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Abstract

Light absorption by colored dissolved organic matter (CDOM) (acpom(4)) plays an
important role in the heat budget of the Arctic Ocean, contributing to the recent de-
cline in sea ice, as well as in biogeochemical processes. We investigated acpom(4)
in the Southern Beaufort Sea where a significant amount of CDOM is delivered by
the Mackenzie River. In the surface layer, acpou(440) showed a strong and nega-
tive correlation with salinity, indicating strong river influence and conservative transport
in the river plume. Below the mixed layer, a weak but positive correlation between
acpom(440) and salinity was observed above the upper halocline, resulting from the
effect of removal of CDOM due to brine rejection and lateral intrusion of Pacific sum-
mer waters into these layers. In contrast, the relationship was negative in the upper
and the lower haloclines, suggesting these waters originated from Arctic coastal wa-
ters. DOC concentrations in the surface layer were strongly correlated with acpopn(440)
(r2 = 0.97), suggesting that this value can be estimated in this area, using acpowm(440)
that is retrieved using satellite ocean color data. Implications for estimation of DOC
concentrations in surface waters using ocean color remote sensing are discussed.

1 Introduction

The Southern Beaufort Sea (Fig. 1) is one of the regions where a significant reduction
of sea ice cover has been recorded over the last three decades (Strove et al., 2008). In
the south, the continental shelf receives a flow of freshwater from the Mackenzie River
(330 km?® yr‘1: Aagaard and Carmack, 1989). The freshwater includes a large amount
of nutrients, suspended sediments, and dissolved organic matter (DOM) originating
from soils that include thawing of the permafrost (Holmes et al., 2002; Carmack et al.,
2004; Camill, 2005; Emmerton et al., 2008). A series of papers have suggested that
the freshwater discharge into the Arctic rivers has increased since the middle of the
20th century (e.g., Peterson et al., 2002; McClelland et al., 2006). While the expected
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increase in nutrients delivered by rivers into the Arctic Ocean may enhance phytoplank-
ton growth, both particulate and dissolved materials can reduce the light propagating
into the water column, preventing phytoplankton from harvesting sufficient light for their
growth. How the biogeochemical processes in the Arctic coastal region will respond to
climate change is unclear.

Light-absorbing colored DOM (CDOM) plays various roles in physical and biogeo-
chemical processes in the Southern Beaufort Sea. As a physical role, light absorption
of CDOM is likely responsible for a significant part of the heat storage of the upper layer
of the Arctic Ocean (Hill, 2008), which amplified the recent decline in sea ice extent in
this region (Shimada et al., 2006). This result is consistent with the fact that the relative
contribution of this material to the total non-water light absorption is remarkably high
in the Arctic Ocean (66 =17 % at 440 nm) throughout the ice-free seasons compared
to that at lower latitudes (Matsuoka et al., 2011). With regard to biogeochemistry,
exposure of CDOM in seawater to solar radiation at all latitudes produces inorganic
carbon-based gases such as carbon dioxide (CO,) and carbon monoxide (CO), sug-
gesting that this process may affect the organic carbon cycle in the Arctic Ocean (Xie
and Gosselin, 2005; Bélanger et al., 2006; Xie et al., 2009). In addition, relatively re-
fractory DOM can be transformed into a labile and biologically available DOM resulting
from photodegradation processes (Miller and Zepp, 1995; Miller and Moran, 1997).
The labile DOM can stimulate microbial activities and hence the biological pump (Miller
et al., 2002).

CDOM is inversely correlated with salinity in estuaries, indicating a terrigenous
source of CDOM in coastal waters. In contrast, there is a significant and positive cor-
relation between this absorption and chlorophyll-a (chl-a) concentration in oceanic wa-
ters, suggesting phytoplankton-derived components contribute to CDOM (e.g., Bricaud
et al.,, 2010). In addition, the spectral slope of CDOM absorption can give insights
about sources and the bulk chemical properties of CDOM (Carder et al., 1989; Helms
et al., 2008; Fichot and Benner, 2011), which are possibly influenced by photochemi-
cal and/or biological processes (e.g., Twardowski and Donaghay., 2002; Bricaud et al.,
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2010). Thus, CDOM absorption properties provide insights about source and physico-
chemical and biological processes.

In the Arctic Ocean, several sources of CDOM are considered. A significant amount
of CDOM in the Arctic surface layer originates from land by river discharge (Opsahl
et al., 1999; Benner et al., 2004, 2005; Bélanger et al., 2006; Matsuoka et al., 2009).
In the Polar Mixed Layer (PML), a fraction of CDOM is likely removed due to brine
rejection when sea ice is formed (Amon, 2004). Matsuoka et al. (2011) suggested
that CDOM could be transported into the Pacific Summer Water (PSW) layer, which
is located just below the PML, by the intrusion of waters from the Bering Sea during
summer. In addition to photochemical and microbial processes, these findings suggest
that CDOM variability is also related to physical processes, but relationships between
CDOM absorption properties and hydrographic features are still not sufficiently under-
stood in the Arctic Ocean.

