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Abstract In spring 2015, we observed an extensive phytoplankton bloom of Phaeocystis pouchetii, with
chlorophyll a concentrations up to 7.5 mg m23, under compact snow-covered Arctic sea ice at 80–818N
during the Norwegian young sea ICE (N-ICE2015) expedition. We investigated the influence of the under-ice
bloom on inherent optical properties (IOPs) of the upper ocean. Absorption and scattering in the upper
20 m of the water column at visible wavebands increased threefold and tenfold, respectively, relative to
prebloom conditions. The scattering-to-absorption ratio during the Phaeocystis under-ice bloom was higher
than in previous Arctic studies investigating diatom blooms. During the bloom, absorption by colored
dissolved organic matter (at 375 nm), seemingly of autochthonous origin, doubled. Total absorption by
particles (at 440 nm), dominated by phytoplankton (>90%), increased tenfold. Measured absorption and
scattering in the water were used as inputs for a 1D coupled atmosphere-ice-ocean radiative transfer model
(AccuRT) to investigate effects of altered IOPs on the under-ice light field. Multiple scattering between sea
ice and phytoplankton in the ocean led to an increase in scalar irradiance in the photosynthetically active
radiation range (Eo(PAR)) at the ice-ocean interface by 6–7% compared to prebloom situation. This increase
could have a positive feedback on ice-algal and under-ice phytoplankton productivity. The ratio between
Eo(PAR) and downwelling planar irradiance (Ed(PAR)) below sea ice reached 1.85. Therefore, the use of
Ed(PAR) might significantly underestimate the amount of PAR available for photosynthesis underneath sea
ice. Our findings could help to improve light parameterizations in primary production models.

1. Introduction

Understanding, estimating, and predicting primary productivity in the ice-covered Arctic Ocean has been
particularly difficult, despite the extensive research efforts in the past decade [e.g., Gradinger, 2009; Mundy
et al., 2009; Lee et al., 2010; Arrigo and van Dijken, 2015; Fern�andez-M�endez et al., 2015; Slagstad et al., 2015].
Despite significant advances in the understanding of the topic, even an agreement on the overarching
mechanisms (light versus nutrient limitation) controlling under-ice primary production across the entire
Arctic Ocean is difficult to achieve, due to large regional differences and variability [e.g., Popova et al., 2012;
Vancoppenolle et al., 2013; Arrigo et al., 2015; Tremblay et al., 2015]. The main challenge arises from a lack of
in situ observations, especially outside the summer months and in the central Arctic below the ice [Hill et al.,
2013]. Estimation of primary production with coupled physical-biological ice-ocean models is challenged by
the complexity of the Arctic system, particularly, the large freshwater discharge, complex bathymetry,
stratification, and presence of sea-ice cover [Slagstad et al., 2011; Popova et al., 2012; Vancoppenolle et al.,
2013; Babin et al., 2015]. Additionally, ocean color remote sensing techniques, which basin-scale primary
production estimates rely upon, are not able to sense through the ice pack and the frequent cloud cover in
the Arctic summer [B�elanger et al., 2007; Babin et al., 2015].

When it comes to light, the Arctic Ocean is a unique environment as it experiences large seasonality in
incoming solar radiation, varying in intensity and day length based on latitude [Sakshaug and Holm-Hansen,
1984]. Furthermore, the snow-covered sea ice shades the surface layer from sunlight in spring and summer
[Perovich, 1996; Mundy et al., 2007; Nicolaus et al., 2013; Arndt and Nicolaus, 2014], when levels of incoming
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solar radiation are at their maximum and when the main annual pulse of primary production occurs [Leu
et al., 2015]. Beneath sea ice, propagation of solar radiation is mainly controlled by optical properties of the
upper ocean [e.g., Mobley, 1994]. Recent studies have highlighted the optical heterogeneity of Arctic waters
across different regions, with different constituents dominating light attenuation. Phytoplankton strongly
attenuates solar radiation in the visible wavelengths, while detritus attenuates light in both visible and ultra-
violet ranges [Matsuoka et al., 2007, 2011; Doxaran et al., 2012; Balch et al., 2014; Granskog et al., 2015]. Sig-
nificant contribution of terrigenous colored dissolved organic matter (CDOM) that strongly attenuates solar
radiation in the ultraviolet and visible range in the upper ocean layer has also been highlighted [Granskog
et al., 2007, 2015; Hill, 2008; Matsuoka et al., 2012; Pavlov et al., 2015, 2016b]. In spring and summer, sea-ice
melt also influences the optical properties of the underlying water column, and these effects have shown to
be dependent on the age of the ice (multiyear versus first-year) and varying between the Eurasian Basin
and Western Arctic [B�elanger et al., 2013; Granskog et al., 2015; Logvinova et al., 2016]. For example, B�elanger
et al. [2013] found that melting multiyear ice acts as a source of nonalgal particles (detritus) to the upper
ocean layer in the Beaufort Sea, while Granskog et al. [2015] demonstrated that melting ice (a mix of both
first-year and multiyear ice) originating from the Transpolar Drift has relatively low absorption by dissolved
matter and particles, and therefore, rather dilute the stronger absorption signal of underlying, CDOM-rich,
Polar Water. Furthermore, the spatial heterogeneity of the sea ice surface in advanced stages of melt influ-
ences the light field with depth [Frey et al., 2011; Katlein et al., 2016].

Recent changes in Arctic sea-ice state, observed as a decrease in sea-ice extent, thickness, and volume
[Meier et al., 2014], have led to a number of studies showing the potential for increased solar flux through
the ice cover [Arndt and Nicolaus, 2014; Nicolaus et al., 2012], potentially resulting in higher primary produc-
tion by ice algae and phytoplankton [Meier et al., 2014; Arrigo and van Dijken, 2015; Fern�andez-M�endez et al.,
2015]. In this context, the importance of a proper description of the underwater light field for improved esti-
mation of Arctic primary production was emphasized by Babin et al. [2015], in their recent review on satel-
lite and model-based estimates of Arctic primary production, who pointed out that ‘‘the impact of optical
complexity [of Arctic surface waters] is particularly worrying.’’

Contrary to previous assumptions about negligible under-ice production, recent observations of under-ice
blooms below heavily ponded ice in the Western Arctic are contributing to a shift in understanding of pri-
mary production in the Arctic Ocean [Fortier et al., 2002; Arrigo et al., 2012, 2014; Mundy et al., 2009, 2014].
Our perception of a clear ocean beneath the ice, virtually void of photosynthetic organisms (phytoplank-
ton), has shifted toward potential biological hotspots beneath the sea ice. Alongside this, our knowledge
about optical properties of the ice-covered Arctic Ocean, used to be compared to clearest natural waters
[Apollonio, 1959; Smith, 1973], has also developed. Particularly, the study of Pegau [2002] for the first time
demonstrated the effects of an under-ice bloom on optical properties of the water column. Recent works of
Balch et al. [2014] and Neukermans et al. [2014, 2016] also helped to better understand the relationships
between under-ice blooms and optical properties of the water column. Despite findings of those few stud-
ies on optical properties of Arctic under-ice blooms, little is still known about the topic, particularly the vari-
ous physical and biological implications and feedbacks.

In this study, we investigate the effects of a Phaeocystis pouchetii (hereafter Phaeocystis) bloom on inherent
optical properties (IOPs) of waters underneath a compact sea-ice pack. The bloom was observed in May–
June 2015 at 80–818N in the Eurasian Basin of the Arctic Ocean, during the N-ICE2015 expedition [Granskog
et al., 2016]. By means of radiative transfer modeling, we further examine how changes in IOPs of the water
column during the bloom affect the underwater light field, and discuss the potential biological implications
and feedbacks.

