phase function with an
asymmetry factor g 5 0.92 is applied. This asymmetry factor was chosen as it gives a close approximation to
Petzold’s average-particle phase function [Mobley, 1994]. However, as algae cause a high degree of forward
scattering [e.g., Lotsberg et al., 2007], 0.92 may not be appropriate after the bloom onset. Implications of
higher asymmetry factors will be discussed further in section 3.2.

Two different ice types are considered: thick ice with thick snow and thin ice with thin snow, see section 3
for details. Under-ice irradiance spectra measured during N-ICE2015 are used to adjust the properties of the
snow and ice cover used in the model. Reproducing the ice properties and downwelling irradiance exactly
has not been prioritized, as the purpose of this study is to consider changes between two different regimes
of ocean IOPs; however, a reasonably close match is obtained (Figure 1). For each ice type considered, the
snow and ice properties are kept constant in all simulations. Simulations without snow and ice, i.e., open
ocean, have also been performed.

Unless otherwise specified, the solar zenith angle was set to 608, which is representative for the time (26
May 2015), and location of the measurements presented in Figure 1. At this time, R/V Lance was at
N80849.20E8819.40.

Figure 1. Measured and simulated downwelling planar irradiance. Incident irradiance in Figure 1a, and transmitted irradiance through
thick and thin ice in Figure 1b. Note the logarithmic y axis in Figure 1b. Measured values are averages of spectra collected between 1200
and 1300 UTC, i.e., early afternoon, on 26 May. The same clouds are used in both simulations, but due to higher albedo for the thick ice
case, and multiple reflections between surface and clouds, the simulated values of incident irradiance for thick ice are slightly higher.
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Two different cloud conditions are also considered: cloud A is a thin layer of ice clouds that leads to a good
representation of the measured incident surface irradiance presented in Figure 1. Cloud base height was
set to 500 m, based on measurements done by a Vaisala CL31 ceilometer (V. P. Walden, Washington State
University, 2016, personal communication). The thickness of the cloud layer was set to 500 m, particle size
to 10 lm, and particle volume fraction adjusted to provide a reasonable match to the measured spectra.
Phase function and single scattering albedo are determined through Mie calculations. Compared to a simu-
lation without clouds, incident irradiance is reduced by 22% over the thin ice with snow. Cloud B is an opti-
cally thicker cloud layer with the same base height and thickness as cloud A, but higher particle volume
fraction. With cloud B, incident irradiance is reduced by 58% compared to clear skies over the same thin ice,
which is comparable to some of the lowest irradiance measured near midday during floes 3 and 4.

Simulations cover the wavelengths 350–700 nm, as in the studies by Pegau [2002] and Granskog et al.
[2015]. Further analysis of simulations and plotting was done in Python with libraries numpy [van der Walt
et al., 2011] and matplotlib [Hunter, 2007].

Modeled spectral scalar irradiance is used to calculate the heating rate H using Gershun’s law [Mobley,
2014]:

H5aðjE";0j1jE#;0jÞ; (2)

where a is the wavelength-dependent total absorption coefficient used by the model in a given layer and
E";0; E#;0 are, respectively, upwelling and downwelling scalar irradiance.

It should be noted that not all light absorbed by phytoplankton contributes directly to heating. Lin et al.
[2016] estimated that on average 60% of photons absorbed phytoplankton are dissipated to heat in the
open ocean. However, not all of the increased absorption in our study is caused by phytoplankton, CDOM
absorption in the upper ocean increased as well [Pavlov et al., 2016]. We have made no attempt to separate
the effect of phytoplankton, and as such note that the results presented below indicate an upper limit of
the heating.