The objective of this study is therefore to examine characteristics of CDOM absorp-
tion and its transport in the Southern Beaufort Sea using both optical and hydrographic
datasets. The linkage between CDOM absorption and dissolved organic carbon (DOC)
concentration is also examined at the end of this paper in view of ocean color remote
sensing applications.

2 Materials and methods

The France-Canada-USA joint Arctic campaign, MALINA, was conducted in the South-
ern Beaufort Sea in the area from approximately latitudes 69° to 72° N and longitudes
125° to 145° W (Fig. 1). Data were collected from 30 July to 26 August 2009 aboard
the Icebreaker CCGS Amundsen, and 37 stations were visited. Temperature and salin-
ity profiles were obtained using a SBE-911 plus (SeaBird) conductivity-temperature-
depth (CTD) probe. Nitrate and oxygen concentrations, and chlorophyll in terms of
fluorescence were also obtained using MIBARI-ISUS (Satlantic), SBE-43 (SeaBird),
and Seapoint (Seapoint) sensors, respectively attached to the CTD probe. Discrete
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water samples were collected using CTD/Niskin bottles. A barge and/or zodiac were
also deployed at 32 stations out of 37 stations during the same time periods of the CTD
deployment to obtain surface water samples. Those deployments were conducted to
collect samples close to the surface (0-0.5m using a clean plastic container), which
are difficult to obtain using a CTD/Niskin (“Surface” waters using a CTD/Niskin are usu-
ally taken from 2 to 4 m depth depending on the sea state), and to minimize the effect
of the contamination by the icebreaker. Differences in CDOM absorption of surface wa-
ters between samples from the CTD/Niskin and from the barge/zodiac are discussed
in Appendix A1.

2.1 CDOM absorption

The detailed methodology to determine light absorbance of CDOM using an UltraPath
(World Precision Instruments, Inc.) is documented in Bricaud et al. (2010). Briefly,
a sample was collected from a CTD/Niskin bottle (or from a plastic container when
using the barge or zodiac) into pre-rinsed glass bottles covered with aluminium foil.
Those samples were filtered immediately after sampling, in dim light, using 0.2 um
GHP filters (Acrodisc Inc.) pre-rinsed with 200 ml of Milli-Q water. Filtered samples
were then pumped into the sample cell of the Ultrapath instrument using a peristaltic
pump. Absorbance spectra were measured from 200 to 735 nm with 1 nm increments
with reference to a salt solution (the salinity of the reference was adjusted to that of the
sample, £2 salinity unit), prepared with Milli-Q water and granular NaCl precombusted
in an oven (at 450°C for 4 h). The sample tube was cleaned between measurements
with diluted solutions of detergent, high reagent grade MeOH, 0.1N HCI, and with Milli-
Q water. The cleanliness of the tube was controlled using a reference value of the
transmittance of light for the reference water.

Temperature differences between reference and sample were minimized as far as
possible, but could not be always avoided. As absorbance of pure water depends on
temperature, this sometimes resulted in an underestimate of absorbance mostly be-
yond 700 nm for some samples. No temperature correction was applied to absorbance
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spectra in the data. To minimize the temperature and salinity effects on the absorbance
among samples, the averages of the measured values of ODgpop(4) over a 5-nm in-
terval around 685 nm (OD,; cpom) Was assumed to be 0 and the OD¢pop(4) spectrum
was shifted accordingly (Pegau et al., 1997; Babin et al., 2003):

[ODcpom(4) = ODpyi cooml )
; ,

where 2.303 is a factor for converting base e to base 10 logarithms, and / is the optical
pathlength (m). In most cases, a 2m optical pathlength was used for the measure-
ment, except for coastal waters at the Mackenzie River mouth where a 0.1 m optical
pathlength was used. The presence of microbubbles in the sample tube was mini-
mized by using a peristaltic pump. When not totally removed, microbubbles induced
a significant (and artificial) absorption detectable in the infrared, and the corresponding
absorption spectra were discarded.

Spectra of acpom(d) can be expressed as exponential functions as follows (e.g.,
Bricaud et al., 1981; Babin et al., 2003):

aCDOM (/1) = 2303

acpom(d) = acpom(A,)e!~Scoom=4)), 2)

where 1, is a reference wavelength (440nm in this study), and Scpoy denotes the
spectral slope of CDOM. Sgpop Was calculated by fitting a non-linear regression to the
data from 350 to 500 nm (Babin et al., 2003). In total, 373 samples were collected for
CDOM absorption analyses at 37 stations.