2. Materials and Methods

2.1 In Situ Measurements, Sampling, and Data Processing
Observations were carried out during the N-ICE2015 expedition north-west of Svalbard in January–June
2015 with R/V Lance. Four ice camps were established on ice floes that drifted with the ice pack, in the
southern Nansen Basin and over the Yermak Plateau [Granskog et al., 2016]. Here we focus on observations
carried out during drifts of Floe 3 and Floe 4, covering the Arctic spring from 18 April to 22 June (Figure 1).
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In situ profiles of optical properties were made from a heated tent established on the sea ice several hun-
dred meters away from the ship. Profiles of absorption and attenuation coefficients were measured with
two different instruments during the drifts of both Floes 3 and 4 [Taskjelle et al., 2016a; Pavlov et al., 2016a].
An a-Sphere (HOBI Labs, USA) measured absorption (a(k), excluding absorption by pure water) between
350 and 750 nm at 1 nm resolution, and an ac-9 (WET Labs, Philomath, OR, USA) measured absorption (a(k),
excluding absorption by pure water) and beam attenuation (c(k), excluding attenuation by pure water),
which is a sum of absorption and scattering at nine distinct wavelengths: 412, 440, 488, 510, 532, 555, 650,
676, and 715 nm (see full list of symbols and units in Table 1). Measurements by a-Sphere were done down
to about 100 m, while the majority of ac-9 measurements only covered the upper 20 m of the water column
(due to cable length limitations). The a-Sphere was codeployed with a Seabird 911 CTD sensor, calibrated
before and after the expedition. The ac-9 was usually deployed independently right after the a-Sphere cast.
Data from corresponding CTD profiles were used for temperature and salinity correction of spectral absorp-
tion data obtained with ac-9 and a-Sphere following R€ottgers et al. [2014]. Absorption data from the ac-9
were corrected for scattering effects by subtracting the measured absorption at the wavelength of mini-
mum absorption (usually 715 nm, in some cases 650 nm, where the value at 650 nm was lower than at
715 nm) [Zaneveld et al., 1994]. Absorption spectra from a-Sphere were additionally smoothed to reduce
the noise (LOESS method) [Cleveland, 1979].

Right after or before most optical casts, a micro-rosette (Hydro-Bios Slimline6) was used to collect water
samples at discrete depths from the surface down to 100 m for analysis of absorption by CDOM, particle
absorption (ap(k)), and chlorophyll a (Chl a) concentration. These were collected into sample bottles that
were transported in an insulated, opaque cooler immediately to the ship for onboard processing.

Figure 1. Satellite image of the study area on 25 May with drift tracks for Floes 3 and 4 (start and end dates of drifts indicated). The location of R/V Lance on 25 May is marked with an
orange star. Dots on tracks correspond to dates when satellite images were available to estimate a distance between the position of R/V Lance and ice camp to open water (displayed
on legend). RADARSAT-2 images provided by NSC/KSAT under the Norwegian-Canadian agreement. RADARSAT-2 Data and Products VC MacDonald, Dettwiler, and Associates Ltd (2013)
All Rights Reserved. RADARSAT is an official mark of the Canadian Space Agency.
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Chl a and ap(k) samples were filtered through 25 mm Whatman GF/F (GE Healthcare, Little Chalfont, UK) fil-
ters under low vacuum pressure (ca. 230 kPa) and shaded from excess light. For details about collection of
samples for phytoplankton identification, see Assmy et al. [2017]. The ap(k) samples were stored at 2808C
until analysis. CDOM samples were filtered with 0.2 mm membrane syringe filter (PALL Acrodisc, PALL corpo-
ration, Ann Arbor, USA) connected to acid-washed all-plastic syringes or through prerinsed 0.2 mm Millipore
Opticap XL filter capsules (Merck Millipore, Billerica, MA, USA) into precombusted amber glass vials. Samples
were stored at 48C in dark until analysis.

2.2. Analytical Methods
Chl a was extracted with 100% methanol at 58C for 24 h following Holm-Hansen and Riemann [1978] and
then measured using a Turner 10-AU Fluorometer (Turner Designs, San Jose, USA). The identification of spe-
cies was performed by an expert taxonomist (Jozef Wiktor) at the Institute of Oceanology Polish Academy
of Sciences (IOPAS) using light microscopy methods. Furthermore, HPLC pigment analysis also confirmed
Phaeocystis dominance [see Assmy et al., 2017 for details].

CDOM absorbance was measured with a Shimadzu UV-2401PC spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) between 240 and 700 nm with 0.5 nm resolution. Quartz cells of 10 cm with fresh ultrapure
water were used as reference. Absorbance values were baseline corrected by fitting with the equation fol-
lowing Stedmon et al. [2000], which has a constant that allows accounting for minor shifts at longer wave-
lengths. Absorption coefficients aCDOM (m21) were then calculated following:

aCDOM kð Þ5ln 10ð Þ � A kð Þ
l

(1)

where A(k) is the absorbance at a given wavelength k and l is the path length of the cuvette in meters.

CDOM absorption spectral slopes were estimated with a nonlinear exponential fit [Stedmon and Markager,
2001] for different wavelength ranges, including 300–650 nm, S300–650, 350–400 nm, S350–400, and
275–295 nm, S275–295. Spectral slope ratio, SR, was calculated after Helms et al. [2008] as S275–295: S350–400.
Data on CDOM absorption are available in Pavlov et al. [2017].

Particle absorbance was measured with a Shimadzu UV-2450 dual-beam spectrophotometer with an inte-
grating sphere (ISR-2200, Shimadzu Corporation, Kyoto, Japan) between 240 and 800 nm, following the

Table 1. Symbols, Abbreviations and Units Used in this Study (in Alphabetic Order)

Description and (units) Symbol

Beam attenuation coefficient excluding attenuation by pure water (m21) c(k)
Chlorophyll a (mg m23) Chl a
Chl a specific algal absorption coefficient (m2 (mg Chl a)21) a*u(k)
Colored or chromophoric dissolved organic matter CDOM
CDOM absorption coefficient (m21) aCDOM(k)
Detrital (depigmented) absorption coefficient (m21) ad(k)
Diffuse attenuation coefficient of Ed in the PAR range (m21) Kd(PAR)
Diffuse attenuation coefficient of Eo in the PAR range (m21) Ko(PAR)
Downwelling planar irradiance: spectral (W m22 nm21); in the PAR range (W m22)
For biological applications, radiometric units are converted to photometric units of (mmol photons m22 s21)

Ed(k); Ed(PAR)

Downwelling scalar irradiance: spectral (W m22 nm21); in the PAR range (W m22) Eod(k); Eod(PAR)
Empirical coefficients for power law ax kð Þ5Ax kð Þ � Chla½ �Bx kð Þ ,

where x is either p, u, d, CDOM or (none; for total nonwater absorption) (dimensionless)
Ax(k), Bx(k)

Optical density (absorbance) of particles on filters (dimensionless) ODs(k)
Optical density (absorbance) of particles in suspension (dimensionless) ODsus(k)
Photosynthetically active radiation 400–700 nm PAR
Phytoplankton (algal) absorption coefficient, (m21) au(k)
Scalar (spherical) irradiance: spectral (W m22 nm21); in the PAR range (W m22) Eo(k); Eo(PAR)
Scattering coefficient excluding scattering by pure water (m21) b(k)
Spectral slope of CDOM absorption spectra in the wavelength range k1-k2, (mm21); e.g., S300–650 Sk1-k2

Spectral slope ratio, S275–295: S350–400 SR

Total non-water absorption coefficient (m21) a(k)
Total particle absorption coefficient (m21) ap(k)
Upwelling planar irradiance: spectral (W m22 nm21); in the PAR range (W m22) Eu(k); Eu(PAR)
Upwelling scalar irradiance: spectral (W m22 nm21); in the PAR range (W m22) Eou(k); Eou(PAR)
Wavelength (nm) k
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modified method described in Tassan and Ferrari [2002], and recommendations in Tilstone et al. [2002] and
Mueller et al. [2003]. The procedure is described in more detail in Kauko et al. [2017b]. Blank filters prepared
with ultrapure water in the field throughout the expedition were used as a wet reference to account for
light scattering and absorption by the filter. Bleaching was done with 400 mL of sodium hypochlorite (NaClO
with 1% active chlorine) for 10 min, and rinsing with 30 mL of artificial seawater (60 g Na2SO4 in 1 L of ultra-
pure water). Absorbance (optical density) of particles on filters (ODs(k)) was converted to optical density of
particles in suspension (ODsus(k)) following Tassan and Ferrari [2002; equation (10)].