3. Results and Discussion

For transmittance through snow and ice, two cases from 26 May have been selected as baselines to repre-
sent the major ice types in the study area. Namely, a thick ice and snow cover (1.3 m ice and 0.4 m snow,
hereafter called ‘‘thick ice’’), and a ‘‘thin ice’’ case from a refrozen lead where ice was 0.25 m thick and had
2 cm of snow, representative of refrozen leads. Incident and transmitted planar irradiance are shown in Fig-
ure 1 along with simulated spectra. Simulations were done with 1 nm resolution, and the spectra smoothed
with a Gaussian filter (r55) prior to plotting. A partially broken cloud cover was present on 26 May.
Although broken clouds cannot be represented in a 1-D model, the thin ice cloud layer that is used (cloud
A, cf. section 2.3), gives a good reproduction of incident irradiance (Figure 1). That the simulated spectra for
thick ice is different to that for thin ice, is caused by the difference in albedo, and multiple reflections
between surface and clouds. The measured spectra shown in Figure 1 are mean values of spectra collected
between 1200 and 1300 UTC. Whether the angular distribution of light is also represented well cannot be
determined, as no measurements of radiance or scalar irradiance were conducted.

Figure 2 shows profiles of absorption and attenuation measured by the ac-9 for the wavelengths 440 and
676 nm, before and after encountering the bloom. A deep ac-9 profile from 28 May represents the bloom
conditions, while a profile from 9 May represents the prebloom conditions. We see that the prebloom pro-
files show very little variation with depth. Bloom profiles, especially those for attenuation, show a clearer
vertical structure with fairly constant absorption and attenuation in the upper 40 m, then decreasing further
down in the water column. These profiles correspond well with the vertical distribution of chlorophyll a,
showing that the bloom generally extended down to 40 m (P. Assmy, Norwegian Polar Institute, 2016, per-
sonal communication). There is also a lot more variability on shorter depth scales (�1 m) during the bloom
than prior to it.

Mean values of total water absorption and attenuation are summarized in Table 1. Values are given for the
upper 40 m (for 9 May and 28 May) or upper 20 m (prebloom and bloom mean values). Our prebloom
waters show less absorption than any of the cases in the studies by Pegau [2002] or Granskog et al. [2015],
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which is likely due to low absorption by CDOM during N-ICE2015 [Pavlov et al., 2016]. During N-ICE2015 we
drifted over Modified Atlantic Water [Meyer et al., 2016], which has been seen to have less absorption by
CDOM than Polar Waters [Pavlov et al., 2015]. As such, the effect of CDOM is perhaps less during N-ICE2015
than in the studies by Pegau [2002], Hill [2008], and Hill and Zimmerman [2016].

Compared to the ‘‘turbid’’ case studied by Pegau [2002], the absorption values we observed during the
bloom are only slightly higher, but attenuation is more than twice as high. Note that Pegau [2002] used val-
ues from Smith and Baker [1981] for pure water absorption, which are typically higher than those found by
Pope and Fry [1997] and Sogandares and Fry [1997] (up to 0.014 difference, at 350 nm). The mean bloom val-
ues are comparable to the case of well mixed surface layers in the West Spitsbergen Current in the study by
Granskog et al. [2015], but with absorption and attenuation being generally slightly higher in our study.

3.1. Effects of Changes in IOPs on Energy Deposition Under Different Ice and Sky Conditions
Figure 3 shows spectral heating rate H under thin ice, thick ice, and open water, calculated for the incident
spectra shown in Figure 1. The different scales on the color bars should be noted. Prior to the bloom, the

Figure 2. Selected profiles of measured (a) absorption and (b) attenuation coefficients, before (9 May) and after (28 May) bloom onset. Black
lines are for 440 nm, grey lines for 676 nm. Solid lines are from 9 May, and dotted lines from 28 May. Absorption by pure water is not included.

Table 1. Values of Total Water Absorption (a) and Total Water Attenuation (c) Used for This Studya

9 May 28 May Prebloom Mean Bloom Mean

Wavelength a c a c a c a c

350b 0.118 0.148 0.272 0.616 0.117 0.160 0.267 0.707
412 0.062 0.094 0.178 0.547 0.061 0.106 0.177 0.647
440 0.049 0.077 0.168 0.522 0.049 0.089 0.170 0.624
488 0.026 0.074 0.111 0.503 0.026 0.086 0.116 0.612
510 0.044 0.088 0.101 0.516 0.044 0.100 0.106 0.631
532 0.052 0.100 0.094 0.526 0.052 0.111 0.099 0.641
555 0.065 0.115 0.088 0.541 0.064 0.126 0.093 0.657
650 0.340 0.387 0.354 0.793 0.340 0.397 0.358 0.903
676 0.456 0.500 0.509 0.898 0.457 0.510 0.513 1.004

