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a b s t r a c t
We investigated chromophoric dissolved organic matter (CDOM) in sea ice and the underlying water
column in the Chukchi and Beaufort seas of the Paciﬁc Arctic region and its relationship with both
physical and biogeochemical parameters. Sea ice, water and melt pond samples were collected as sea ice
melted in June–July 2010 and 2011. CDOM absorption was found to be signiﬁcantly lower in sea ice
compared to under-ice waters. In particular, the average CDOM absorption coefﬁcient at 254 nm was
approximately four times greater in the underlying water column than in the overlying ice. This indicates
that melting sea ice did not contribute to net CDOM at this point in the melt season, but rather diluted
CDOM in the under-ice water column. In the 2011 under-ice water column samples, the average CDOM
absorption coefﬁcients at 440 nm were twice as high along a transect associated with high phytoplankton biomass, which may have been contributed through subsequent microbial generation of CDOM.
Less extensive sea ice cover with melt ponds may also have increased the presence of CDOM owing to
increases in light transmission, leading to under-ice phytoplankton blooms and associated microbial
production. However, oxygen isotope analysis of these waters with high under-ice phytoplankton biomass also indicates the presence of prior sea ice melt, including potentially sea ice algae and microbes,
which could have also contributed to this anomalously high CDOM. These observations suggest that
while melting sea ice may not necessarily contribute to increased CDOM concentrations, there are circumstances where CDOM in underlying waters may be higher than expected, either due to enhanced
light transmission and higher under-ice production, and/or prior ice melt that provided signiﬁcant
contributions to under-ice CDOM.
& 2016 Published by Elsevier Ltd.

1. Introduction
Arctic seasonal sea ice extent has signiﬁcantly decreased in
recent years (Serreze et al., 2007; Stroeve et al., 2007; Comiso
et al., 2008; Perovich et al., 2012). This has been accompanied by
an increase in the length of the summer melt season (Markus
et al., 2009) and an overall thinning of the ice pack (Maslanik
et al., 2007, Kwok and Rothrock, 2009; Maslanik et al., 2011;
Comiso, 2012). Arctic sea ice is expected to continue thinning and
decreasing in areal extent, but there are large uncertainties as to
how this will impact biological and biogeochemical processes in
the Arctic Ocean. One uncertainty with this sea ice decline is how
and to what extent chromophoric dissolved organic matter
(CDOM) in underlying ocean waters will be impacted. CDOM
plays an important role in the marine ecosystem by inhibiting
light transmittance through the water column and providing a
n
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food source for aquatic bacteria (Moran and Zepp, 1997; Blough
and Del Vecchio, 2002; Nelson and Siegel, 2002). Although
CDOM has been observed in Arctic sea ice (Belzile et al., 2000;
Scully and Miller, 2000; Stedmon et al., 2007a), its distribution is
not well known, making it difﬁcult to predict the impact of sea
ice decline on biological and biogeochemical processes in the
Arctic Ocean.
Sources of CDOM in the ocean include two primary categories:
(a) in situ (autochthonous) biological production (e.g., Carlson
et al., 2002); and (b) inputs of terrestrially-derived (allochthonous)
organic matter transported to the ocean by terrestrial runoff.
CDOM is deﬁned as the optically active fraction of dissolved
organic material (DOM), absorbing ultraviolet (UV) and visible
light, and acting as one of the primary regulators of light penetration in the oceanic euphotic zone (Blough and Del Vecchio,
2002; Nelson and Siegel, 2002). In particular, CDOM limits the
amount of photosynthetically active radiation (PAR) in the water
column, thereby potentially reducing rates of primary production
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(Retamal et al., 2008) but also blocking harmful UV radiation
(Williamson et al., 2001). CDOM can also contribute to the heating
of surface waters and subsequent melting of sea ice by absorbing
shortwave visible radiation (380–760 nm; Kirk, 1988, 1994; Pegau,
2002; Granskog et al., 2007; Hill, 2008). In addition, absorption of
light by CDOM can lead to photodegradation of DOM, potentially
resulting in a decrease in CDOM absorption of light (i.e., photobleaching). Through these photodegradation processes, a pool of
DOM can be directly photomineralized to dissolved inorganic
carbon, with subsequent outgassing of CO2 to the atmosphere (Xie
and Gosselin, 2005; Belanger et al., 2006; Stubbins et al., 2008;
Osburn et al., 2009). In addition, less bio-reactive (refractory) DOM
may be broken down into more biologically labile material,
allowing it to be more readily respired by bacterioplankton (Moran
and Zepp, 1997).
In the polar regions, sea ice can be considered a potential
source of CDOM to underlying ocean waters. During ice formation
most of the CDOM from the underlying water column is removed
from the ice during brine rejection, however, a small fraction of
CDOM can be incorporated into the ice and later redistributed to
the water column upon sea ice melt (Belzile et al., 2000, 2002;
Amon et al., 2004; Dittmar, 2004; Matsuoka et al., 2012). Additionally, CDOM can be produced in situ within the ice by sea ice
algae (Belzile et al. 2000; Scully and Miller, 2000).
Previous studies of the optical characteristics of CDOM in sea
ice include work in the Baltic Sea (Ehn et al., 2004; Granskog et al.,
2005; Stedmon et al., 2007a; Uusikivi et al., 2010), the Canadian
Arctic (Belzile et al., 2000, Scully and Miller, 2000), and Antarctica
(Norman et al., 2011). The magnitude of CDOM absorption in sea
ice can be up to two orders of magnitude greater than that found
in the adjacent water column in Bafﬁn Bay (Scully and Miller,
2000) and up to four times greater than that found within sea ice
brines in Antarctica (Norman et al., 2011). Scully and Miller (2000)
concluded that sea ice is a signiﬁcant source of CDOM during sea
ice melt in Bafﬁn Bay and Antarctic sea ice has also been implicated as a potential source of CDOM to ocean waters (OrtegaRetuerta et al., 2010, Norman et al., 2011).
In this study, we investigated CDOM properties of sea ice and
the under-ice water column in the Chukchi and Beaufort Seas
during sea ice melt in June–July 2010 and 2011. Speciﬁcally, we
examined: (1) the optical properties of CDOM in the sea ice;
(2) how this compares to CDOM in the under-ice water column;
and (3) how sea ice melt could affect the distribution of CDOM in
the underlying water. In addition to CDOM absorbance, spectral
slope parameters were calculated to provide insight on DOM
quality including molecular weight (Blough and Del Vecchio,
2002; Helms et al., 2008). Sea ice melt impacts on CDOM were
investigated using oxygen isotope analyzes. While sea ice and
meteoric water have similar salinities as a result of brine rejection
during sea ice formation, fresh water from sea ice melt can be
distinguished from meteoric waters because the latter is depleted
in the heavier isotopes of oxygen (Dansgaard, 1964). We used the
ratios of the oxygen isotopes, 18O and 16O, to assess the relative
fractions of sea ice melt and meteoric water in under-ice waters,
an approach that has been widely used in the Arctic (e.g. Ekwurzel
et al., 2001; Cooper et al., 2005). A combination of ﬂuorescence
Excitation Emission Matrix (EEM) spectroscopy and Parallel Factor
(PARAFAC) analyzes was used to provide additional information
about the composition and potential sources of CDOM (Coble
1996; 2007; Stedmon and Bro, 2008). In addition, salinity, chlorophyll-a (Chla) and the ﬂuorescent portion of CDOM (FDOM) were
used to investigate potential sources of CDOM in the underlying
water column.