ODsus kð Þ50:423 � ODs kð Þ10:479 � ODs kð Þ2 (2)

ODsus(k) was then converted to a total particle absorption coefficient ap(k):

ap kð Þ5ln 10ð Þ � ODsus kð Þ
l

(3)

where l is the hypothetical path length in meters, based on the ratio between the filtered sample volume
and sample area diameter on the filter. A baseline correction was done relative to the mean absorption val-
ues at 750–800 nm.

Total particle absorption (ap(k), m21) can be further divided into detrital (depigmented particles) absorption
(ad(k), m21; measured spectra after bleaching). Subtracting detrital from total absorption gives the phyto-
plankton (algal) absorption (au(k), m21). Chl a-specific phytoplankton absorption (a*u(k), m2 (mg Chl a)21)
is obtained by dividing au(k) by the corresponding Chl a values (in mg m23). Data on particle absorption
are available in Kauko et al. [2017a].

Relationships between Chl a and all absorbing constituents were fitted with power law functions (equation
(4)) following Bricaud et al. [1998], where [Chl a] is a concentration of Chl a and x represents each of the
absorbing constituents: phytoplankton, detritus, total particles, CDOM, and total nonwater absorption.

ax kð Þ5Ax � Chl a½ �Bx kð Þ (4)

2.3. AccuRT Radiative Transfer Modeling
The AccuRT radiative transfer model (Geminor Inc., Maplewood, NJ, USA) was used to simulate the light field
beneath the ice. AccuRT, formerly called c-disort, [e.g., Hamre et al., 2004; Taskjelle et al., 2016b; Thomas and
Stamnes, 2002] is a plane parallel coupled atmosphere-snow-ice-ocean radiative transfer model that uses
the discrete ordinates method to solve the radiative transfer equation. It has been previously validated for
different types of Arctic sea ice and open water conditions [Gjerstad et al., 2003; Hamre et al., 2004; Taskjelle
et al., 2016b,2017a]. IOPs of snow and ice are determined by specifying the size and volume fractions of
spherical inclusions, and using a parameterization based on Mie calculations [Stamnes et al., 2011]. Absorp-
tion of pure ice [Warren and Brandt, 2008] and pure water [Pope and Fry, 1997; Segelstein, 1981] is obtained
from literature. Average absorption and scattering (b(k) 5 c(k) 2 a(k)) coefficients in top 20 m from ac-9
data were added to the water column, and the Henyey-Greenstein phase function was applied with an
asymmetry parameter g 5 0.92, which is close to the 0.924 that gives the best fit to the Petzold average par-
ticle phase function [e.g., Mobley, 1994]. Irradiances were calculated with a spectral resolution of 1 nm. The
vertical resolution was 10 cm from the surface down to 15 m depth, and 1 m from 15 to 40 m. More details
about description of the model setup are given in Taskjelle et al. [2017a]. The solar zenith angle was set to
608, which is representative of midday values for the position of the ice camp on 26 May 2015 at about
80.88N. A thin cloud layer is considered, representative of the persistent clouds encountered in the region in
May and June [Cohen et al., 2017]. For all model simulations, the same incident solar spectrum on top of the
atmosphere was used.

Three cases of different surface conditions were considered [Taskjelle et al., 2017a; Assmy et al., 2017], repre-
senting the primary surface conditions during the expedition:

1. 130 cm thick ice with 40 cm of snow, representative of large areas of thick ice in the region;
2. 20 cm thick ice with 2 cm of snow, representative of the refrozen lead in the study area;
3. open water, encountered toward the end of the expedition and in leads.

Four settings were considered regarding the IOPs of the water column (Table 2):
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1. Prebloom conditions, with absorption and beam attenuation values averaged over the upper 20 m from
the period 24 April 24 to 14 May. Typical Chl a concentrations before the bloom were below 1 mg m23;

2. Bloom conditions, with absorption and attenuation values averaged over the upper 20 m from the
period 26–30 May. Typical Chl a concentrations during the bloom were between 1 and 7.5 mg m23;

3. Under-ice bloom encountered by Pegau [2002] (termed the ‘‘Pegau turbid’’ case) dominated by phytofla-
gellates and diatoms [Sherr et al., 2003]. Typical Chl a concentrations during the bloom were in the range
of 0.5–0.9 mg m23;

4. Coastal bloom in the Norwegian Sea dominated by Emiliania huxleyi as an example of higher scattering
and absorption in the water column [Hamre et al., 2003]. Typical Chl a concentrations during the bloom
were in the range of 1–3 mg m23.

Key output from AccuRT includes surface-incident, in-ice and in-water profiles of spectral downwelling and
upwelling scalar irradiance (Eod(k) and Eou(k)), and spectral downwelling and upwelling planar (cosine) irra-
diance (Ed(k) and Eu(k)), at specified wavelengths in ultraviolet, visible, and near-infrared ranges. Scalar
(spherical) irradiance (Eo(k)) was calculated as a sum of Eod(k) and Eou(k). For biological applications, spectral
irradiances were converted from W m22 nm21 to mmol photons m22 s21 [e.g., Mobley, 1994]. Based on
spectral values, scalar and planar irradiances in the PAR waveband were calculated by integrating the spec-
tral irradiances from 400 to 700 nm.

3. Results and Discussion

3.1. Changes in Inherent Optical Properties (IOP) of the Water Column Caused by the Phytoplankton
Bloom
3.1.1. Evolution of the Bloom and IOP in Relation to Hydrographic Changes and Sea-Ice Conditions
The study area north-west of Svalbard archipelago is generally influenced by the inflow of warm and saline
Atlantic Water (AW) advected northward by the West Spitsbergen Current [e.g., Rudels et al., 2015]. The ver-
tical structure of water masses in the top 100 m encountered during the campaign typically included Polar
Surface Water (PSW), underlain by Modified Atlantic Water (MAW) or AW [Meyer et al., 2017].

The ice camps generally drifted in a south-west direction toward the Fram Strait, which is a common drift
pattern as a part of the Transpolar Drift system [e.g., Kwok, 2009]. An extensive under-ice phytoplankton
bloom (Figure 2) was encountered over the Yermak Plateau on 25 May 2015, when the ice camp was
approximately 80 km away from the open ocean (Figure 3a). The occurrence of the bloom coincided with
the thinning of the mixed PSW layer and shoaling of the underlying AW/MAW, which was still deeper than
100 m at the time when the bloom was initially observed [Assmy et al., 2017]. Starting from mid-June AW
was frequently present below 50 m [Meyer et al., 2017]. Here we define ‘‘bloom’’ as a period when relatively
high Chl a concentrations above 1 mg m23 in the top 40–50 m were observed (from 25 May onward). The
area around the ice camp was covered by compact sea ice with thick snow cover. However, leads with open
water or thinner ice covered 1–33% of the study area from late May to late June, which through increased

Table 2. Total Water Absorption (a) and Attenuation (c; Sum of Absorption and Scattering) Used in AccuRT Simulationsa

Prebloom Bloom Pegau Turbid Coastal

Wavelength a (m21) c (m21) a (m21) c (m21) a (m21) c (m21) a (m21) c (m21)