aAbsorption [Pope and Fry, 1997; Sogandares and Fry, 1997] and scattering [Mobley, 1994, equation (3)] of pure water are added to
the measured values (Figure 2) to obtain total absorption and attenuation. Values from 9 to 28 May are averages of the upper 40 m. pre-
bloom mean is mean of all nine profiles collected before the bloom onset, and bloom mean is a mean of all 25 profiles collected during
the bloom, both from the upper 20 m. Both a and c are given in units of m21.

bValues at 350 nm were extrapolated from observed data, see text.
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energy penetrates deepest in the water column at a wavelength just below 500 nm. After the bloom onset,
this wavelength of deepest penetration appears to have shifted to about 550 nm.

Integrating H over all wavelengths, we get vertical profiles of absorbed energy, shown in Figure 4 for the
upper 30 m. The relative changes in the vertical distribution of the deposition of solar radiation from pre-
bloom to bloom conditions are larger with sea ice present, which is likely due to the absorption of ice. Ice
has stronger absorption at the longer wavelengths, which means that the spectral shape of the irradiance
entering the water will change, with more irradiance at the shorter wavelengths where the bloom has the
strongest absorption. While not apparent from Figure 4, the relative change from prebloom to bloom condi-
tions is also greater when clouds are present, which can be explained by a similar argument: absorption by
ice particles in the clouds is greater at the longer wavelengths, which changes the shape of the irradiance
spectrum incident on the surface.

The strongest relative effect of the bloom is seen for the thickest ice, with more than twice as much energy
being absorbed right below the ice. The same feature is seen when considering the integrated heating over
the upper 10 m. Table 2, which summarizes the amount of energy absorbed in the upper 10 m for different
ice and sky conditions, shows that the bloom leads to an increase in energy absorption of more than 60%
under thick ice. However, even if the relative increase of absorbed energy in the upper few meters is high,
the amount of energy passing through the ice is very small. One may also note that the relative change
from prebloom to bloom in open water has a maximum at a depth of about 1 m (see also Figure 6a), where-
as when ice is present this maximum is immediately below the ice. Both Pegau [2002] and Granskog et al.
[2015] show similar subsurface maxima, but deeper than in this study (depth of 3–5 m).

On interpreting the above results, one should keep in mind that the under-ice light field in the upper ocean
cannot be accurately described by a 1-D model in areas with large horizontal gradients in transmittance

Figure 3. Spectral heating rate in open water (first row), under thin ice (second row), and thick ice (third row). First column shows results
for prebloom conditions, second column for bloom conditions. Note separate color bar for each row, with different scales. The underice
downwelling irradiance is shown in Figure 1.
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[Katlein et al., 2016]. Therefore, the results are representative only within larger regions with fairly homoge-
neous ice conditions.

The very high radiation attenuation in the snow cover in particular, results in very low transmittance
through the thicker ice type. Hence, the energy input to the upper ocean is 0.5 W m22 under the thick ice,
40 W m22 under the thin ice and 232 W m22 in open water (values from simulations without clouds pre-
sent, otherwise same settings as in, e.g., Figure 1). This low transmittance through snow-covered ice high-
lights the importance of leads and regions of young ice when considering the energy input into the Arctic
Ocean [e.g., Perovich, 2005].

Figure 4. Heating rate as a function of depth during prebloom (black lines) and bloom (grey lines) conditions, for different sky conditions in (a) open water, (b) under thin ice, and (c)
under thick ice.