2. Study sites and methods
2.1. Study area
Ocean water and sea ice samples were collected as part of
NASA's ICESCAPE (Impacts of Climate change on the Eco-Systems
and Chemistry of the Arctic Paciﬁc Environment) program in the
Chukchi and Beaufort Seas during the summer melt season in June
and July of 2010 and 2011 (Cruises HLY1001 and HLY1101 on the
US Coast Guard Cutter (USCGC) Healy; Fig. 1). The overarching goal
of this program was to better understand the impacts of climate
change on the ecology and biogeochemistry of this biologically
productive region through multidisciplinary observations of the
biological, chemical, physical and optical properties of both the sea
ice and the upper ocean during the summer melt season.
Sea ice and water samples were collected June 25–July 11, 2010
at 10 ice stations clustered north of Barrow, Alaska (Fig. 1). Samples were additionally collected at 9 ice stations distributed along
three north-south ship transects between July 4–19, 2011 (Fig. 1).
The westernmost transect (Transect 1) was located on the continental shelf of the Chukchi Sea in an area of high under-ice
primary productivity (Arrigo et al., 2012, 2014), the central transect (Transect 2) crossed the shelf-basin interface in the Chukchi
Sea, and the easternmost transect (Transect 3) extended into the
Canada Basin of the Arctic Ocean from the shelf in a region
impacted by river runoff, primarily from the Colville River.
2.2. Sampling
At each station, under-ice ocean water samples were collected
by hand deploying a 2 L Kemmerer water sampler through holes
drilled in the sea ice. Samples were collected at six depths below
the ice: 0 m (ice–water interface), 1 m, 5 m, 10 m, 20 m, and 30 m.
Additional water was also collected from a representative melt
pond (from the sea ice surface) at each station. Two ice cores were
taken at every site: one from bare ice and the second from below a
melt pond. All ice cores were sub-sectioned into 10 cm increments
and melted shipboard for subsequent analysis. Both water and
melted sea ice samples were analyzed for salinity, CDOM, and δ18O
values. Additionally, under-ice waters from 2011 were analyzed for
FDOM and Chla. Salinity measurements were made shipboard
using a Guildline Autosal salinometer, while Chla measurements
were made shipboard using a Turner Designs 10 AU ﬁeld ﬂuorometer. Samples for δ18O were taken directly from the water
sampler and melted ice. Samples for CDOM and FDOM (the
ﬂuorescent portion of CDOM) were ﬁltered using pre-rinsed
0.2 μm Whatman Nuclepore polycarbonate track-etched membranes immediately after sampling. CDOM was determined shipboard, while samples for δ18O (left unfrozen) were later analyzed
at the University of Maryland Center for Environmental Science.
FDOM was frozen and later analyzed on a spectroﬂuorometer. We
note that ideally FDOM would have been measured shipboard
within 24 h of sampling (Mitchell et al., 2003), however this was
not practical due to the ship's ice breaking activities and resulting
interference with the long integration time necessary to measure
low FDOM intensity. For these reasons, samples were frozen and
measured ashore.
2.3. Analyses
2.3.1. CDOM
After ﬁltering, CDOM samples were stored in the dark at 4 °C in
acid washed (10% HCl) pre-combusted (450 °C for 6 h) foil-covered
Qorpak clear glass bottles (Bridgeville, Pensylvania, USA) and
analyzed within 24 h. CDOM absorbance was measured using a
Shimadzu UV-1800 UV–visible spectrophotometer at 1 nm
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Fig. 1. Map of ice stations from 2010 and 2011 ICESCAPE cruises. Stations from 2010 are shown in white. Stations from 2011 are separated into three transects: Transect 1
(red), Transect 2 (blue), and Transect 3 (green). Background colors reﬂect bathymetry, with darker blue representing deeper waters ( 43000 m) in the Canada Basin. Lighter
colors are shelf stations. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

intervals between 200 and 800 nm using a 10 cm quartz cuvette.
All sample spectra were blank corrected and referenced against
Milli-Q water (18 Ω). Measurements were made after samples had
equilibrated to laboratory temperature in order to minimize
temperature effects. CDOM absorbance was treated as zero above
750 nm, and the average absorbance between 750 nm and 800 nm
was subtracted from the spectrum to correct for offsets owing to
instrument baseline drift, temperature, scattering and refractive
effects (Green and Blough, 1994; Helms et al., 2008). CDOM
absorption coefﬁcients were calculated from:
aðλÞ ¼ 2:303AðλÞ=l