350 0.118 0.161 0.273 0.657 0.233 0.406 1.280 3.789
412 0.061 0.107 0.182 0.596 0.144 0.308 0.905 3.311
440 0.049 0.089 0.177 0.572 0.109 0.270 0.706 3.011
488 0.026 0.086 0.123 0.561 0.075 0.233 0.465 2.718
510 0.044 0.100 0.110 0.579 0.075 0.233 0.382 2.635
532 0.052 0.111 0.102 0.591 0.072 0.227 0.344 2.547
555 0.064 0.126 0.094 0.610 0.077 0.228 0.300 2.461
650 0.340 0.397 0.359 0.865 0.340 0.471 0.440 2.541
676 0.457 0.510 0.517 0.967 0.485 0.608 0.553 2.554
715 1.008 1.049 1.007 1.510 1.007 1.130 1.007 3.008

aFor prebloom and bloom conditions, values are averages for the upper 20 m over the periods defined in the text. A ‘‘Pegau turbid’’
case from Pegau [2002] and an example from Norwegian coastal waters [Hamre et al., 2003] are included for comparison. Absorption by
pure water [Pope and Fry, 1997; Sogandares and Fry, 1997] and scattering from the clearest natural waters [Smith and Baker, 1981] are
added to the values measured by ac-9 instrument to obtain total absorption and attenuation. Values at 350 nm are extrapolated linearly
from measurements at 412, 440, 488, and 510 nm following Granskog et al. [2015].
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light transmission made it possible for
the bloom to develop under the ice
[Assmy et al., 2017; Taskjelle et al.,
2017a]. As identified by light micros-
copy and high performance liquid chro-
matography (HPLC) techniques, the
under-ice bloom was dominated by
Phaeocystis pouchetii accounting for
55–92% of phytoplankton abundance
with maximum Chl a values of up to
7.5 mg m23 [Assmy et al., 2017, Figure
2]. The other species present, such as
some pelagic diatoms, did not contrib-
ute substantially to the total biomass in
most of the stations [Assmy et al., 2017].
Vertical distribution of biomass (as indi-
cated by Chl a) was generally relatively
uniform from the surface down to 30–

40 m during Floe 3 drift, and more variable during Floe 4 (Figure 3b). Toward the end of both drifts (Floe 3
and 4), when the ice camp was closer than 30 and 15 km to open water, respectively, the biomass generally
decreased in the upper 10–15 m. These changes in the vertical distribution of Chl a were coincident with a
depletion in nitrate inventory in upper 50 m [Assmy et al., 2017] and with increased stratification. The increase
in stratification was caused by freshening of the surface layer due to increased sea-ice melt as indicated by
observations of bottom sea-ice melt [Provost et al., 2017], and due to an increase in density of the underlying
layer of AW, as well as its shoaling [Meyer et al., 2017; Assmy et al., 2017].

This bloom was unusual because it developed under a 1–2 m thick ice pack covered by thick snow early in
spring, before surface melt had commenced and melt ponds had formed [Assmy et al., 2017]. In contrast,
more typical blooms would be the ones developing in the marginal ice zone or in open water, and are often
dominated by diatoms [e.g., Von Quillfeldt, 2000; Barber et al., 2015]. This bloom was possible due to increased
light transmission through open and refrozen leads in the area [Assmy et al., 2017], which highlights the
potential for phytoplankton blooms early in the season when nutrients are relatively abundant in the under-
ice water column but light is usually a limiting factor [Mundy et al., 2009; Tremblay and Gagnon, 2009].

The transition from prebloom to bloom conditions affected IOPs of the water column, which can be used to
retrieve information about the bloom itself. The most detailed temporal and vertical coverage of IOPs dur-
ing the campaign was obtained with a-Sphere casts (Figure 3c). Total absorption by dissolved and particu-
late matter at 440 nm (a(440), excluding pure water absorption), corresponding to the primary
phytoplankton absorption peak, clearly demonstrates both the temporal evolution of the bloom and its ver-
tical extent down to 40–50 m and 25–30 m during Floe 3 and Floe 4 drifts, respectively (Figure 3c). The
majority of biomass was confined to PSW during our observations. Therefore, differences at the end of Floes
3 and 4 are likely to be explained by the thinning of the PSW layer, which did not exceed 30–40 m at the
end of the Floe 4 compared to 50–60 m at the end of the Floe 3 drift [Meyer et al., 2017]. While elevated
a(440) values were observed from 25 May onward, some day-to-day variability can also be observed (Figure
3c), potentially pointing at a spatiotemporal patchiness of biomass distribution. The average vertical profiles
of a(440) and Chl a during the bloom (inset in Figure 3c) are consistent, and show higher values at the sur-
face, with a subsurface peak around 25 m, followed by a more rapid decrease with depth during the bloom,
which is likely to reflect the vertical structure of the water column.

The evolution of depth averaged (upper 20 m) absorption and scattering spectra obtained by the ac-9
instrument is shown in Figure 4. The rapid transition to bloom conditions is reflected in the drastic increase
in both spectral absorption and scattering. The shapes of scattering and absorption spectra are inversely
related, which is often observed in oceanic waters when phytoplankton dominates the total absorption and
scattering [e.g., Babin et al., 2003]. Before the bloom, a(k) was below 0.1 m21 with slightly higher values
toward shorter wavelengths, reflecting absorption by both particles and CDOM. Values of b(k) were also
below 0.1 m21, and were generally spectrally uniform. The average ratio between b(k) and a(k) was below 2.

Figure 2. Under-ice photo taken before (12 May 2015) and during (26 May 2015)
the under-ice phytoplankton bloom. Copyright: C.J. Mundy, University of
Manitoba.
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These values are comparable to Atlantic Waters of the West Spitsbergen Current in summer [Granskog et al.,
2015] and to under-ice measurements prior to the spring bloom in the Canada Basin [Pegau, 2002]. The
most interesting feature during the bloom was the approximately tenfold increase in scattering, while aver-
age absorption only increased by a factor of 2–3, depending on wavelength. This is also confirmed by visual
observations of the water under the ice that became more opaque during the bloom (Figure 2). Average

Figure 3. (a) Distance from the ice camp to open water during the drifts of Floes 3 and 4; (b) Evolution of Chl a concentration from the surface to 50 m; (c) Evolution of the absorption
coefficient by dissolved and particulate matter at 440 nm (a(440)) from the surface to 100 m measured by the a-Sphere instrument. Dates indicate days when profiles were taken. The
inset in Figure 3c shows average vertical profiles of a(440) and Chl a before the bloom (prior to 25 May) and for the bloom period (after 25 May). Periods of prebloom and bloom
conditions are indicated by the dashed and solid lines at the bottom of the section plot (Figure 3c).
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b(k) was more than 0.5 m21, and the highest a(k) was observed at shorter wavelengths and at 676 nm (sec-
ondary Chl a absorption peak), indicating a contribution from CDOM and phytoplankton absorption. Thus,
the b(k) to a(k) ratio increased to <3 at 412 and 440 nm, to >10 at longer wavelengths (> 555 nm). During
a massive under-ice bloom in the Chukchi Sea dominated by diatoms, Balch et al. [2014] reported values of