Table 2. Incident Energy and Energy Absorbed in Upper 10 m for Prebloom (E10m;PB) and Bloom (E10m;B) Conditions, for Different Zenith
Angles, Ice Conditions, and Sky Conditions, as Well as the Increase (%) in Absorption in Upper 10 m From Prebloom to Bloom
Conditionsa

Open Water Thin Ice Thick Ice

Clear
Zenith angle 608 708 808 608 708 808 608 708 808

Incident (W m22) 247.7 159.3 69.3 270.6 173.1 73.4 274.1 175.2 74.2
E10m;PB (W m22) 154.0 94.0 34.3 26.2 14.8 5.6 0.24 0.13 0.05
E10m;B (W m22) 206.5 125.1 46.3 35.4 20.1 7.7 0.38 0.22 0.09
Increase (%) 34% 33% 35% 35% 36% 38% 61% 62% 63%

Cloud A
Zenith angle 608 708 808 608 708 808 608 708 808

Incident (W m22) 150.4 85.1 32.5 212.6 120.3 46.0 227.7 128.8 49.3
E10m;PB (W m22) 90.1 50.7 19.1 23.2 13.1 5.0 0.22 0.13 0.05
E10m;B (W m22) 124.4 70.3 26.8 31.5 17.9 6.9 0.36 0.20 0.08
Increase (%) 38% 39% 41% 36% 36% 38% 61% 62% 63%

Cloud B
Zenith angle 608 708 808 608 708 808 608 708 808

Incident (W m22) 45.4 25.7 9.9 111.8 63.4 24.4 151.1 85.7 33.0
E10m;PB (W m22) 26.9 15.2 5.7 10.8 6.1 2.3 0.11 0.06 0.02
E10m;B (W m22) 37.6 21.3 8.2 15.2 8.7 3.4 0.18 0.10 0.04
Increase (%) 40% 41% 42% 41% 41% 43% 71% 71% 71%

aAll values are from simulations with AccuRT, integrated over the range 350–700 nm.
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When considering results for ice free conditions, it is also worth mentioning that the increased scattering by
the algae has an effect on the albedo. For a zenith angle of 608 and asymmetry factor g 5 0.92, albedo
increases by 4.7%, from 0.074 to 0.078 (integrated values from 350 to 700 nm) under clear skies, meaning
that the total energy input to the open ocean decreases slightly with the occurrence of the bloom. With
clouds present, albedo increases by 4.2%. Albedo increases further for increasing zenith angle, but the rela-
tive importance of the algal particles decrease as specular reflection dominates. Note that AccuRT uses a
smooth water surface, so the effect of waves is not taken into account.

Figure 5 shows the spectral dependence of the change in heating rate from simulations without clouds.
The plotted values are log 10ðHb=HpbÞ, where subscripts indicate bloom and prebloom. Enhanced heating
rates extend deepest around 500 nm. The dashed line indicates the depth where the difference in heating
rate is zero, so we see that below 10 m depth the water absorbs less heat regardless of wavelength. Beyond
600 nm the absorption by water and ice quickly becomes so high that it completely dominates, though a
small effect of the chlorophyll absorption peak at 676 nm can be seen in the contour between 30 and 40 m
depth. The white region in the bottom right is where irradiance is below the model numerical threshold, so
no relative change can be calculated.

3.2. Asymmetry Factor
As mentioned above, the Henyey-Greenstein phase function was used with an asymmetry factor of 0.92 for
scattering by particles in the ocean. Because algae can be very strongly forward scattering, 0.92 is not nec-
essarily an accurate asymmetry factor in bloom conditions, and a different value could be more appropriate.
Algae are not the only scattering objects in the water column, so the actual asymmetry factor depends not
only on the algae. A study done on various algal species found in Norwegian coastal water found asymme-
try factors in the range 0.90–0.99 (B. Hamre, University of Bergen, 2016, personal communication). The study
does not, however, include Phaeocystis pouchetii, the species dominating the bloom observed during N-
ICE2015 [Assmy et al., 2016]. Figure 6a shows the relative change in heating rate for a range of different val-
ues for g. As expected, higher g leads to more light being scattered further down the water column, and
hence a decrease in heating in the upper layer.

When considering the upper 10 m in bloom (prebloom) conditions, increasing g from 0.92 to 0.98 decreases
the total energy absorption by about 2.3% (0.9%) under thin ice, and 2.7% (1%) in open ocean. The albedo of
open water also depends on g. In bloom conditions, increasing g from 0.92 to 0.98 decreases the albedo by
9%, from 0.078 to 0.072. For prebloom conditions, the decrease in albedo is less than 2%, from 0.074 to 0.073.