2.2 DOC determination

Dissolved organic carbon (DOC) was measured using the high-temperature combus-
tion method and either a TOC-V or TOC-5000 analyzer (Shimadzu) (Benner and Strom,
1993). Filtered water samples were stored frozen until analysis in laboratory. In total,
256 samples were collected for DOC analyses at 29 stations.
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3 Background: hydrography of the Arctic Ocean

Because we examined CDOM absorption properties for each water mass present in
the Southern Beaufort Sea, the major hydrographical features are presented first and
discussed. The vertical structure of the Arctic Ocean is unique and determined by river
discharge/ice melt, vertical mixing, and lateral intrusion of both Pacific and Atlantic wa-
ters (e.g., Coachman and Aaggaard, 1975; Aaggaard, 1989; see Fig. 2). The surface
layer can be separated into two water masses: the upper (UPML) and lower (LPML)
parts of the PML. The UPML includes Mackenzie river water and/or sea ice melt water
in summer and is characterized by relatively fresh water (salinity < 28). It is typically
found from the surface to 20 m (Macdonald et al., 1989). Below the UPML, the LPML is
found from 20 to 50 m and is characterized by a temperature minimum around a salinity
of 30.5. The temperature minimum indicates that waters from the previous winter stay
at those depths (Carmack et al., 1989; Macdonald et al., 1989).

Below the LPML, Pacific summer waters (PSW; salinity centered at 31.5) from the
Bering Sea enter the Chukchi Sea during summer, and are then located from approx-
imately 50 to 100 m depth (Carmack et al., 1989; Macdonald et al., 1989; Shimada
et al., 2001). This water is characterized by a temperature maximum around the cen-
tered salinity (Shimada et al., 2001). Below the PSW, Pacific winter waters (PWW:
salinity centered at 33.1) form upper halocline waters (UHW) from 100m to 180m
depth (Carmack et al., 1989; Macdonald et al., 1989; Shimada et al., 2005). This water
mass has a temperature minimum (~ —1.4°C) and clear maxima of nitrate and silicate
concentrations (Codispoti et al., 2005; Shimada et al., 2005). The lower halocline wa-
ter (LHW) located around 180 to 225 m originates from the Barents Sea shelf water
(BSSW; Eastern Arctic) when sea ice is formed (e.g., Shauer et al., 1997). This water
has salinities ranging from 33.9 to 34.7, and is characterized by relatively high oxygen
concentrations compared to that in the layers above (Shimada et al., 2005). Atlantic-
origin waters (AW) with salinities > 34.7 are warmer (> 0°C) and form the Atlantic layer
(AL) located from 225 m to 800 m (Shauer et al., 1997; Shimada et al., 2005). Below
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those layers, cold and dense Arctic bottom waters (ABW) are present (e.g., Aaggaard,
1989).

Based on the physical properties of the water masses (Carmack et al., 1989; Mac-
donald et al., 1989; Shimada et al., 2001, 2005) and two chemical variables, nitrate
and oxygen concentrations (Codispoti et al., 2005; Shimada et al., 2005), we grouped
water masses into 6 categories (see Table 1). UPML (1) was defined as waters <20m
and salinity < 28. During our observations, temperatures in the UPML ranged from
-1.0 to —0.2°C and salinities were low (salinity < 28; Fig. 3a and b). This layer was
influenced by sea ice melt and/or river discharge. LPML (2) had salinities ranging from
28 to 30.7. A minimum of apparent oxygen utilization (AOU) was observed from 20 to
50 m depth where salinity increased sharply (Fig. 3c). It appears that the net production
of oxygen by photosynthesis in these waters led to the trapping of oxygen in the pycn-
ocline, which prevented outgasing to the atmosphere. Solar heating can also change
the saturation of oxygen and induce a negative AOU. The negative values of AOU are
thus explained by either production of oxygen by phytoplankton, solar heating of winter
mixed water, or both. Assuming temperature and salinity from the previous winter of
—-1.8°C and 31, respectively, we obtained AOU value of =24 +2 (umol kg'1 ). This value
was higher than the observed value (i.e., =30 +2 pmol kg‘1). The difference between
those two values suggests that production of oxygen by phytoplankton explained on av-
erage 20 % of the negative AOU value in this water mass. Solar heating was thus more
important compared to production by phytoplankton for the negative AOU in relatively
clear waters. A peak of chlorophyll fluorescence was observed around 70 m (Fig. 3e).
This peak contributed to production of oxygen at those depths since AOU values were
relatively low, but not as much as in LPML (Fig. 3c). PSW (3) had salinity ranging from
30.7 to 32.3. A small but clear temperature maximum centered around salinity 31.5
was found from approximately 50 to 100 m (Fig. 3a,b,f), suggesting the presence of
the PSW (Carmack et al., 1989; Shimada et al., 2001). PWW/UHW (4) had a salinity
ranging from 32.3 to 33.9. The thick and cold halocline water had a broad temperature
minimum from 100 to 180 m (Fig. 3a,b,f). The clear maximum of nitrate concentration in
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this layer (Fig. 3d) was centered at salinity 33.1, which indicates this water mass was
formed in the Western Arctic Ocean during winter (Codispoti et al., 2005; Shimada
et al., 2005). LHW (5) had a salinity ranging from 33.9 to 34.7 and was found from 180
to 225 m. Water temperatures increased strongly with depth in this salinity range, and
oxygen concentrations were higher than in the layer above (not shown; Shimada et al.,
2005). Those results suggest the presence of the LHW (Shauer et al., 1998; Shimada
et al., 2005) that originates in the BSSW (Eastern Arctic). AL (6) had salinities > 34.7
and temperatures > 0°C (Fig. 3a). The relatively high temperature and salinity (> 34.7)
indicated an intrusion of AW.