Figure 4. Evolution of (a) spectral absorption coefficient and (b) scattering coefficient averaged over the upper 20 m as obtained from ac-9 casts, between 24 April and 18 June 2015. Dates
indicate days when ac-9 casts were taken. (c) and (d) Mean absorption and scattering coefficients before the bloom (prior to 21 May) and during the bloom (26–30 May and 10–18 June),
respectively. Floe 3 and 4 drifts are indicated by blue and red lines in (a), while periods of prebloom and bloom conditions are indicated by black dotted and solid lines in Figure 4b.
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b(531) of up to 2 m21 and ap(440) (which does not account for CDOM absorption) of up to 1 m21. Taking
into account spectral dependencies of both absorption and scattering, the ratio between scattering and
absorption would be several times lower across the visible wavelengths compared to our study. Therefore,
high scattering to absorption ratio is apparently characteristic of Phaeocystis blooms. However, we were
unable to find previous studies looking specifically at scattering properties of Phaeocystis blooms. It has
been shown that intact Phaeocystis colonies are covered with a thin yet tough and strong skin underlain by
a gelatinous layer, and its optical properties are difficult to assess, largely due to the transparency and thin-
ness of this skin [Hamm et al., 1999].
3.1.2. Optically Active Substances: Colored Dissolved Organic Matter and Particles
Prior to the bloom (before 25 May), we typically observed relatively uniform CDOM absorption with depth,
from surface to 100 m (Figure 5a). A noticeable increase in CDOM absorption occurred in the top 25 m in
the beginning of June, and continued toward the end of the Floe 4 (end-June) drift, with an exception of
the last sampling station. At the same time, aCDOM(375) at 100 m was relatively low and did not change.
Before the bloom, average values of aCDOM(375) were 0.09 6 0.03 m21 in top 50 m (Table 3). These values
are relatively low and in the same range as those observed in Atlantic waters in the West Spitsbergen Cur-
rent in late summer and autumn (<0.10 m21) [Granskog et al., 2015; Pavlov et al., 2015]. During the bloom,
average aCDOM(375) and aCDOM(350) were 0.14 6 0.05 and 0.19 6 0.06 m21 (Table 3). Hancke et al. [2014]
reported aCDOM(350) of 0.14–0.17 m21 for both Arctic and Atlantic waters across the Polar front in the ice-
free Barents Sea during a spring phytoplankton bloom. Average aCDOM(375) in Atlantic waters of the Green-
land Sea in June was 0.15 6 0.05 m21 [Stedmon and Markager, 2001]. Our values of aCDOM (375) differ from
those reported by Lund-Hansen et al. [2015] in the Central Arctic Ocean, who observed average aCDOM(375)
of 0.52 6 0.24 m21 under the ice. Higher CDOM absorption values in their study could be explained by the
higher contribution of terrestrial DOM, presumably originating from Siberian rivers, rather than locally pro-
duced marine (autochtonous) CDOM [Granskog et al., 2012; Lund-Hansen et al. 2015]. Relatively low CDOM
absorption in our study can likely be explained by differences in mechanisms of PSW formation in our area
of study compared to further east and in the central Arctic Ocean. According to Rudels [1989], PSW can be
formed from two parent water masses: AW and freshwater from riverine run-off, sea-ice melt, and precipita-
tion. The first mechanism would include the entrainment and transformation of cooled AW into the surface
layer during sea-ice formation and winter convection. The second mechanism would imply a stronger con-
tribution of riverine runoff in formation of PSW. The first mechanism seems to be the most relevant for our
area of study off the continental shelf and not largely affected by riverine runoff rich in terrigenous CDOM.
Therefore, CDOM absorption observed in PSW is relatively low in our study compared to e.g., Lund-Hansen
et al. [2015] and Granskog et al. [2012], where the contribution of CDOM-rich halocline waters to formation
of PSW is likely to be more significant. Spectral slopes of CDOM absorption spectra in the range
300–650 nm, S300–650, were 23.03 6 3.51 mm21 and 18.45 6 3. mm21, before and during the bloom, respec-
tively. Decrease in S300–650 values indicates a change to a stronger dominance of autochthonous CDOM
throughout the campaign. Stedmon and Markager [2001] reported S300–650 values of 16.9 6 3.3 mm21 for
AW in the Greenland Sea in summer. Hancke et al. [2014] reported slopes for a slightly different wavelength range
(350-550 nm), S350–550, of 15 6 3 and 14 6 2mm21 for Atlantic and Arctic waters during a spring bloom in the Barents
Sea.

Noticeable increase in CDOM absorption started approximately 1 week after the bloom onset (Figure 5a), which
resulted in the absence of strong relationship between Chl a and aCDOM(440) (Figure 8). Such observation is in
line with findings by Kieber et al. [2009], who did not observe an initial increase in CDOM absorption even with a
100 times increase in Chl a concentration during a Phaeocystis bloom in the Southern Ocean. Weak correlation
between Chl a and absorption by CDOM has also been previously reported in the Arctic Ocean [Cota et al., 2003;
Wang et al., 2005; Matsuoka et al., 2007; Pavlov et al., 2014]. The likely explanation is that CDOM pool in the water
column accumulates over time and is controlled by combined biological, chemical and physical effects, not nec-
essarily related to phytoplankton dynamics alone [Nelson et al., 1998; Wang et al., 2005].

Optical properties of CDOM observed in our study indicate that it is of autochtonous origin, produced dur-
ing the bloom, with little or no influence from the terrestrial (allochtonous) CDOM. These optical properties
include the relatively low aCDOM(375) values (Figure 5a), slope ratio (SR, Figure 5c) above 1 [Helms et al.,
2008], and aCDOM(375) versus S300–650 relationship (Figure 5d) typical for autochtonous CDOM [cf., Stedmon
and Markager, 2001]. Similar aCDOM(375) versus S300–650 relationships have been previously observed in
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Atlantic-dominated waters [Pavlov et al., 2014; Hancke et al., 2014], contrary to a number of studies in
regions influenced by terrestrial CDOM with weak or no dependence between spectral slope and CDOM
absorption values [e.g., Granskog et al., 2007].

Total absorption by particles (ap(440), measured by the filter pad technique) was generally low prior to the
bloom onset, and increased tenfold in the Chl a maximum layer (20–25 m) during the bloom compared to
prebloom conditions (Figure 6a). Absolute values of ap(440) were below 0.01 m21 in late April, then below
0.02 m21 in May prior bloom onset, and reached up to 0.09–0.11 m21 during the bloom toward the end of
drifts on Floes 3 and 4. Total absorption was dominated by phytoplankton, au(440), as seen from similarity
of Figures 6a and 6c, which increased drastically during the bloom. In contrast, absorption by detritus

Figure 5. (a) Evolution of absorption coefficient by CDOM at 375 nm (aCDOM(375)); (b) CDOM absorption spectral slope for the range
300–650 nm (S300–650), and (c) spectral slope ratio (SR) at discrete sampling depths; (d) S300–650 versus aCDOM(375) plot for all samples.
Symbols show the same depths as on Figures 5a, 5b, and 5c. A model of Stedmon and Markager [2001] for marine CDOM and best fit with
similar equation type are also shown. Filled symbols on Figure 5d show data before the bloom onset.
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(ad(440)) was low in top 100 m during the whole campaign (Figure 6b), with ad(440) values below 0.01 m21,
contributing <10% to ap(440) at the peak of the bloom. When looking at a ternary diagram (Figure 7) show-
ing contributions of three components to the total absorption budget, despite generally low absorption in
comparison with other Arctic locations [e.g., Granskog et al., 2012; Matsuoka et al., 2014] CDOM dominated
(60–95%), the nonwater absorption prior to the bloom, which is explained by even lower absorption by
other constituents, phytoplankton and detritus. Even during the bloom, at depths below 25 m CDOM was
the major contributor to total absorption. Contribution from detritus did not exceed 10% neither prior, nor
during the bloom. Contribution of phytoplankton was variable before and during the bloom. During the
bloom in top 25 m, it typically contributed 40–65% to the total nonwater absorption.

Information about particle absorption in the study area north-west of Svalbard is limited. For the reference,
total particle absorption was previously reported for the Fram Strait waters (788N) in September by Pavlov
et al. [2015], who found maximum ap(440) of up to 0.09–0.10 m21 in surface waters, which is comparable to
the present study. At the same time, AW had ap(440) of 0.047 6 0.012 and 0.016 6 0.014 m21 in two consec-
utive years. During a massive under-ice diatom bloom in the Chukchi Sea (with Chl a concentrations
exceeding 20 mg m23), ap(440) reached up to 1 m21 according to Balch et al. [2014], which is one order of
magnitude higher compared to our study. In general, based on comparison of typical particle absorption
and Chl a values in both studies, one could see that Chl a specific particle absorption is lower in our case
compared to Balch et al. [2014], thus, indicating higher pigment packaging and low light acclimation. This is
further discussed based on a*/(676) values.