3.3. Zenith Angle Dependence
Under clear skies, as the sun approaches the horizon the ice transmittance will be reduced, because the
higher incidence angle causes a larger fraction of the light to be reflected or backscattered. Figure 6b shows
the relative effect of bloom on energy deposition with different zenith angles for open ocean and thin ice

Figure 5. Contour plots of spectral heating rate during bloom conditions compared to prebloom conditions, on a log 10 scale. Calculated as log 10ðHb=HpbÞ where Hb and Hpb are the
spectral heating rates, as shown in Figure 3, for prebloom and bloom conditions, respectively. Note that the colorbar scale is different for positive and negative numbers, and also that
the upper 10 m of the y axis has a different scale than the lower 90 m. The dashed contours are the zero-contours, i.e., where there is no change in heating rate. Data are from simula-
tions without clouds.
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from prebloom to bloom conditions under clear skies. The lowest value of 558 was chosen as the sun does
not go higher during the year at latitudes above 808. While the average direction of incident light is very dif-
ferent for different zenith angles, directly below the ice there is no such variation; the average cosine of the
downwelling light in the ocean under sea ice, given by E0;#=Ed , was seen to be independent of zenith angle.
That higher zenith angles cause a larger relative change of heating rate (see also Table 2), is because the
shape of the transmittance spectrum changes, with lower transmittance at longer wavelengths for higher
zenith angles. When clouds are present similar changes in heating rate are found for varying zenith angles,
but here the reason for the increase is that the clouds modify the incident spectrum, while the transmit-
tance spectrum has the same shape regardless of zenith angle.

It was mentioned above that the snow and ice conditions essentially determine the average cosine of the
light field directly below the ice. Katlein et al. [2014] showed that the light field under sea ice is more down-
ward directed than what is demonstrated by most radiative transfer models, including the type used for
this study. Hence, our simulations may show an average cosine for the light field under the ice that is under-
estimated. This could create a small bias toward absorption higher in the water column than what is actual-
ly the case. Quantifying the effect of preferred downward scattering in the sea ice is, however, difficult. It
depends on the crystal structure of the ice, which varied considerably across the refrozen lead that was
studied. Ice thickness may also influence the directional dependence of the under-ice light field.

It should also be noted that the model does not implement any spherical shell geometry, so for zenith
angles approaching 908 the approximation of atmospheric mass becomes inaccurate. Up to about 808, it is,
however, a good approximation.

Figure 6. (a) Difference in deposited energy between bloom and prebloom conditions for different values of g, without clouds, for open
ocean and thin ice cover. (b) Difference in deposited energy between bloom and prebloom conditions for different solar zenith angles
without clouds present. In both plots, grey lines are for thin ice and black lines for open ocean.
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3.4. Time Series and Regional Scale Effects
By integrating the heating rate (Figure 3) over all wavelengths, and over depth, we get the energy absorbed
in a layer, with units W m22. Figure 7 shows the absorbed energy for the upper 10 m of the water column,
under thin ice (7a), thick ice (7b), and open water (7c). Curves for both cloud covered (cloud A) sky and clear
sky are shown, and indicated by arrows in 7a are the IOP measurement profiles that are used in the other
simulations. The data gap occurs during the relocation from floes 3 to 4; ac-9 profiles in May were collected
on floe 3, while those in June were collected on floe 4. Ice and sky conditions are kept constant, so all vari-
ability is due to variability in measured IOPs.

We can clearly see that there are two different regimes prior to and after the bloom onset, and there
appears to be less variability in the water column prior to the encounter with the bloom.

The above does not take into account changes in ice and snow properties, which for the refrozen lead that
was studied caused large changes in transmitted irradiance. Between 18 May and 3 June, a general increase
in transmittance was seen in the refrozen lead that was studied [Kauko et al., 2016]. On average, transmit-
tance more than doubled between 26 May and 3 June. The model thin ice considered in this study, repre-
sentative of the conditions on 26 May, has a transmittance of 0.17 under cloud A (Figure 1) and 0.15
without clouds (in the wavelength region considered), whereas the highest observed PAR transmittance
was 0.4 [Kauko et al., 2016]. Relative to the effect of increased absorption and scattering in the water column
the observed increase in transmittance is clearly dominating, in terms of added energy to the upper ocean.