Water samples were obtained at CTD casts above 500 m depth. The percentages
of total samples collected in each water mass were 20 % (UPML), 22 % (LPML), 41 %
(PSW), 11 % (PWW/UHW), 4 % (LHW), and 2 % (AL).

4 Results

4.1 Variability in CDOM absorption properties and their relationships with hy-
drography

Values of agpoy(440) varied widely in Southern Beaufort Sea waters (0.018m'1 <
acpom(440) < 1.08 m™'; Fig. 4a). Those values mostly fell within the range observed in
both the western part of the Southern Beaufort Sea (Matsuoka et al., 2011) and various
coastal waters at moderate latitudes (Kirk, 1994; Vodacek et al., 1997; Babin et al.,
2003), with some high acpopn(440) values (up to 1.08 m'1) which were observed near
the mouth of the Mackenzie River. Values of the spectral slope of CDOM absorption,
Scoow- fell within a narrower range (0.015nm™" < Scpowm(440) < 0.023 nm~"; Fig. 4b)
compared to the western part of the Southern Beaufort Sea (Matsuoka et al., 2011),
but were similar to values in coastal waters around Europe (Babin et al., 2003).

At salinity < 28 (in the UPML), acpow(440) values showed a strong and negative
correlation with salinity (r2 =0.95, p <0.0001) except for some stations where waters
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were influenced by sea ice melt (dotted circle in Fig. 5a). This negative correlation was
observed previously in the same study area during summer (Bélanger et al., 2006) and
elsewhere in coastal zones at lower latitudes (see Nieke et al., 1997, and references
therein). During MALINA, the river plume extended farther offshore in the western
channel than in the eastern channel, which was reflected in the spatial distribution of
high CDOM absorption in the UPML (Fig. 6).

For the LPML, acpom(440) values showed a weak but positive correlation with salin-
ity (r2 =0.14, p < 0.001; dark blue points in Fig. 5b). Among the lowest acpoy(440)
values (0.036+0.010 S.D. m‘1) were observed in the low salinity range of this layer
(i.e., 28 < salinity < 30.7). The low acponm(440) values in the LPML compared to those
in the layer below (i.e., PSW) were found in vertical section of the two channels
of the Mackenzie River mouth (Fig. 6b,d). The similar positive correlation between
acpom(440) and salinity was found in the PSW (r2 =0.10, p <0.001; light blue points
in Fig. 5b).

In contrast, the relationship turned to be negative in the PWW/UHW (yellow points in
Fig. 5b). The coefficient of determination in this layer was higher (r2 =0.36, p <0.0001)
than in the LPML and the PSW. Below the PWW/UHW, we found that acpopn(440)
values were well correlated with salinity in the LHW (r2 =0.63, p <0.01; orange points
in Fig. 5b). In the AL, the negative correlation was not significant (p = 0.06; red points
in Fig. 5b).

The spectral slope of CDOM absorption, Sgpow, is plotted as a function of salinity in
Figs. 5¢,d. At salinity < 28 (in the UPML), Sgpom Values revealed no trend with increas-
ing salinity values (mean value of 0.0192 +0.0011 nm‘1). We found, however, that
Scoowm Values were negatively correlated with salinity in both the LPML and the PSW
layers (p < 0.01 and 0.001, respectively; Fig. 5d). Those negative trends of Sgpom
versus salinity were opposite to the trend in the acpoy(440) versus salinity relationship
for those layers (Fig. 5b). No clear trend was observed in Sgpoy Versus salinity re-
lationship in the PWW/UHW, the LHW, and the AL layers. Values of Sgpoy varied in
each water mass: 0.0189+0.0006 S.D. (hm™") for LPML, 0.0177 £0.0006 S.D. (nm~")
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for PSW, 0.0171+0.0003 S.D. (nm~") for PWW/UHW, 0.0175+0.0002 S.D. (nm~") for
LHW, and 0.0166 + 0.0009 S.D. (nm‘1) for AL. Those values were significantly differ-
ent among the LPML, the PSW, the PWW/UHW, the LHW, and AL (p < 0.0001 for the
three neighbor water masses and p < 0.05 for the difference between the LHW and the
AL).

4.2 Relationship between CDOM absorption and its spectral slope

The relationship between Sgpoy and acpow(440) varied depending on water masses
(Fig. 7). As in the Scpom versus salinity relationship, Sgpoy values revealed no trend
with increasing acpom(440) values in the UPML (Fig. 7a), which is consistent with
those reported in coastal waters at moderate latitudes (Vodacek et al., 1997; Babin
et al., 2003).