ð1Þ
1

where a is the Naperian absorption coefﬁcient (m ) at a speciﬁc
wavelength (λ, in nanometers), A is the absorbance at the wavelength, and l is the cell path length in meters (Green and Blough,
1994). The detection limit is approximately 70.05 m  1, based
upon instrument speciﬁcations and characteristics.
The spectral slope (S, nm  1) of each CDOM absorbance spectrum was calculated using a nonlinear ﬁt of an exponential function,


ð2Þ
a λ ¼ a λ 0 e  S ð λ  λ0 Þ
where a(λ) is the absorption coefﬁcient of CDOM (m  1) at wavelength λ, and λ0 the reference wavelength (in this case 250 nm).
Slopes were calculated across the wavelength ranges of 275–
295 nm and 350–400 nm. The spectral slope parameter provides
insights on DOM molecular weight (Blough and Del Vecchio, 2002;
Helms et al., 2008) and is largely independent of CDOM concentration (Brown, 1977). The 275–295 nm and 350–400 nm slope
ranges were chosen because they have shown the greatest variation in a wide range of samples, including DOM-rich terrestrial,

estuarine, coastal and highly photo-bleached waters (Helms et al.,
2008). All slopes are reported here as positive numbers such that
higher (i.e., steeper) slopes indicate a greater decrease in absorption with increasing wavelength.
2.3.2. FDOM
After slowly thawing and reaching room temperature, the
ﬂuorescent portion of CDOM (FDOM) for the 2011 under-ice water
samples was measured using ﬂuorescence Excitation Emission
Matrix (EEM) spectroscopy on a Horiba Jobin-Yvon FluoroMax
4 spectroﬂuorometer, which creates three-dimensional structures
composed of multiple emission spectra at a range of excitations
and provides additional information about the chemical composition and sources of CDOM (Coble, 1996, 2007; Stedmon et al.,
2003). EEMs were obtained by recording sample emission across
320–500 nm (with 2 nm increments) after excitation from 250 to
450 nm wavelengths (with 5 nm increments). Owing to low
ﬂuorescence intensities, samples were run using long integration
periods (0.5 s) to minimize measurement noise. All EEMs were
blank corrected and Raman calibrated (Lawaetz and Stedmon,
2009) using Milli-Q water spectra run on the same day. Finally, to
eliminate Rayleigh scatter effects, zeros were inserted in the
region where emission wavelengths are less than or equal to the
excitation wavelength ( þ30 nm). The absorption coefﬁcients of all
samples were o10 m  1, eliminating the need for inner ﬁlter
corrections (Stedmon and Bro, 2008). It should be noted that the
freezing process can cause ﬂocculation that results in slightly
higher CDOM absorbance values (Grifﬁn et al., 2012). However,
highly colored allochthonous-dominated DOM samples generally
experience much greater effects of freeze/thaw than optically
clearer autochthonous marine waters, and a number of studies
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focused on marine DOM have shown minimal effects of freeze/
thaw (outside of analytical error) on DOM optical properties
(Spencer and Coble, 2014).
Many ﬂuorescent components have overlapping peaks, making
it difﬁcult to identify individual components within an EEM. To
identify independently varying FDOM components within our
dataset, and to assess marine- vs. terrestrially-derived material, we
conducted Parallel Factor (PARAFAC) analyses in MATLAB using the
DOMFluor Toolbox following Stedmon and Bro (2008). In total, we
included 54 EEMs: 6 samples for each of the 9 stations in 2011. To
simplify the modeling process, we included only emission wavelengths from 320 to 476 nm in the EEMs. During the initial analyses, no EEMs were identiﬁed as outliers. A series of PARAFAC
models (utilizing between 2 and 7 components) were applied and
initial model ﬁtting assessed using the steps as outlined in
Stedmon and Bro (2008). Final model validation was conducted
using random split half analysis and random initialization. Split
half validation involves splitting the sample data into two halves
and comparing model ﬁts after running models on the two halves
independently. Random initialization was then used to ensure that
the models were in fact the least squares result and represented
local minima.
2.3.3. Oxygen isotopes
Samples for δ18O were stored 5 °C in small 20 mL borosilicate
glass scintillation vials, with Polyseals caps and wrapped in paraﬁlm to limit evaporation and returned to the Chesapeake Biological Laboratory for analysis. Water samples were analyzed by
equilibration with carbon dioxide using a Thermo Fisher Gas
Bench peripheral linked to a Delta Plus stable isotope mass spectrometer run in continuous ﬂow mode. Analysis of in-house water
standards during sample analysis and calibration to international
water isotope standards (V-SMOW, V-SLAP, GISP) indicated that
analytical precision was better than 7 0.1‰. Data corrections
were made based upon analysis of the in-house standards relative
to international standards, which were normalized per recommendations of Paul et al. (2007).
2.3.4. Chlorophyll-a (Chla)
Chla was measured by ﬁltering 250 ml water samples through
25 mm GF/F ﬁlters. The ﬁlters were initially frozen to fracture cell
walls, and then stored in 10 ml of 90% acetone at 4 °C for 24 h in
the dark. Extracted Chla was measured using the Welschmeyer
(1994) method with a Turner Designs 10 AU ﬁeld ﬂuorometer. The
ﬂuorometer was calibrated with a chlorophyll standard (Turner
Designs Part No. 10-850) before and after all sampling, with use of
a secondary solid standard (Part No.10-AU-904) during sampling
to identify any possible instrument drift.