Comparing Figures 7c to 7a and 7b, we see that the relative difference in absorbed energy between cloudy
and clear skies is much larger when no ice and snow is present. This is again caused by multiple reflections
between the surface and the clouds and atmosphere, which lead to an increase in the incident surface irra-
diance. With the same cloud properties (cloud A) and zenith angle, the incident surface irradiance on the
thin ice with snow is about 40% higher than over open water. For cloud-free conditions, the radiation
enhancement effect is much smaller, but backscattering from the atmosphere still gives incident irradiance
that is 9% higher over the thin-ice surface with higher albedo. With clear skies, the incident irradiance is
274, 270, and 248 W m22 on thick ice, thin ice, and open ocean, respectively. With cloud A, the correspond-
ing values are 228, 213, and 150 W m22, a reduction of 17%, 22%, and 39%. As the albedo of the thick ice
with thick snow is higher than the thin ice with snow (0.89 versus 0.78), this radiation enhancement effect is
stronger over thick ice than over thin ice. Further, thicker clouds will increase the relative difference
between open water and ice with snow due to higher degree of backscattering; incident irradiance over
the thick ice cover with cloud B is more than 3 times higher than that over open water with the same

Figure 7. For each ac-9 profile (indicated by markers), the calculated absorbed energy in the upper 10 m of the ocean is plotted for (a) thin ice, (b) thick ice, and (c) open water condi-
tions, with clear sky (open markers) and cloud A (filled markers). (Cloud A is a thin cloud case, cf. section 2.3.) Arrows in Figure 7a indicate the days on which the profiles shown in Figure
2 were collected. Ice conditions are kept constant throughout the time series in each case.
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clouds. For open leads in an otherwise ice-covered ocean, this effect will give higher incident irradiance
than what a simulation with open water in a 1-D model such as AccuRT shows.

In order to estimate aggregate scale effects of the bloom on the warming of the upper layer, we calculate
an accumulated warming over time, as follows. For each time step, the total warming DT of the water col-
umn down to a depth z0 is calculated as

DT5
X

i

EðtÞ � T i;h;w � /i;h;w;z0 � Ci � Dt

qCpDz0i
: (3)

Here E(t) is the measured incident irradiance at the time t, which is multiplied by the transmittance T for the
ice type i (thick ice, thin ice, or open ocean), zenith angle h and ocean IOPs w (prebloom or bloom condi-
tions), to get downwelling irradiance at the ice bottom (or top of water column, for open ocean). / is the
fraction of downwelling light absorbed between the ice bottom and the depth z0, and depends on zenith
angle, water conditions, and ice type. Both T and / are obtained from simulations done for varying zenith
angles with the thin cloud layer, cloud A. Ci is the areal fraction of each ice type obtained from satellite
images, and Dt is the length of the time step in seconds. To get the change in temperature for the whole
layer, we divide by the density q51028 kg m23, the specific heat capacity of water Cp54185 J ðkg KÞ21 and
Dz0i , the distance from the ice bottom to z0.

As mentioned previously, incident spectral irradiance was measured continuously on both floes 3 and 4
[Taskjelle et al., 2016b]. For this exercise, the gap in the time series from 4 June to 9 June caused by the relo-
cation, as well as a smaller gap in the time series from floe 4, was filled with a sine wave following the diur-
nal cycle (dotted parts of line in Figure 8a). Using satellite imagery of the area around the drift track, areal
fractions of thin ice, thick ice, and open water were estimated (P. M. Wagner et al., Norwegian Meteorologi-
cal Institute, 2016, personal communication) (Figure 8b). Two different estimates are considered, a less con-
servative (LC) estimate that has more thin ice and less thick ice, compared to the more conservative (MC)
approach to classification. Open water fraction is the same for both approaches. We assume that the ice
cases described above are representative for these three surface types. In using observed incident irradi-
ance, we implicitly assume that there is no significant spatial variability of incident irradiance due to