Average values of a*/(676) in the top 50 m (Table 3, Figure 6d) were 0.023 6 0.061 and 0.008 6 0.003 m2

(mg Chl a)21, before and during the bloom, respectively. Larger variability of a*/(676) before the bloom
might be caused by both low phytoplankton absorption and relatively low Chl a values. Average values of
a*/(676) during the bloom are slightly higher compared to a value of 0.006 m2 (mg Chl a)21, reported for
an under-ice bloom in the Chukchi Sea [Neukermans et al., 2014], and slightly higher compared to a*/(676)
of 0.010 6 0.003 m2 (mg Chl a)21, reported by Cota et al. [2003] for a diatom bloom in open waters of the
Labrador Sea. Moisan and Mitchell [1999] observed similar a*/(676) for Phaeocystis antarctica under low light
experiments. Generally, the low values of a*/(676) that we observed during the bloom would indicate that
pigments are highly packaged and that phytoplankton was low-light acclimated [e.g., Johnsen et al., 1994].
This is in line with findings from Assmy et al. [2017], who reported low particulate organic carbon to Chl a
ratio in the upper 25 m during the bloom, which suggests a relatively high investment in photosynthetic
pigments, indicative of shade-acclimation of phytoplankton [Falkowski, 1980].

Figure 8 shows bio-optical relationships between Chl a and phytoplankton absorption, and Chl a and total
particle absorption, highlighting prebloom and bloom conditions. Power law functions (equation (4)) are
commonly applied to fit this empirical relationships [e.g., Bricaud et al., 1998]. Corresponding statistics are
presented in Table 4, also including relationships between Chl a and absorption by detritus, CDOM and
total nonwater absorption.

Generally, we found strong relationships between Chl a and ap(440), and Chl a and au(440) based on data
from the whole study (R2 5 0.93 and 0.93, respectively) and during the bloom only (R2 5 0.86 and 0.87,
respectively).The correlation between Chl a and aCDOM(440), and Chl a and ad(440) were very low, which has
been found in previous Arctic studies [Cota et al., 2003; Wang et al., 2005; Matsuoka et al., 2007].

Table 3. Selected Characteristics of Optically Active Substances (Mean 6 Standard Deviation) for Upper 50 m Before (Prior 25 May) and During the Bloom (After 25 May)

Prebloom Bloom

Wavelength
(nm)

aCDOM(k)
(m21)

ap(k)
(m21)

ad(k)
(m21)

au(k)
(m21)

a*u(k)
(m2 (mg Chl a)21)

aCDOM(k)
(m21)

ap(k)
(m21)

ad(k)
(m21)

au(k)
(m21)

a*u(k) (m2

(mg Chl a)21)

254 1.472 6 0.104 1.520 6 0.196
350 0.137 6 0.030 0.189 6 0.058
375 0.092 6 0.027 0.135 6 0.046
440 0.032 6 0.018 0.007 6 0.004 0.001 6 0.001 0.006 6 0.004 0.032 6 0.018 0.064 6 0.028 0.060 6 0.029 0.002 6 0.003 0.058 6 0.029 0.017 6 0.005
676 0.003 6 0.002 0.000 6 0.000 0.003 6 0.002 0.024 6 0.064 0.029 6 0.014 0.000 6 0.001 0.029 6 0.015 0.008 6 0.002

S275–295 (mm21) S300–650 (mm21) S350–400 (mm21) SR S275–295 (mm21) S300–650 (mm21) S350–400 (mm21) SR

31.18 6 1.72 23.03 6 3.51 19.04 6 5.21 1.73 6 0.31 28.92 6 3.15 18.45 6 3.33 14.35 6 2.40 2.04 6 0.26
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3.2. Effects of the Bloom on Under-Ice Light Field
Radiative transfer modeling has been known as a reliable way to estimate the underwater light field in
aquatic environments and as an alternative to direct observations of Ed(k) and Eo(k) [e.g., Mobley et al., 1993;
Kirk, 2011]. In ice-covered oceans, a challenge is that the light field under-ice with low transmittance can be
influenced by light passing through neighboring ice with higher transmittance, such as melt ponds [Frey
et al., 2011; Katlein et al., 2016]. At the ice bottom, the effect of a different transmittance can be seen within
a distance of 2–3 times the ice thickness [Ehn et al., 2011; Petrich et al., 2012]. A plane parallel model is not
able to capture such effects due to its 1-D nature [Taskjelle et al., 2017b]. Hence, while what happens imme-
diately below the ice is likely well captured by AccuRT except for very close to the boundary between sur-
face types, the discussion of what happens further down the water column may only be valid some longer
distance from ice with notably different transmittance. Even in open water, the presence of waves and so-

Figure 6. Evolution of (a) total particle absorption at 440 nm (ap(440)); (b) detrital absorption at 440 nm (ad(440)); (c) algal absorption at
440 nm (a/(440)); (d) Chl a specific algal absorption at 676 nm (a*/(676)) at discrete sampling depths.
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called lens effects do not permit accurate measurements of Ed(k) or Ed(PAR) right below the surface [Zane-
veld et al., 2001; Antoine et al., 2013]. Below we focus on two interesting features relevant for biological pro-
cesses that emerged from our model simulations.
3.2.1. Scalar (Spherical) Versus Downwelling Planar Irradiance
Model simulations showed that the presence of sea ice and snow cover significantly affected absolute val-
ues of Eo(PAR) and Ed(PAR) in the surface layer for both ‘‘prebloom’’ and ‘‘bloom,’’ as well as with the ‘‘Pegau
turbid’’ settings [Pegau, 2002]. The latter setting was considered here for comparison (Figures 9a, 9c, and
9e). Under thin and thick ice, Ed(PAR) was reduced to 19% and <1% of incident Ed(PAR), respectively, which
is consistent to in situ observations on both thin and thick ice during our campaign [Assmy et al., 2017; Task-
jelle et al., 2017a; Kauko et al., 2017b] as well as previous works on light transmittance through Arctic sea ice

Figure 7. Relative contribution of CDOM, phytoplankton, and detritus to total nonwater light absorption at 440 nm for prebloom and
bloom periods. Blue arrows are plotted to help reading and interpreting the graph.

Table 4. Coefficients for Power Laws Expressed With an Equation (4) at 440 nm for Each of the Absorbing Componentsa

Ap Bp r2(p) A/ B/ r2(/) Ad Bd r2(d) ACDOM BCDOM r2(CDOM) At Bt r2(t) N

This study (all) 0.0234 0.769 0.93 0.0206 0.828 0.93 0.0022 0.1107 0.11 0.0540 0.1159 0.12 0.0865 0.3485 0.69 167/70/59b

This study (pre-bloom) 0.0181 0.478 0.81 0.0195 0.676 0.90 0.0011 20.1001 0.04 0.0263 20.1044 0.45 0.0439 20.0319 0.42 103/18/12b

This study (bloom) 0.0221 0.808 0.86 0.0197 0.858 0.87 0.0025 0.0543 0.01 0.0592 0.0733 0.04 0.0884 0.3378 0.64 64/52/47b

This study (bloom; top 25 m) 0.0224 0.796 0.66 0.0212 0.813 0.66 0.0013 0.4072 0.08 0.0690 20.0434 0.00 0.0788 0.4079 0.37 38/30/27b

Matsuoka et al. [2007]
(all depths)

0.0403 0.659 0.75 0.0288 0.820 0.80 0.0104 0.424 0.35 0.0858 0.167 0.14 0.14 0.281 0.43 183

Cota et al. [2003] 0.0542 0.544 0.80 0.0402 0.578 0.73 0.0151 0.410 0.55 0.0502 0.086 0.02
Wang et al. [2005] 0.0511 0.585 0.79 0.0151 0.957 0.89 0.0306 0.296 0.41 0.0509 0.197 0.18 157
Bricaud et al. [1998] 0.0520 0.635 0.91 0.0378 0.627 0.90 0.0124 0.724 0.73 1166

aAvailable coefficients in the literature are presented for comparison. In Bricaud et al. [1998], the wavelength is 440 nm, while in other studies it is 443 nm.
bThe number of samples is different for each component. First number is for ap(440), a/(440), and ad(440); second number is for aCDOM(440); third number is for total nonwater

absorption (a).
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[e.g., Perovich, 1996, 2005; Nicolaus et al., 2012]. For open water, the subsurface value of Ed(PAR) was about
94–95% of incident Ed(PAR).