3. Results
3.1. CDOM optical properties
For most samples, the absorption spectra of CDOM followed the
expected exponential decline with increasing wavelength (e.g.,
Bricaud et al., 1981, Fig. 2). However, a small portion of samples
had absorption spectra that differed from this typical exponential
decay and instead exhibited distinct shoulders and peaks between
260 and 400 nm (Fig. 2). In 2010 the shoulders and peaks occurred
in the sea ice cores and also in the under-ice water samples at 0 m
(at the ice–water interface) and 1 m below the ice. In 2011 these
anomalous patterns only occurred in the sea ice samples. In these
samples, the degree of light absorption between 260 and 400 nm
was substantially increased compared to the typical exponential
decline observed in most CDOM samples (Fig. 2). We used the

Fig. 2. Examples of CDOM absorption spectra exhibiting distinct shoulders and
peaks between 260 and 400 nm compared to the typical exponential decline
(black).

absorption coefﬁcients at 254 nm (a254) and 440 nm (a440) to
represent the background CDOM to avoid overestimating the
relative CDOM concentrations in these samples due to the
shoulders and peaks present between 260 and 400 nm.
Sea ice samples from ice cores below melt ponds and bare ice
cores in both years had similar absorption coefﬁcients and spectral
slopes (Table 1 and Fig. 3). Absorption at 254 nm and 440 nm was
similar in both years with an average absorption at 254 nm of
0.66 m  1 in 2010 and 0.57 m  1 in 2011 and an average absorption
at 440 nm of 0.02 m  1 in 2010 and 0.01 m  1 in 2011. Spectral
slopes were also similar between years. The average for S275–295
was 0.029 in 2010 and 0.028 in 2011 and the average for S350–400
was 0.026 in both years. In addition, optical properties were vertically consistent within each ice core (Fig. 3). Most of the outliers
were in the 2010 bare ice cores where we sometimes observed
higher a254, a440, and S275–295, but lower S350–400 than average. In
the 2011 cores, a few samples exhibited lower S275–295 and higher
S350–400 than average.
Most DOM optical properties of the under-ice water samples
were signiﬁcantly different from those of the ice samples. Within
each year, all optical properties were statistically different
(p o0.05) between ice core and under-ice water samples; however, when all ice samples were compared to all under-ice water
samples from both years, S275–295 was not statistically different
(p 40.05) between sample types. Overall, a254 and a440 were both
higher (p o0.05) in the under-ice water samples compared to the
ice core samples, whereas S350–400 was lower (p o 0.05) in the
under-ice waters and S275–295 was similar (p 40.05) across all
samples (Table 1). In particular, the average a254 value was
approximately four times greater in the underlying water column
than in the overlying ice.
DOM optical properties of the under-ice water samples showed
some variation between years and in 2011 all DOM optical properties in Transect 1 were statistically different (p o0.05) from the
other two transects (Table 1, Fig. 4). a254 and S350–400 in the underice water samples were similar (p4 0.05) between years. In contrast, a440 was higher (p o0.05) and S275–295 was lower (p o0.05)
in 2010 than in 2011. For both years, optical properties were
relatively constant throughout much of the water column sampled
(0–30 m) (Fig. 4), with variations typically occurring at the interface between the ocean water and the overlying sea ice (at our
designated 0 m depth). Most of the DOM optical properties from
the under-ice water column samples collected in 2011 from
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0.57 70.15
(0.32–1.20)
0.01 70.01
(0.00–0.05)
0.028 7 0.005
(0.000–0.034)
0.026 7 0.006
(0.014–0.057)
2.3 7 0.9
(0.4–4.2)
 1.4 7 0.8
(  4.8 to  0.1)
0.577 0.18
(0.32–1.20)
0.017 0.01
(0.00–0.05)
0.0277 0.005
(0.005–0.032)
0.025 70.006
(0.014–0.056)
2.0 70.8
(0.7–3.6)
 1.3 70.7
(  4.8 to  0.3)

3.2. Physical and biogeochemical properties
Bare ice cores and those below melt ponds had statistically
similar (p 40.05) δ18O values, but salinity was signiﬁcantly higher
(p o0.05) in bare ice cores (Table 1 and Fig. 5) potentially owing to
brine channel drainage in the melt pond ice cores. In addition,
these properties were relatively consistent throughout each ice
core with the exception of δ18O, which showed considerable variation within several ice cores (Fig. 5). Comparing the cores from
2010 to those sampled in 2011, the 2011 cores had signiﬁcantly
higher (p o0.05) salinity and δ18O values.
Within the under-ice water samples, both the average salinity
and δ18O values were similar (p4 0.05) between years and fairly
consistent throughout the water column, however there was a
larger range in salinity and δ18O in 2010 owing to strong stratiﬁcation in the upper few meters of the water column (Table 1 and
Fig. 6). Salinity, δ18O and Chla were higher (p o0.05) in the westernmost transect than in the other two transects to the east in
2011, consistent with expected water mass associations (Table 1
and Fig. 6). As would be expected, salinity was lower (p o0.05)
(while δ18O was higher (p o0.05)) in the ice cores compared to the
underlying water column for both 2010 and 2011.

2.36 7 0.22
(1.72–2.84)
0.05 7 0.02
(0.02–0.13)
0.031 70.003
(0.024–0.035)
0.020 7 0.003
(0.013–0.024)
27.8 7 3.3
(17.4–32.9)
 3.0 7 0.9
(  1.2 to  4)
2.7 7 5.3
(0.0–18.8)
2.377 0.12
(2.13–2.61)
0.03 7 0.01
(0.02–0.04)
0.033 70.001
(0.030–0.035)
0.0217 0.001
(0.019–0.023)
25.8 7 1.7
(20.8–28.0)
 3.7 70.2
(  4.0 to  3.5)
0.0 7 0.0
(0.0–0.1)
2.417 0.18
(2.08–2.84)
0.04 7 0.02
(0.02–0.13)
0.032 7 0.002
0.026–0.034
0.0217 0.002
(0.013–0.024)
26.9 7 2.1
(22.4–30.0)
 3.3 7 0.3
(  3.6 to  2.4)
0.1 70.0
(0.0–0.2)
2.29 70.30
(1.72–2.69)
0.077 0.02
(0.05–0.10)
0.0277 0.002
(0.024–0.029)
0.0177 0.002
(0.014–0.019)
30.6 73.5
(17.4–32.9)
 1.9 70.7
(  3.1 to  1.2)
7.9 7 6.5
(0.4–18.8)
Chla (mg/L)