Figure 8. Time series of (a) incident irradiance; (b) areal fraction of ice types; (c, d) additional warming in upper 10 m due to the presence of the bloom, for two different estimations of
ice type fractions. The dotted parts of the line in Figure 8a indicate where the gaps in the time series have been filled. ‘‘Total’’ is the sum of contributions from open water, thin ice, and
thick ice. LC and MC in Figure 8b refer to, respectively, less and more conservative, which are different estimates for what is thick and thin ice. The open water fraction is the same in
both cases.
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reduced reflection between surface and clouds over narrow leads compared to the surrounding snow-
covered ice.

Using equation (3), we calculate the cumulative warming from 25 May, when the bloom first was observed,
to 19 June, when the time series of incident irradiance ends. Applying prebloom conditions to the whole
period, the total energy absorbed in the upper 10 m for LC (MC) is 23 MJ m22 (16 MJ m22), corresponding
to a warming of 0.54 K (0.42 K). With bloom conditions, the total energy absorbed for LC (MC) is 31 MJ m22

(23 MJ m22), giving a warming of 0.72 K (0.56 K). Hence, the additional warming of the upper 10 m due to
the presence of the bloom over this 25 day period, shown in Figures 8c and d, is 0.19 and 0.14 K for LC and
MC, respectively. In both scenarios, the areas of thick ice with thick snow have a minor contribution, while
the open water areas contribute most to the additional warming. The additional energy accumulated in the
upper 10 m is sufficient to melt 2.7 cm (2.0 cm) of pure ice for LC (MC), while the total potential ice melt
due to solar heating of the upper 10 m is 10 cm (7.3 cm). These calculations do not take into account heat
loss to the atmosphere from the open ocean, but as that would likely be similar regardless of the presence
of the bloom, the results above will not be affected significantly.

Meyer et al. [2016] reported a mean mixed layer depth (MLD) of 6 m in the period from 25 May to the end
of N-ICE2015, whereas before 25 May the MLD varied between 100 and 20 m, with a mean of 64 m. Using
either 6 or 10 m as z0 in equation (3), the bloom contributes about the same amount of additional energy
deposition, 8.3 MJ m22 (6.1 MJ m22) for LC (MC). With z0560 m, representative of a deeper MLD, most of
the solar energy is absorbed in the mixed layer regardless, so the effect of the bloom is only 0.25 MJ m22

over the 25 days from 25 May to 19 June. Thus the concomitant changes in stratification and mixed layer
depth play a significant role in the effect the bloom has on the heating of the upper ocean.

The aggregate scale mean of 31 MJ m22 corresponds to an average heat flux to the upper 10 m of 14 W m22

over the 25 day period, of which 4 W m22 is due to the effect of the bloom. For comparison, the average verti-
cal turbulent heat fluxes below the ice during floe 3 was 3.8 W m22 [Peterson et al., 2016]. During floe 4, the
average was 63 W m22, the higher value due in part to the passing of a storm.

4. Conclusion

We have investigated the effect of a phytoplankton bloom on the vertical distribution of solar radiant heating in
the Arctic Ocean. Water absorption and attenuation coefficients prior to the bloom were found to be low com-
pared to previous studies in the Arctic. The occurrence of a phytoplankton bloom led to a rapid increase in total
water absorption and attenuation. Ratios of bloom to prebloom values were in the range 1.0–4.5 for absorption
and 2.0–7.1 for attenuation, depending on wavelength. In contrast to prebloom conditions, the absorption and
attenuation coefficients measured during the bloom were high compared to similar previous studies.

We considered three different types of surface conditions, open water, thin ice with a thin snow cover, and
thick ice with thick snow, typical of the major ice types found in the region. As a result of the bloom, about
35% more energy was deposited in the upper 10 m of the water column. Over a 25 day period, we estimate
that this could cause deposition of an additional 8.3 MJ m22 of solar energy in the upper 10 m, sufficient to
warm the water by as much as 0.19 K or melt 2.7 cm pure ice.
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