Differences in absorption and scattering between IOPs settings (Table 2) affected the degree to which the
light is attenuated in the water column (Figures 9a, 9c, and 9e). Below the bloom layer at 40 m depth, there
was on average an order of magnitude difference in Ed(PAR) and Eo(PAR) between each of the three consid-
ered IOPs settings. Among the three IOPs settings, the strongest attenuation of PAR was seen during the
bloom, the weakest before the bloom, with the ‘‘Pegau turbid’’ setting [Pegau, 2002] in between. Apparent
attenuation was stronger in the top few meters, which is common in aquatic environments and reflects the
strong absorption at longer wavelengths by pure water itself [Kirk, 2011].

As expected, values of scalar (spherical) irradiance, Eo(PAR) were consistently higher than Ed(PAR) through-
out the upper 40 m of the water column. However, this difference is depth-dependent (Figures 9a, 9c, and
9e). To look closely at this feature, we show the ratio of Eo(PAR) to Ed(PAR) as a function of depth for three
IOPs settings and surface type cases (Figures 9b, 9d, and 9f).

In open water, right below the sea surface Eo(PAR):Ed(PAR) was about 1.25 for the ‘‘Prebloom’’ and the ‘‘Pegau
turbid’’ settings, and 1.30 for the ‘‘Bloom’’ case. Then Eo(PAR):Ed(PAR) gradually increased down to 8–10 m, and
was thereafter relatively uniform down to 40 m. Such a vertical dependency of Eo:Ed ratio is known for open oce-
anic waters, and the ratio Eo(PAR):Ed(PAR) of 1.2 has been previously reported for surface waters [Kirk, 2011]. The
general increase in Eo(PAR):Ed(PAR) is explained by the increasing diffusivity of the downwelling light field with
depth, due to multiple scattering [Kirk, 2011]. This was clearly seen in the results of the high scattering ‘‘Bloom’’
setting, with Eo(PAR):Ed(PAR) values of 1.50–1.55 below 10 m, which is higher than for the ‘‘Prebloom’’ and
‘‘Pegau turbid’’ settings (Figure 9b). These relatively constant Eo(PAR):Ed(PAR) values below 10 m provide an indi-
cation that the asymptotic limit was reached during the highly-scattering ‘‘Bloom’’ scenario.

The highly diffuse light field below sea ice means the vertical variation of Eo(PAR):Ed(PAR) under-ice had a
completely different shape than that in open water, with highest Eo(PAR):Ed(PAR) values of up to 1.85 right
below the ice-ocean interface (Figures 9d and 9f). Below the ice Eo(PAR):Ed(PAR) rapidly decreased in the

Figure 8. Relationships between absorption coefficients of (a) phytoplankton and (b) total particles and Chl a. Data are presented for the prebloom and bloom cases. Corresponding
best power law fits are plotted and corresponding statistics are presented in Table 4.
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upper 10 m, and then stood relatively uniform with values comparable to open water simulations. Previ-
ously, Arst et al. [2006] reported both similar depth dependence of the Eo(PAR):Ed(PAR) ratio as well as high
Eo(PAR):Ed(PAR) values under lake ice and sea ice in the Baltic Sea ranging between 1.4 and 2.5, depending
on surface properties of ice and optical properties of the water column. The only data under Arctic sea ice
can be found in Light et al. [2015], who reported both scalar and downwelling planar irradiance values at
one of the ice stations in the Beaufort Sea, from which Eo(PAR):Ed(PAR) of 1.94 (bare ice) and 1.72 (ponded
ice) can be derived. There was no specific discussion about the Eo(PAR):Ed(PAR) ratio in this study.

Figure 9. Examples of modeled vertical profiles of scalar Eo(PAR) and downwelling planar irradiance Ed(PAR) in the PAR range for (a) open water, (c) thin, and (e) thick ice cases. Vertical
profiles of ratios of Eo(PAR) to Ed(PAR) under (b) open water, (d) thin ice, and (f) thick ice surface conditions. For all subplots, three cases of IOPs are considered: ‘‘Prebloom,’’ ‘‘Bloom,’’
‘‘Pegau Turbid’’ [Pegau, 2002] (see Table 2).
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Unfortunately, we do not have simultaneous measurements of Eo(PAR) and Ed(PAR) during our campaign,
but some measurements of zenith radiance (Ld(k)) and Ed(k) are available under thin ice at 10 m depth (not
shown). The ratio of Ld(k):Ed(k) based on model simulations is higher during the bloom compared to in situ
observations, thus, indicating a less isotropic light field in model simulations. This in turn would indicate
that the Eo(PAR):Ed(PAR) ratio obtained from the model simulations is even lower than the in situ values.

One caveat to the model results is that the scattering coefficients (b(k)) used within the sea ice in the model
are independent of the direction in which light is travelling (i.e., scattering events are equally likely over a
given distance, regardless of whether a light beam is propagating vertically, horizontally, or diagonally
through the ice). Katlein et al. [2014] showed evidence that the scattering coefficients within sea ice are
dependent on the direction of beam propagation, due to the frequently vertical columnar orientation of ice
crystals and brine channels within sea ice. They showed that accounting for this effect results in a modeled
downwelling radiance field just below the sea ice that decreases more rapidly with zenith angle than if the
effect is not accounted for. As a result, our estimates of Eo(PAR):Ed(PAR) ratios below the sea ice might be
slightly overestimated, though they are supported by previous in situ observations [Arst et al., 2006, 2008].
Importantly, we have not assumed an isotropic light field emerging from the bottom of the sea ice, which
was the largest source of error highlighted by Katlein et al. [2014].

When it comes to biological implications, phototrophs (microalgae) are able to use light photons irrespec-
tive of the direction. Therefore, scalar (spherical) irradiance is generally recommended to be used in biologi-
cal studies to characterize light availability for photosynthesis [Mobley, 1994; Kirk, 2011]. At the same time,
downwelling planar irradiance is commonly measured above and below the ice, as it allows for estimating
irradiance transmittance through the ice, which is further used for both physical and biological applications.
At the moment, a number of Arctic (and Antarctic) primary production models developed for open water
conditions use downwelling planar irradiance, as it is possible to obtain those values from satellite observa-
tions, climatology, and reanalysis products [e.g., Arrigo et al., 1998; Babin et al., 2015]. If similar concepts are
used for ice-covered waters, it could significantly underestimate primary production estimates in the Arctic
Ocean, and therefore modifications have to be used. The relationships between scalar and planar irradian-
ces under the ice have been a subject to several recent studies [e.g., Gradinger, 2009; Ehn and Mundy, 2013;
Katlein et al., 2014; Fern�andez-M�endez et al., 2015]. Based on our model runs, the Eo(PAR):Ed(PAR) ratio right
below thick ice ranged between 1.79 and 1.87, and right below thin ice between 1.77 and 1.85. Hence the
ratio was relatively independent of sea-ice and snow thickness and rather more dependent on optical prop-
erties of the water column, with higher scattering (and backscattering) likely explaining higher Eo(PAR) and,
thus, Eo(PAR): Ed(PAR) ratio. A similar approach of correction factors between Ed(PAR) transmitted through
the ice and Eo(PAR) based on AccuRT model simulations was implemented in Assmy et al. [2017], which
helped to improve primary production estimates during the under-ice bloom described. Thus, our results
are in line with previous works [Gradinger, 2009; Ehn and Mundy, 2013; Katlein et al., 2014; Fern�andez-M�endez
et al., 2015] in highlighting the importance to distinguish between scalar and planar irradiances, and with a
recommendation to use the former for primary production estimates. At the moment, a number of Arctic
(and Antarctic) primary production models developed for open water conditions use downwelling planar
irradiance, as it is possible to obtain those values from satellite observations, climatology, and reanalysis
products [e.g., Arrigo et al., 1998; Babin et al., 2015]. If similar concepts are used for ice-covered waters, it
could significantly underestimate primary production estimates in the Arctic Ocean, and therefore modifica-
tions have to be used.
3.2.2. Light Availability at the Ice-Ocean Interface
For most cases in ice-free natural waters, it is usually assumed that both scalar and planar irradiances
decrease exponentially with depth in the absence of internal sources of light [e.g., Mobley, 1994; Kirk,
2011]. A number of recent studies have shown that in ice-covered waters a subsurface (5–10 m below
the ice) increase in irradiance or radiance can be observed under highly heterogeneous ice covers,
especially with melt ponds, with notably different light transmission [Frey et al., 2011; Katlein et al.,
2014, 2016]. Another mechanism was suggested by Leathers and McCormick [1998], who showed, based
on radiative transfer modeling, that scalar irradiance can exhibit a subsurface peak in some cases in the
open ocean, especially in turbid waters when scattering to absorption ratio is high. Leathers and McCor-
mick [1998] further hypothesized that a similar feature might be observed within and below the sea ice.
However, they did not investigate this further and, apparently, this question has not gotten much
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attention. Similar features were observed in marine sediments, where a similar subsurface increase in
scalar irradiance was observed within a thin layer of less 1 mm thick [Kuhl et al., 1994]. A lack of observa-
tions of such phenomena in ice-covered waters can be explained by difficulties in conducting precise
light measurements right underneath the ice (in top few centimeters) without affecting the light field.
Even recent technological advances with a use of remotely operated vehicles (ROV) rarely allow light