δ18O (‰)

Salinity

S(350–400)

a440 (m

S(275–295)

)

2.447 0.63
(0.47–3.63)
0.06 7 0.03
(0.02–0.17)
0.028 7 0.002
(0.022–0.037)
0.0197 0.003
(0.014–0.029)
27.17 7.8
(1.1  32.8)
 2.9 70.7
(  5.5 to  2.0)
1

a254 (m  1)

5

Transect 1 were different from Transects 2 and 3, with higher
(p o0.05) a440 values and lower (po 0.05) spectral slopes than
Transects 2 and 3 (Table 1 and Fig. 4). In comparison to the 2010
values, a254 and a440 from Transect 1 in 2011 were similar
(p 40.05), whereas S350–400 and S275–295 were lower (p o0.05)
than in 2010.

0.56 7 0.13
(0.39–1.10)
0.017 0.01
(0.00–0.04)
0.028 7 0.005
(0.000–0.034)
0.0277 0.007
(0.015–0.057)
2.4 7 0.9
(0.4–4.2)
 1.4 7 0.8
(  4.7 to  0.1)
0.66 70.38
(0.10–2.49)
0.02 7 0.02
(0.00–0.11)
0.029 7 0.005
(0.018–0.054)
0.026 7 0.005
(0.003–0.038)
1.4 70.9
(0.0–3.4)
 0.9 7 0.8
(  3.6 to  1.5)
0.63 70.33
(0.23–1.67)
0.02 70.01
(0.00–0.04)
0.029 70.004
(0.023–0.038)
0.0277 0.005
(0.014–0.038)
0.9 7 0.6
(0.2–2.9)
 0.9 7 0.9
(  3.5 to  1.0)
0.687 0.40
(0.10–2.49)
0.02 70.02
(0.00–0.11)
0.029 70.006
(0.018–0.054)
0.025 70.005
(0.003–0.036)
1.6 7 1
(0.0–3.4)
 0.9 7 0.8
(  3.6 to  1.5)

All
(n¼ 154)
Melt pond ice
(n¼ 61)
Bare ice
(n¼ 93)
All
(n¼ 167)
Melt pond ice
(n¼ 54)
Bare ice
(n¼ 113)
Transect 1
(n¼ 18)
All
(n¼ 56)

Transect 2
(n¼18)

Transect 3
(n¼ 18)

All
(n¼ 54)

2011 Ice samples
2010 Ice samples
2011 Water samples
2010 Water samples

Table 1
Physical and biogeochemical measurements of water and ice samples from 2010 and 2011, including both the mean ( 7 1 SD) and total range of the measurements.
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3.3. Comparing optical, physical and biogeochemical properties
The CDOM absorbance coefﬁcients a254 and a440 exhibited the
most signiﬁcant differences between the more saline water column samples and the CDOM from the fresher sea ice and melt
pond samples (Fig. 7). In general, the under-ice waters had higher
CDOM absorption than the overlying ice cores. The samples from
the interface waters (0 m) in both years showed a range in both
salinity and absorbance coefﬁcients (Figs. 4, 6 and 7), likely indicating a progression of ice melt mixing with the upper layers of
the water column.
In the 2011 under-ice waters, optical and biogeochemical
properties varied among the three transects. In particular, Chla,
a440 and S350–400 showed statistically signiﬁcant differences
(p o0.05) between Transect 1, and Transects 2 and 3 (Figs. 4 and
6). Average Chla values for Transects 2 and 3 were 0.1 and
o0.1 mg/L, respectively; whereas in Transect 1, Chla was signiﬁcantly higher (p o0.05), with an average value of 7.9 mg/L and a
maximum of 18.8 mg/L. This also corresponded with higher a440
and lower S350–400 values (p o0.05). However, for Transect 1
(where Chla also varied over a large range), there does not appear
to be a direct relationship with either of these CDOM optical
properties (Fig. 8).
The highest a440 values in 2011 were measured in the surface
waters of the southernmost station (station 55) in Transect 1
(Fig. 9a). In the same location, there is higher salinity (31.4–32.0,
Fig. 9d) and the δ18O value is close to that of sea ice (  1‰)
(Fig. 9c). Chla is high at this location as well, but the highest Chla
values were observed at station 56 (Fig. 9b). From this crosssectional view, it is clear that although both Chla and a440 were
higher in Transect 1, there is not a linear relationship between
these two variables.
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Fig. 3. Ice core proﬁles of optical properties from bare ice cores (white) and melt pond ice cores (black) from 2010 (a–d) and 2011 (e–h). Ice cores varied in length, so for
consistency samples are plotted by percent core thickness relative to the bottom of each core for consistency, with 0% representing the bottom of the ice core and the ice–
water interface.

3.4. Sea ice melt
An analysis of the estimated sea ice melt fraction for each of the
2011 water samples was made by solving three simultaneous
equations for a simpliﬁed Arctic surface water mixing system that
includes sea ice melt (SIM), Atlantic water (AW) and meteoric
water (MW).


δ18 O ¼ ð  1‰  f SIM Þ þ 0:3‰  f AW þ  21:35‰  f MW


Sal ¼ ð4  f SIM Þ þ 34:8  f AW þ 0  f MW
f SIM þ f AW þ f MW ¼ 1
where δ18O is the oxygen isotope value of the water sample, Sal is
the salinity of the water sample and f is estimated fraction of SIM,
AW or MW. Based upon our extensive measurements of sea ice
during the ICESCAPE cruises, the average salinity for SIM was
4 and the average δ18O value was  1‰. Based on observations of
the core Atlantic water in the Arctic Ocean from Ekwurzel et al.
(2001), a salinity of 34.8 and a δ18O value of 0.3‰ were chosen for
AW. Because the under-ice waters were largely inﬂuenced by
water ﬂowing north through the Bering Strait (Weingartner et al.,
2005; Spall et al., 2014), for meteoric water we chose a runoff endmember for δ18O of  21.35‰, which corresponds to the most upto-date data for the freshwater end-member (salinity ¼ 0) present
in waters collected solely within Bering Strait (Cooper et al., 2006
and unpublished data). Salinity and δ18O values are summarized in
Table 2.