At salinity > 28 (below the UPML), in contrast, Scpom showed a significant and neg-
ative correlation with agpow(440) for all water masses except for the LHW (Fig. 7b).
For the LPML, the slope of the Sgpom Versus acpom(440) relationship was —0.0351
(r2 =0.37, p < 0.0001). Relatively similar and negative slopes for that relationship were
observed in the PSW and the PWW/UHW (slope = —-0.0231 and -0.0582, r?=0.36
and 0.59, respectively; p < 0.0001 for both water masses). Those slopes were not sig-
nificantly different among the LPML, the PSW, and the PWW/UHW (p = 0.9 and 0.06
for the two neighbor water masses, respectively). While there was no relationship be-
tween Sgpom @and acpom(440) in the LHW, a negative correlation was again observed
in the AL (slope = —0.1888, r? = 0.41).

4.3 Variability in DOC concentration and its relationship with hydrography

DOC concentrations varied widely in the Southern Beaufort Sea (49 uM < DOC <
460 uM; Fig. 8a). These values mostly fell within the range observed in various environ-
ments of the Arctic Ocean (Amon, 2004; Benner et al., 2005). Similarly to acpop(440)
versus salinity relationship, DOC values showed a strong and negative correlation with
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salinity in the UPML (r?=0.89; Fig. 8a). Our zero-salinity DOC values were signifi-
cantly lower than in the Eastern Arctic Ocean (p < 0.0001; Amon, 2004).

At salinities > 28 (below the UPML), DOC values tended to decrease gradually with
increasing salinity (Fig. 8b), which was a different trend compared to acpoy(440) or
Scoom Vversus salinity relationship (Fig. 5b and d). The DOC values in these layers
were much lower (65 + 6 uM) than in the layer above (i.e., UPML).

4.4 Relationship between CDOM absorption properties and DOC
concentrations

To examine the relationship between DOC and acpo\(440), DOC is plotted as a func-
tion of acpon(440) at all depths (Fig. 9a). We found that agpop(440) showed an ex-
cellent correlation with DOC in the UPML (r2 =0.97; Fig. 9a), indicating that 97 % of
DOC variability is explained by that in the colored fraction of DOM, namely CDOM, in
the surface layer of the Southern Beaufort Sea. However, at salinities > 28 (below the
UPML), no correlation was observed (Fig. 9b). DOC values for all water masses below
the UPML were much lower and the mean value of 66 + 11 uM was obtained.

To examine general properties of CDOM absorption in Arctic waters compared to
those at lower latitudes, Sgpoy is plotted as a function of a%y5,,(440) (M>g™") (i.e.,
acpom(440) normalized to DOC; Fig. 10). The a*CDOM(44O) values were high in the
UPML and variable (0.10+0.07 m? g‘1). The mean value in the UPML was above
the upper limit of oceanic waters (0.07 m? g'1; Nelson and Siegel, 2002). In contrast,
acpov(440) values were low and less variable in the LPML (0.043+0.010 m? g‘1).

Below the LPML a significant negative correlation was found between Sgpoy and
acpom (440) (r2 =0.56; p <0.0001; Fig. 10b). Scpom Vvalues in the PWW/UHW were
significantly lower than in the LHW (p < 0.0001), while both Sgpoy and agpe,,(440)
values in the PSW varied widely.
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5 Discussion

5.1 Linkages among CDOM absorption, DOC concentrations, and
hydrography of the Arctic Ocean

During the MALINA cruise, we observed large variability in hydrographical conditions
and CDOM absorption from coastal to open ocean waters (0 < salinity < 35 and 0.018 <
acpom(440) < 1.08 m_1). The acpom(440) values in sea ice melt water were very low
and were well discriminated from those in surrounding waters, and by excluding these
data a strong negative correlation between agpoy(440) and salinity was found in the
UPML (<20m). This result indicates a strong river influence and near-conservative
behavior of CDOM in the river plume, which is consistent with previous studies in this
region (Bélanger et al., 2006; Matsuoka et al., 2009).

The slope of acponm(440) versus salinity in the present study was significantly differ-
ent from that of Bélanger et al. (2006) (p < 0.0001; Fig. 5a). A 10 cm optical pathlength
with a traditional spectrophotometer Lambda 35 (Perkin-Elmer) was used to obtain
CDOM absorption coefficients in Bélanger et al. (2006), while we used the same optical
pathlength (i.e., 10 cm) with an UltraPath. Comparison of the results between a similar
spectrophotometer (Perkin-Elmer Lambda 19) and the UltraPath showed a reasonable
agreement (see Appendix A2). While CDOM absorption was measured onboard im-
mediately after water sampling in this study, the measurements were achieved a few
months after sampling in Bélanger et al. (2006) on frozen water samples. The differ-
ence in the slope for acponm(440) versus salinity relationship could partly result from
change in CDOM absorption properties over time.