Figure 10. Examples of under-ice (underwater) profiles of upwelling scalar irradiance, (a, c, e) Eou(PAR) and scalar (spherical) irradiance, (b, d, f) Eo(PAR) for (a, b) open water, (c, d) thin
ice, and (e, f) thick ice surface conditions, considering four different IOPs settings: ‘‘Prebloom,’’ ‘‘Bloom,’’ ‘‘Pegau Turbid’’ [Pegau, 2002], and ‘‘Coastal’’ [Hamre et al., 2003] (Table 2). Based
on AccuRT model simulations.
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measurements closer than 1 m from the ice-ocean interface, due to variable under-ice topography [e.g.,
Nicolaus and Katlein, 2013].

We investigated the effects of high scattering to absorption ratio (Figure 4) observed during the bloom on
the light field at the ice-ocean interface using a radiative transfer model. Our simulations did not show a
peak in Eo(PAR) under the ice. Leathers and McCormick [1998] pointed that this effect is strongest when the
sun is at zenith and the illumination is direct. In our case, the solar zenith angle is relatively large (608) and
clouds are present that diffuse the light field, both of which would then reduce the effect. Strong scattering
is required to see the effect, and the scattering observed during the bloom is likely not enough to overcome
the limitations caused by the clouds and zenith angle. However, they showed a dependence of Eo(PAR) at
the ice-ocean interface on optical properties of the underlying water column. Increased scattering in the
water resulted in higher values of Eo(PAR) just below the sea ice under both thin and thick ice, and also just
below the ocean surface for the open water case. We show examples of both the Eou(PAR) and Eo(PAR) for
the upper 10 and 2 m, respectively (Figure 10). These depth ranges were chosen to demonstrate vertical
changes in Eou(PAR) and Eo(PAR) in a best way.

Elevated scattering in the water column increases backscattering of light, thus resulting in higher values of
upwelling irradiance (both scalar and planar). Relative to ‘‘prebloom’’ conditions, Eou(PAR) at the ice-ocean
interface doubled and tripled during the ‘‘bloom’’ and for the ‘‘coastal’’ setting (Figures 10a, 10c, and 10e).
Since scalar irradiance is a sum of downwelling and upwelling components, a slight increase in Eo(PAR) was
also seen (Figures 10b, 10d, and 10f). In relative numbers, under thin and thick ice there was an increase in
Eo(PAR) of 6–7% and 10–13% for the ‘‘Bloom’’ and ‘‘Coastal’’ settings, relative to ‘‘Prebloom’’ conditions. This
means, that in spite of the overall increase in absorption and scattering in the water column, and generally
reduced levels of Eo(PAR) in the upper 40 m during the bloom (Figures 9a, 9c, and 9e), there was more PAR
available at the ice-ocean interface.

Ehn and Mundy [2013] demonstrated that multiple scattering within the bottom ice layer can increase PAR
availability, and thus, its absorption by ice algae. While focusing on sea-ice bottom layer, Ehn and Mundy
[2013] considered only one case of relatively clear waters underneath the ice with Chl a concentrations of
0.01 mg m23 and a scattering (backscattering) coefficient parameterized as a function of Chl a following
Morel and Maritorena [2001]. At the same time, no high-scattering bottom layer was included in our model
simulations, therefore direct comparisons between studies are difficult. However, our model results suggest
that the ice-ocean interface and ice bottom layer can be exposed to even higher Eo(PAR) values, meaning
that depending on optical properties in the water column light might be even less of a limiting factor for
ice algae growth in early spring. Beyond cases of under-ice blooms, our findings would be relevant for
some coastal Arctic waters influenced by turbid freshwater plumes (e.g., Mackenzie River) [Doxaran et al.,
2012]) or coastal waters in glacial fjords [e.g., Lund-Hansen et al., 2012], where scattering coefficients can be
an order of magnitude higher compared to our study [e.g., Doxaran et al., 2012].

4. Conclusions

We observed an extensive under-ice bloom of Phaeocystis pouchetii for 4 weeks in May–June 2015 in the
Eurasian Basin of the Arctic Ocean [Assmy et al., 2017]. We documented a transition from relatively clear
waters to opaque waters associated with the bloom (Figure 2). Prior the bloom CDOM dominated nonwater
absorption at 440 nm. During the bloom, absorption in the visible range (440 nm) in the water column was
dominated by phytoplankton and autochthonous CDOM, produced during the bloom. Contributions of
detritus to total absorption were minor. The drastic increase in scattering was one of the characteristic fea-
tures of the observed Phaeocystis bloom, which has several important effects on the under-ice light field as
shown based on simulations with our 1-D coupled atmosphere-ice-ocean radiative transfer model (AccuRT).

The ratio of scalar (spherical) to downwelling planar irradiance, Eo(PAR):Ed(PAR), was up to 1.85 just
below the sea ice, which is considerably higher compared to ice-free oceanic waters [e.g., Kirk, 2011]. There-
fore, the use of Ed(PAR) for a parameterization of light in primary production models of ice-covered Arctic
waters can significantly underestimate the amount of PAR available for photosynthesis and therefore pre-
dict lower primary productivity rates. Our findings about increased Eo(PAR) at the ice-ocean interface due to
elevated scattering in the underlying water column during the bloom suggest a potential positive feedback
on ice algae production. These results could also be relevant for analysis of under-ice light transmission
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measurements [e.g., Mundy et al., 2007; Nicolaus and Katlein, 2013; Campbell et al., 2014]. Presence of a
highly scattering phytoplankton bloom under the ice could affect the under-ice downwelling irradiance
measurements, especially when the under-ice sensor is not placed immediately below the ice. Furthermore,
our findings can be of interest together with the recent work by Ehn and Mundy [2013] showing that multi-
ple scattering within the bottom ice layer can increase PAR availability for ice algae. In the future, a study
looking at effects of both scattering in the ice bottom layer and underlying water column considering differ-
ent seawater optical properties and ice-algal biomass scenarios would be noteworthy.

According to the complementary work by Taskjelle et al. [2017a], the bloom could cause a 0.2 K solar warm-
ing of the upper 10 m underneath the ice over a period of 25 days, heat that can be directly available for
sea-ice melting. Based on results of these studies, we emphasize that a thorough description of IOPs
(absorption and scattering) in the water column is important for correct description and parameterizations
of the light field in ice-covered waters. This is particularly relevant as the occurrence of under-ice blooms
could become more frequent under an increasingly thinner and more dynamic Arctic sea ice regime.
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