Solving the three simultaneous equations shows sea ice melt is
present in the 2011 under-ice waters with fractions ranging from
 0.05 to 0.5. Note that negative sea ice melt fractions correspond
to brine injection from sea ice during formation and early stages of
melt, which also suggests that the positive fractions of melted sea
ice are likely underestimates of actual melt water fractions
(Cooper et al., 2005). The average value for the sea ice melt fraction was lower in Transect 1 than in Transects 2 and 3. Depth
proﬁles of fSIM (Fig. 10), as would be expected, exhibit the highest
values near the bottom of the ice. In Transect 1, many fSIM values
were negative, indicating a strong presence of sea ice brine.
Comparing fSIM to CDOM optical properties, negative fSIM values
from the westernmost transect corresponded to higher a440 values
and lower CDOM spectral slopes (Fig. 11).

3.5. Fluorescence and PARAFAC analysis
EEMs from all three transects in 2011 exhibited a broad emission spectra around and above 400 nm, which is typical of humic
DOM (Coble, 2007). The EEMs also exhibited spectra resembling
amino acid-like DOM with a local maximum in the emission
spectra located below 400 nm (Coble, 2007). However, the EEMs
from Transect 1 exhibited additional peaks with excitation maxima between 290 and 310 nm and emission maxima between 370
and 410 nm. This has been previously identiﬁed as a marine humic
signal (Coble, 2007) ( Fig. 12, Table 3).
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Fig. 4. Optical properties plotted by depth for water samples from 2010 (white, a–d) and the three transects in 2011 (e–h): Transect 1 (red), Transect 2 (blue) and Transect 3
(green). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Three independent ﬂuorescent components were validated for
FDOM using PARAFAC analyses (Fig. 13). We compared the spectral
characteristics of these components to previously identiﬁed components identiﬁed in prior studies in order to identify potential
sources for each of the three components (Table 4). All components
identiﬁed were similar to those found in a global study of marine
DOM by Jørgensen et al. (2011), indicating that the components
identiﬁed here are typical of a wide range of marine waters. Components 1 and 3 had spectra resembling humic-like DOM, with
broad emission spectra around and above 400 nm and a broader
excitation spectra compared to the second component. Component
1 exhibits characteristics of the fulvic acid ﬂuorophore group and
could represent terrestrially-derived or autochthonous material
(Stedmon and Markager, 2005a; Walker et al., 2009). Component
3 has also been identiﬁed as being humic-like and is marine derived
or anthropogenic (Stedmon and Markager, 2005a). Component
2 exhibited spectra resembling amino acid-like DOM, with emission
spectra maxima below 400 nm. It most closely resembles tyrosine
(Stedmon and Markager, 2005a), which is microbially produced in
marine waters (Coble, 1996; Stedmon and Markager, 2005b).
There were trends in the distribution of these components.
Components 1 and 3 were signiﬁcantly higher (p o0.05) in
Transect 1 compared to Transects 2 and 3, whereas component 2
(the protein-like ﬂuorescence) was similar (p4 0.05) for all water
samples and had a consistently low contribution (Fig. 14). Both
humic-like components (components 1 and 3) showed signiﬁcant
positive relationships with fAW (Fig. 15) but there was no apparent
relationship between fAW and protein-like component 2 (not
shown).

4. Discussion
4.1. CDOM optical properties
The absorption coefﬁcient at 440 nm measured in the underice water at our sites in the Chukchi and Beaufort Seas were in the
range expected of Arctic waters (Matsuoka et al., 2011). In a study
by Matsuoka et al. (2011), a440 varied widely (0.0046–0.5 m  1) in
the western Arctic and fell mostly within the range observed for
European coastal waters (Babin et al., 2003), with the exception of
the lowest values that are consistent with open oceanic waters (e.
g., 0.004 m  1) in the western Greenland Sea (Kirk, 1994). In this
study, we observed a relatively small range in a440 (0.02–0.17 m  1,
Table 1) with an average value of 0.06 m  1 in 2010 and 0.05 m  1
in 2011 which are similar to the mean value of 0.05 m  1 observed
by Matsuoka et al. (2011).
Several of the water and sea ice samples in our study had
CDOM absorption spectra that differed from the typical exponential decay and instead exhibited distinct shoulders and peaks
in the 260–400 nm spectral range (Fig. 2). Similar CDOM absorption spectra have been observed in marine, sea ice and sea ice
brine samples from other studies and are likely associated with
mycosporine-like amino acids (MAAs) and aromatic amino acids
(AAAs) (Belzile et al., 2000; Whitehead and Vernet, 2000; Uusikivi
et al., 2010; Norman et al., 2011) that function to protect marine
organisms against harmful effects of UV radiation. In 2010
shoulders and peaks in the CDOM absorption spectra were
observed in both the ice cores and in the under-ice water samples
from the interface and 1 m below the ice, but in 2011 these
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Fig. 5. Salinity and δ18O for bare ice cores (white) and melt pond ice cores (black) from 2010 (a,b) and 2011 (c,d). Ice cores varied in length so samples are plotted by percent
core thickness relative to the bottom of each core for consistency, with 0% representing the bottom of the ice core and the ice–water interface.