The negative correlation between acpon(440) and salinity was not observed in the
LPML, indicating optical properties between the UPML and the LPML were different.
Rather, a weak but significant and positive correlation was observed in the LPML.
acpom(440) values in this layer were significantly lower than in the layer below, the PSW
(p <0.0001). The lower values might be explained by the removal of CDOM from the
water mass due to brine rejection during fall. This phenomenon was demonstrated in
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laboratory experiments (Amon, 2004), and observed over Russian shelves in autumn
as a significant mechanism for the export of terrigenous dissolved organic nitrogen
(Dittmar, 2004). The similar positive correlation between acpoy(440) and salinity was
also found in the PSW. The higher acpon(440) values in this water mass compared
to that in the layer above is likely attributed to the transport of CDOM by the lateral
intrusion of waters into the PSW layer from the Bering Sea during summer (Matsuoka
etal., 2011).

The relationship between acpon(440) and salinity was significantly negative in the
PWW/UHW and LHW, suggesting the waters originated from Arctic coastal areas. This
assumption is partly supported by the fact that the PWW/UHW is formed in the Alaskan
coastal regions and/or coastal polynyas (Winsor and Chapman, 2002), whereas the
LHW is formed in the Barents Sea during sea ice formation (Aaggaard et al., 1989). It
is noted that the coefficient of determination was significant and relatively high in the
LHW (r2 =0.63, p <0.01). If this negative correlation were extrapolated to zero-salinity,
acpom(440) value at zero-salinity (0.93 m'1) would be close to the one reported for
Kara Sea (1.3 m~': Aasetal., 2002), which is adjacent to the Barents Sea (agpon(440)
values for the Barents Sea are not available). Although the coefficient of determination
was not so high, this result suggests that the observed CDOM could partly originate in
coastal areas receiving riverine discharge.

The Sgpow Vvalues were significantly different among the LPML, the PSW,
PWW/UHW, and the LHW (p < 0.0001 for the three neighbor water masses). Carder
et al. (1989) and Blough and Del Vecchio. (2002) showed the magnitude of Scpom
value varies due to bulk sources and/or local processes of CDOM. General properties
of Scpowm are further discussed at the end of this section with a;q),(440) values.

No trends between Scponm and acpom(440) were evident in the UPML, which is con-
sistent with observations in surface coastal waters at moderate latitudes (Vodacek
et al.,, 1997; Babin et al., 2003). Scpom and acgpom(440) were inversely related in
several deeper water masses (except the LHW) as reported previously in polar wa-
ters (e.g., Matsuoka et al., 2011). Relationships between Scpon and acpom(440) are
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influenced by sources, transformations, or both (Carder et al., 1989; Twardowski and
Donaghay, 2002). The negative correlations observed in this study were not very
strong, so it is difficult to determine the relative contributions of sources and trans-
formations on CDOM absorption properties.

We observed highly variable DOC concentrations in the Southern Beaufort Sea,
which is consistent with observations in other Arctic waters (e.g. Guay et al., 1999;
Benner et al., 2005). A negative relationship between DOC concentration and salinity
was observed in the UPML (r2 = 0.89), indicating the influence of the Mackenzie River
on surface water DOC concentrations in the Southern Beaufort Sea. Below the UPML,
the concentrations of DOC (65 +6 uM) were much lower, indicating different sources of
DOC in these water masses. The differences in optical characteristics between surface
and subsurface water masses also indicated differences in the composition of DOC.

The peak DOC flux from the Mackenzie River, which occurs during ice melt in the
early spring (e.g., Carmack et al., 2004; Holmes et al., 2008), was prior to the MALINA
cruise. The contribution of DOC during the freshet is likely important in terms of the
DOC budget and should be taken into account (Holmes et al., 2008). In addition, some
of the DOC delivered by river discharge during that time period is bioavailable, thereby
stimulating microbial processes (Moran and Zepp, 1997). Thus, more detailed obser-
vation of DOC concentrations, especially in this time period, is required to understand
biogeochemical processes.