anomalies in absorbance were only observed in the ice core
samples. Several of the interface water samples from 2010 were
fresher and had more negative δ18O values than interface samples
from 2011 (Fig. 6), indicating that there was more sea ice melt in
the interface water in 2010. The fact that the shoulders and peaks
were only observed in sea ice and under-ice water samples with a
higher proportion of sea ice melt, suggests that these MAA and
AAA signals are somehow associated with sea ice and only enter
the water column when sea ice melts. One possibility is that the
MAA and AAAs were produced by sea ice algae (Ryan et al., 2002;
Uusikivi et al., 2010; Mundy et al., 2011) that are often found at the
bottom of sea ice at the ice–water interface (Melnikov et al., 2002).
4.2. Sea ice as a source of CDOM
In this study, CDOM absorption coefﬁcients in the ice core
samples were lower than in the underlying water column, indicating lower concentrations of CDOM in the sea ice. In contrast,
several previous studies in the Baltic (Ehn et al., 2004; Granskog et
al., 2005; Stedmon et al., 2007a; Uusikivi et al., 2010), the Canadian
Arctic (Belzile et al., 2000, Scully and Miller, 2000), and Antarctica
(Norman et al., 2011) observed high levels of CDOM in sea ice

suggesting that sea ice algae can act as a signiﬁcant source of
CDOM to the underlying water column. For example, Scully and
Miller (2000) observed a310 values in sea ice cores collected near
the North Water polynya that were an order of magnitude greater
than those observed in the underlying water, leading them to
conclude that sea ice algae is a signiﬁcant source of CDOM upon
sea ice melt in Bafﬁn Bay.
The low CDOM absorption in our sea ice samples could be an
artifact of the timing of sampling. Most of the sea ice algal biomass
is typically located in the bottom 2 cm of the ice (Belzile et al.,
2000; Melnikov et al., 2002; Cooper et al., 2013) and, as a result,
most of the CDOM is located at the bottom of the ice core with the
rest of the core containing considerably less CDOM than the
underlying water column (Belzile et al., 2000; Scully and Miller,
2000). Analysis of the salinity and δ18O proﬁles suggests that the
ice had reached an advanced state of melt when we made our
observations in both 2010 and 2011 (Polashenski et al., 2015;
Cooper et al., 2016, this issue); therefore, the high CDOM bottom
layer may have already melted. Overall, our observations suggest
that sea ice in this region does not act as a source of CDOM during
the June–July melt period, but rather dilutes the under-ice water
column CDOM during this later stage of melt.
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Fig. 6. Salinity and δ18O for under-ice water samples from 2010 (white, a,b) and salinity, δ18O and Chla for under-ice water samples from the three transects in 2011(c–e):
Transect 1 (red), Transect 2 (blue), and Transect 3 (green). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

Fig. 7. a254 (a) and a440 (b) as a function of salinity for melt pond waters, ice cores, interface waters and under-ice waters.

4.3. Potential sources of high CDOM in under-ice waters
The under-ice water column samples collected in 2011 for the
three stations in Transect 1 exhibited higher absorbance values than

those observed in Transects 2 or 3 (Table 1 and Fig. 4), indicating
higher concentrations of CDOM at these ﬁrst three stations. There
are several possible sources of this higher CDOM: river discharge,
melted sea ice, and in situ autochthonous production.
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Fig. 8. a440 (a) and S350–400 (b) as a function of chlorophyll-a (Chla) for samples across the three 2011 transects: Transect 1 (red), Transect 2 (blue), and Transect 3 (green). No
Chla data were collected in 2010. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 2
Values of salinity and δ18O for end-members used in the mass balance equations.

Salinity
δ18O

Fig. 9. a440 (a), Chla (b), δ18O (c) and salinity (d) for under-ice waters from the
western transect (Transect 1) in 2011. Section orientation is from south to north.
Ocean Data View (Schlitzer, 2014).

Terrestrial runoff supplies a signiﬁcant proportion of the CDOM
in the Arctic Ocean (Lobbes et al., 2000; Grifﬁn et al., 2011, Stedmon et al., 2011). Negative relationships are commonly observed
between CDOM absorption and salinity when runoff is the dominant source of this allochthonous CDOM (Blough and Del Vecchio,
2002). We did not observe this in our water column samples, but
rather the highest CDOM absorption was associated with the
highest salinities (Fig. 7). Compared to Transects 2 and 3, Transect
1 also exhibited a lower fraction of meteoric water (Fig. 10,
Table 3). Therefore, it is not likely that riverine DOM was the

Sea ice melt (SIM)

Atlantic water (AW)

Meteoric water (MW)

4
1

34.8
0.3

0
 21.35

Fig. 10. Sea ice melt fraction for 2011 under-ice waters: Transect 1 (red), Transect 2
(blue) and Transect 3 (green). Negative sea ice melt fraction corresponds to brine
injection from sea ice during formation and early stages of melt. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

dominant source of the anomalously high CDOM signals we
observed in Transect 1 during 2011.
During the ICESCAPE mission in 2011, a signiﬁcant under-ice
phytoplankton bloom was observed within Transect 1 (Arrigo
et al., 2012, 2014), which could be related to our observed high
CDOM absorption. The samples in Transect 1 exhibited lower
absorbance spectral slopes suggesting the presence of higher
molecular weight material that may have been recently produced.
Prior work in the open waters of the Chukchi Sea showed a direct
relationship between higher a440 and higher Chla concentrations
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Fig. 11. a440 (a), S275–295 (b) and S350–400 (c) as a function of sea ice melt fraction for the 2011 samples for the three transects: Transect 1 (red), Transect 2 (blue) and Transect
3 (green). Negative sea ice melt fraction corresponds to brine injection from sea ice during formation and early stages of melt. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 12. Representative EEMs from Transect 1 (a) and Transect 3 (b) from the 2011 under-ice samples.