Our mean value of a;p,(440) was 0.10+0.07 in the UPML, which was higher than

the upper limit of this value for oceanic waters (0.07 m? g‘1; Nelson and Siegel, 2002).
Our mean value of aEDOM(440) in the LPML was 0.043+0.010, which was much lower
and less variable compared to that in the UPML. This suggests that river influence
is greatest in surface waters (< 20m depth: within UPML), which is consistent with
previous findings in this region (e.g., Macdonald et al., 1989; Carmack et al., 2004).
Below the LPML, there was a negative correlation between Sgpoy and agpgy, (440).
From laboratory experiments, Moran et al. (2000) and Helms et al. (2008) demon-
strated that microbial activities are associated with a decrease in Sgpgy over time,
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which is opposite to the effect of photobleaching by solar irradiation (Moran et al.,
2000; Blough and Del Vecchio, 2002; Twardowski and Donaghay, 2002; Helms et al.,
2008). Our lower Sgpom (or higher agDOM(44O)) values in the PWW/UHW compared
to those in the LHW could result from microbial activities. A slightly but significantly
higher value of AOU in the PWW/UHW (90 + 1 uM) than in the LHW (75 + 1 uM) could
partly support more biological consumption over time in the PWW/UHW than in the
LHW (p < 0.0001). These water masses also have different sources, which could con-
tribute to the observed differences in Sgpoy. While transport of CDOM for Arctic waters
is mainly explained by hydrography, CDOM absorption properties such as Sgpoy for
each water mass seem to be partly influenced by local microbial processes especially
in the PWW/UHW and the LHW. More detailed knowledge about the differences in
sources of CDOM between Western and Eastern Arctic Ocean are needed to investi-
gate this further.

5.2 Implications for estimating DOC concentrations in the surface layer of the
Southern Beaufort Sea using satellite ocean color remote sensing

In this study, we found that DOC concentrations were highly correlated with agpop(440)
in the UPML (r2 =0.97). This result suggests that when agpoy(440) values are ob-
tained using ocean color remote sensing, DOC concentrations can be also estimated
from satellite. Recently, Bélanger et al. (2008) developed an empirical ocean color
algorithm to derive the ratio of acpom(4) to a;(4) at 412nm for coastal water environ-
ments using global datasets that include samples from the Southern Beaufort Sea. In
addition, previous papers indicated that a;(1) can be estimated accurately for Arctic
waters using an inversion model such as Lee’s quasi-analytical algorithm (QAA) (Lee
et al., 2002, 2009; Bélanger et al., 2006; Matsuoka et al., 2007). Combining those
two algorithms together with DOC versus acpon(440) relationship, it is now possible to
estimate DOC concentrations in the surface layer (i.e., UPML) of the Southern Beau-
fort Sea using satellite ocean color data. This kind of semi-analytical method is further
useful for estimating DOC budgets for Arctic coastal waters.
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6 Conclusions

Our results show that acpoy(440) is a useful seawater property to distinguish water
masses when combined with other readily measured properties such as salinity. It
allowed us to better describe the local distribution of water masses in the Southern
Beaufort Sea. For extensive surveys, CDOM absorption can be determined using
its fluorescence signal (fopopm) ONce the relationship between acpop(440) and 7opom
is established. On few occasions, fopoy Measurements have been combined with
CTD deployments in the frame of large-scale surveys in Arctic Ocean (Amon, 2004).
The use of new sampling platforms such as profiling floats and underwater gliders in
the Arctic Ocean is developing. Measurements of fopoy on those platforms together
with measurements of temperature, salinity, oxygen using an optode, and nitrate using
a miniaturized in situ UV spectrophotometer (Johnson et al., 2009) may soon allow
describing the pan-arctic distribution of water masses.

While transport of CDOM in Arctic waters is mainly driven by hydrography, CDOM
absorption properties such as Sgpoy for each water mass seem to partly reflect local
microbial activities, especially in the PWW/UHW and the LHW, which is consistent with
previous results (Nelson et al., 1998). More detailed analyses are necessary to better
understand the linkages.

In terms of ocean color applications, a tight relationship between CDOM absorption
and DOC is useful to estimate DOC concentrations in the surface layer using satellite
ocean color data, especially in Southern Beaufort Sea waters. Assuming that DOC
concentrations in the surface layer decrease linearly to the bottom of the mixed layer,
where DOC concentrations are relatively constant, it is possible to estimate DOC bud-
get in the water column. This work is required to understand modification in DOC
budget for Arctic waters in the context of ongoing global warming.
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Appendix A

A1 Difference in CDOM absorption between water samples from the CTD/Niskin
and from the barge/zodiac

We examined the difference in acpoy(440) values between samples collected from the
CTD/Niskin and those collected from the barge or zodiac in Arctic waters (Fig. A1).
When all data points were analyzed (except one outlier, dotted circle in Fig. Ala),
acpom(440) values were significantly higher for samples collected from the barge or
zodiac (Fig. A1a; p <0.0001). This still hold true when considering only the low
acpowm(440) values (< 0.2 m~": Fig. A1b; p <0.0001). These results suggest that
a thin layer (i.e., 0 to 0.5 m depth) exists at the surface of the Arctic Ocean, in which
acpowm(440) value is significantly higher than in the deeper layers. The thin layer of the
Arctic Ocean seems to be formed by freshwater input of river discharge, sea ice melt,
or both (see Fig. 6 for example). This fact could have important implications for satellite
ocean color remote sensing applied to Arctic waters.

A2 Comparison of CDOM absorption between a liquid waveguide system and
a traditional spectrophotometer

We examined the differences in acpon(440) values between a liquid waveguide system
(UltraPath) and a traditional spectrophotometer (Perkin-Elmer Lambda 19) (Fig. A2) for
three samples. For this comparison, a 10 cm optical pathlength was used for both in-
struments. The ratio of agpoy(440) values measured using a Lambda 19 (L) and using
an UltraPath (U) varied from 0.74 to 1.02 (Fig. A2a—c), but the corresponding coefficient
of determination varied on average between 0.98 (at 350 nm) and 0.86 (at 500 nm) in
the spectral domain from 350 to 500 nm where Sgpoy Was calculated. This result
suggests that agpoy(440) values measured using both instruments agree reasonably
well.
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Table 1. Definition of water masses in this study.

Water mass Depth (m) Origin Definition
UPML <20 River discharge, melting sea ice, or both salinity < 28
LPML 20-50 Arctic-origin Water 28 < salinity < 30.7
PSW 50-100 Pacific Summer Water 30.7 < salinity < 32.3
PWW/UHW  100-180 Pacific Winter Water 32.3 < salinity < 33.9
LHW 180-225 Barents Sea Shelf Water 33.9 < salinity < 34.7
AL > 225 Atlantic Water salinity > 34.7
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Fig. 1. Location of sampling stations for the MALINA cruise in the Southern Beaufort Sea,
Canadian Arctic. Three deep stations (bottom depth > 1000 m) were selected to show typical
hydrography of the Arctic Ocean (stars). One profile at station 310 (cast # 81) and 620 (cast
#99) each and three profiles at station 540 (cast # 134—136) are shown in Fig. 3. Two black
and dashed lines represent west and east transects of the Mackenzie River. Vertical sections
along those lines are shown in Fig. 6.
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Pacific Water mass Origin Atlantic

Depth (m)

500

Fig. 2. A schematic image of water masses of the Arctic Ocean. The different water masses
correspond to different colors as in Figs. 5 and 7—-10.
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Fig. 3. Observed hydrography of the Arctic Ocean during the MALINA cruise. (a) Potential
temperature (in °C), (b) salinity, (c) apparent dissolved oxygen utilization (AOU) concentration
(in pmol kg‘1), (d) Nitrate concentration (in pM), (e) chlorophyll fluorescence, Fy, (in mg m‘3),
and (f) T-S diagram. These profiles were obtained at deep stations (bottom depth > 1000 m;
see Fig. 1 for location) as representatives of typical hydrography of the Western Arctic Ocean.
F., at stations 81 and 99 were not obtained.
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Fig. 4. Histograms of (a) the absorption coefficients of CDOM at 440 nm, acpou(440) and

(b) the spectral slope, Scpom-
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Fig. 5. Upper panels: acpou(440) as a function of salinity (S) for (a) the whole range and
(b) S >28 (below the UPML). A linear fit provides the following relationship: acpom(440) =
0.943-0.034-S, N =52; p <0.0001. Data points which were influenced by sea ice melt are
marked as a dotted circle. Lower panels: Sgpoy a@s a function of S for (¢) whole range and
(d) S >28 (below the UPML).
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Fig. 6. Vertical section of the two channels of the Mackenzie River (see Fig. 1). (a) Salinity
and (b) acpom(440) in the western transect and (c) salinity and (d) acpow(440) in the eastern
transect. Potential density contours of 22.5, 24.5, and 26 (in kg m'3), which correspond to
salinity of 28, 30.7, and 32.3, respectively, are depicted.
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Fig. 8. Relationship between DOC and salinity (S) for (a) the whole range and (b) S >28
(below the UPML). See Fig. 5 for symbols. A linear fit provides the DOC vs. salinity relationship:

DOC = 486-16-S (r* =0.89; p < 0.0001).
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Fig. 10. Variations of Sgpoy VS. acpy (440) for (a) the whole salinity range and (b) salinity >
30.7. The upper limit from Nelson and Siegel (2002) is depicted as a dotted line. To obtain
those values, acpon(440) was estimated from agpon(325) by assuming Sgpoy =0.015nm™ .
See Fig. 5 for symbols. A linear fit provides the following relationship: Sgpoy =0.021 —0.046-

a5pom(440) (r* = 0.56; p < 0.0001).
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Fig. A2. Comparison of CDOM absorption spectra between a liquid waveguide system (Ultra-
Path) and a traditional spectrophotometer (Lambda 19) at (a) station 394 (water from Niskin),
(b) station 394 (water from barge), and (c) station 693 (water from barge). (d) average value of
the ratio (L /U) between values measured with the Lambda 19 spectrophotometer (L) and with
the Ultrapath (U) and its standard deviation (dotted curve) within the spectral range from 350

(=)

(

agpouM) (m™)

) 5

St. 394 (Surface—Barge)

8550, (440)=0.473 m”'

'cDoM

(d) 1.00

0.981

D 0.96]

2 096

4

5 0941

)

a0 0.92-

]

2 090+

<
0.88
0.86

Wavelength (nm)

Wavelength (nm)

to 500 nm (where the spectral slope of CDOM absorption is calculated).
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