within two phytoplankton blooms (Pegau, 2002). In our study,
Transect 1 showed higher levels of both Chla and a440 overall
compared to Transects 2 or 3 (Figs. 4 and 6); however, within
Transect 1 there was an offset between Chla concentrations and
a440 with the highest Chla concentrations observed at station 56,
whereas the highest a440 values were observed at station 55 closer
to the ice edge (Figs. 8 and 9). A similar offset between Chla and
a440 was observed in Funka Bay near Japan, where absorption by
CDOM increased when the bloom ended, which indicated that the
CDOM increase was the result of microbial activity (Sasaki et al.,
2005). Microbes are ubiquitous in the ocean and are known producers of CDOM, and the generation of CDOM in our study could
be the result of bacterial processing of algal exudates at the end of
the observed phytoplankton bloom (Nelson et al., 1998, 2004;
Garneau et al., 2008; Ortega-Retuerta et al., 2009; Lovejoy, 2014).
Further support for a marine/autochthonous origin of the higher
CDOM absorption measured in Transect 1 is provided by the EEM
and PARAFAC analysis. Component 3, which represents marine
humic-like material, is higher in Transect 1 compared to Transects
2 or 3. Component 1 is higher in Transects 1 as well, and although
it could either be marine or terrestrially-derived, the positive
relationship with the fraction of Atlantic water (Fig. 15) suggests
that it is more inﬂuenced by its marine source than by terrestrial
runoff.
Sea ice melt is a third potential source of the anomalously high
a440 values in the underlying water. As previously mentioned, a440
at the time of observation was considerably lower in the sea ice
than in the under-ice water column. Additionally, S350–400 was
higher in the ice, suggesting lower molecular weight material.

Table 3
Average fractions of sea ice melt (fSIM), atlantic water (fAW) and meteoric water
(fMW) for the three transects in 2011.

Transect 1
Transect 2
Transect 3

fSIM

fAW

fMW

0.020
0.073
0.087

0.877
0.765
0.731

0.103
0.162
0.182

However, it is possible that higher CDOM absorption and higher
molecular weight material were present in the bottom of the ice
earlier in the season or in the sea ice brines and had already
melted into the underlying water. Throughout the under-ice water
column in Transect 1, the δ18O values were close to the average
value for sea ice (  1‰) which suggests a signiﬁcant contribution
from sea ice melt. Additionally, the fSIM values were largely
negative; suggesting that much of the sea ice melt contribution
was in the form of sea ice brines that drain from the ice during
early stages of melt (Polashenski et al., 2015). Norman et al. (2011)
found that CDOM in brine samples from Antarctic sea ice were
4 times higher than underlying seawater further suggesting that
brine channel drainage in the early stages of sea ice melt prior to
our sampling could be contributing to the higher CDOM that we
observed in Transect 1 in 2011.
5. Conclusions and implications
Our observations suggest several possible roles for sea ice in
the distribution of CDOM in the Chukchi and Beaufort Seas. CDOM
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Fig. 13. The three individual components for the PARAFAC model.

Table 4
Spectral characteristics of the six components identiﬁed by PARAFAC compared to previously identiﬁed components. Secondary maxima are shown in parentheses.
Components Excitation maxima
(nm)

Emission maxima
(nm)

Other studies

Description

1

260(355)

452

humic-like, terrestrial/
autochthonous

2

270

324

3

o 250/310

412

C1 (Jørgensen et al., 2011)
Component 1 (Logvinova et al., unpublished)
Component 4 (Stedmon and Markager, 2005a) Component 1 (Stedmon et
al., 2007a, 2007b) BERC 1 (Walker et al., 2009) Component 1 (Yamashita et
al., 2010)
C5 (Jørgensen et al., 2011)
Component 4 (Logvinova et al., unpublished)
Component 1 (Murphy et al., 2006)
Component 5 (Murphy et al., 2008) Component 8 (Stedmon and Markager,
2005a) Component 4 (Yamashita et al., 2010)
C4 (Jørgensen et al., 2011)
Component 6 (Logvinova et al., unpublished)
Component 6 (Stedmon and Markager, 2005a) Component 2 (Stedmon
et al., 2007a) Component 3 (Stedmon et al., 2007b) Component 2
(Yamashita et al., 2010)

was higher in the under-ice water samples compared to the
overlying sea ice, indicating that sea ice was not directly contributing CDOM to the under-ice water column during the months
of June and July. The possibility remains however that CDOM is
contributed earlier in the melt season and that it declines by
dilution as remnant ice melts (Cooper et al., 2005). The highest
CDOM absorption was observed in the under-ice water samples
from the ﬁrst transect in 2011. For this transect, oxygen isotope
analysis indicated a signiﬁcant amount of sea ice melt and brine
channel drainage was present in this area, suggesting that sea ice
melt that occurred prior to sampling may have contributed CDOM
to the underlying water column. This anomalously high CDOM
may have also been the result of bacterial activity following the
under-ice phytoplankton bloom that was observed in this transect.
As sea ice melts and melt pond coverage increases, more light is
transmitted through the ice (e.g., Frey et al., 2011), which may
stimulate more under-ice phytoplankton blooms that may in turn
produce associated autochthonous CDOM. Therefore, if sea ice

amino acid-like, tyrosine

humic-like, marine

decline continues in the future, one implication could be an
increase in concentrations of CDOM present in the upper ocean
water column below sea ice.
Increases in CDOM concentrations could have several effects in
the western Arctic Ocean. CDOM plays a signiﬁcant role in the heat
budget of the surface waters of the Chukchi Sea (Hill, 2008), so
more CDOM directly below the ice may trap heat that will cause
further sea ice melt. As sea ice declines, even more light would be
transmitted to the underlying water column. This could potentially
further increase primary production and subsequent microbial
production of CDOM in ocean surface waters. Additionally, photodegradation can alter the bioavailability of DOM, potentially
making it more labile and allowing it to be consumed by bacteria
and re-mineralized (cf. Mopper et al., 2014). Therefore, this
increase in CDOM aligned with enhanced light availability could
also ultimately result in an increase in mineralization of organic
carbon to atmospheric CO2 in the Paciﬁc Arctic region.
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Fig. 14. Loadings for the three PARAFAC components by transect for the 2011 under-ice waters: Transect 1 (red), Transect 2 (blue) and Transect 3 (green). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 15. Components 1 (a) and 3 (b) from the PARAFAC model as a function of Atlantic water fraction.
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