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Abstract

The absorption and fluorescence properties of chromophoric dissolved organic mat-
ter (CDOM) are reported for the inner shelf, slope waters and outer shelf regions of
the eastern Bering Sea during the summer of 2008, when a warm, thermally stratified
surface mixed layer lay over a Cold Pool (< 2 ◦C) that occupied the entire middle shelf.5

CDOM absorption at 355 nm (ag355) and its spectral slope (S) in conjunction with exci-
tation emission matrix (EEM) fluorescence and parallel factor analysis (PARAFAC) re-
vealed large variability in the characteristics of CDOM in different regions of the Bering
Sea. PARAFAC analysis aided in the identification of three humic-like (components
1, 2 and 5) and two protein-like (a tyrosine-like component 3, and a tryptophan-like10

component 4) components. In the extensive shelf region, average absorption coeffi-
cients at 355 nm (ag355 m−1) and DOC concentrations (µM) were highest in the inner

shelf (0.342±0.11 m−1, 92.67±14.60 µM) and lower in the middle (0.226±0.05 m−1,
78.38±10.64 µM) and outer (0.176±0.05 m−1, 80.73±18.11 µM) shelves, respectively.
Mean spectral slopes S were elevated in the middle shelf (24.38±2.25 µm−1) espe-15

cially in the surface waters (26.87±2.39 µm−1) indicating high rates of photodegra-
dation in the highly stratified surface mixed layer, which intensified northwards in the
northern middle shelf likely contributing to greater light penetration and to phytoplank-
ton blooms at deeper depths. The fluorescent humic-like components 1, 2, and 5
were most elevated in the inner shelf most likely from riverine inputs. Measurements20

at depth in slope waters (> 250 m) revealed low values of ag355 (0.155±0.03 m−1)

and S (15.45±1.78 µm−1) indicative of microbial degradation of CDOM in deep wa-
ters. DOC concentrations, however were not significantly different suggesting CDOM
sources and sinks to be uncoupled from DOC. Along the productive “green belt” in the
outer shelf/slope region, absorption and fluorescence properties indicated the pres-25

ence of fresh and degraded autochthonous DOM. Near the Unimak Pass region of
the Aleutian Islands, low DOC and ag355 (mean 66.99±7.94 µM; 0.182±0.05 m−1)

and a high S (mean 25.95±1.58 µm−1) suggested substantial photobleaching of the
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Alaska Coastal Waters, but high intensities of humic-like and protein-like fluorescence
suggested sources of fluorescent DOM from coastal runoff and glacier melt waters dur-
ing the summer. Although our data show that the CDOM photochemical environment
of the Bering Sea is complex, our current information on its optical properties will aid
in better understanding of the biogeochemical role of CDOM in carbon budgets in rela-5

tion to the annual sea ice and phytoplankton dynamics, and to improved algorithms of
ocean color remote sensing for this region.

1 Introduction

The eastern Bering Sea is one of the most productive marine ecosystems in the world
sustaining nearly half of the US fish landings annually (Walsh and McRoy, 1986; Sigler10

et al., 2010). However, there is now increasing evidence that the ecosystem of the
Bering Sea is sensitive to climate change (Grebmeier et al., 2006; Overland and
Stabeno, 2004). Since waters entering the Arctic through the Bering Strait are mod-
ified as they cross the Bering Sea shelf, any changes in the dissolved organic matter
(DOM) pool in the Bering Sea could also impact the sensitive Arctic region, which plays15

an important role in global carbon cycling (Shaver et al., 1992; Benner et al., 2004).
Although Pacific origin waters flowing through the Bering Sea and the Bering Strait
have been shown to influence dissolved organic carbon (DOC) concentrations and the
optical properties of the colored or chromophoric dissolved organic matter (CDOM) in
the western Arctic (Cooper et al., 2005; Gueguen et al., 2012), very limited information20

is available on the characteristics and properties of CDOM of the Bering Sea (Sasaki
et al., 2001).

CDOM is an important component of DOM. Through its absorption of UV and visible
light, CDOM influences light penetration and primary productivity in aquatic ecosys-
tems, plays a key role in photochemically induced transformations in surface waters,25

and also protects organisms from UV damage (Mopper and Kieber, 2002; Coble, 2007).
Its absorption in the visible band has been shown to interfere with satellite ocean color
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estimates of phytoplankton chlorophyll (Chl) in aquatic systems including the eastern
Bering Sea and western Arctic Ocean (Siegel et al., 2002; Gregg and Casey, 2004;
D’Sa, 2008; Matsuoka et al., 2007; Naik et al., 2013). CDOM can be produced in situ by
biological production (authochthonous, primarily microbial remineralization of organic
matter) or transported from terrestrial sources (allochthonous) and removed by photo-5

chemical degradation and microbial consumption or influenced by physical processes
such as circulation, upwelling or mixing (Hansell and Carlson, 2002; D’Sa et al., 2006;
Coble, 2007; Nelson and Siegel, 2013). Its presence in the form of humic, fulvic, and
amino acids imparts characteristic absorption and fluorescence properties that can be
used to characterize its composition and diagenetic state (Mopper and Schultz, 1993;10

Coble, 1996; Stedmon and Markager, 2005a; Blough and Del Vecchio, 2002).
Absorption spectral indices such as spectral slopes have been used to gain insights

into source, composition and reactivity of CDOM (Moran et al., 2000; Blough and Del
Vecchio, 2002 and references therein). The use of spectral slopes over narrow wave-
length intervals, e.g., 275–295 nm (S or S275–295) and 350–400 nm (S350–400) and the15

ratios of these slopes defined as the “slope ratio” SR have been shown to provide in-
formation on C(DOM) source, photo-oxidative degradation, molecular size distribution,
and microbial activity (Helms et al., 2008); steeper slopes for example signify lower
molecular weight material or decreasing aromaticity (Blough and Del Vecchio, 2002).
Shorter wavelength spectral slope parameters have been found to be the best indi-20

cators of photodegradation with increases in the spectral slope S strongly correlating
to apparent removal of CDOM absorption (Granskog, 2012; Fichot and Benner, 2012;
Yamashita et al., 2013).

Fluorescence properties of CDOM in natural waters have been studied using
excitation–emission matrix spectroscopy (EEMs) (Coble, 1996, 2007) wherein a three-25

dimensional fluorescence intensity landscape is obtained across a range of excita-
tion (e.g., 250–450 nm) and emission (e.g., 290–550 nm) wavelengths. The fluores-
cent constituents of DOM are known to include humic substances and bound or free
amino acids, and the use of EEMs provides information on changes in CDOM resulting
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from mixing, biological degradation, biological production, and photobleaching, includ-
ing its chemical composition and origin (Mopper and Schulz, 1993; Coble, 1996, 2007).
The presence of protein-like substances generally implies autochthonous production
of CDOM or microbial activity while humic-like material can indicate allochthonous
sources (Mopper and Schultz, 1993; Coble, 1996; Mayer et al., 1999; Stedmon and5

Markager, 2005a, b; Yamashita et al., 2008). Recent experiments however have shown
that phytoplankton can directly contribute to the autochthonous production of marine
humic-like substances (Romera-Castillo et al., 2010). The combination of EEMs with
parallel factor analysis (PARAFAC) allows for the chemical identification of fluorophores
(Stedmon et al., 2003; Stedmon and Markager, 2005a; Stedmon and Bro, 2008; Kowal-10

czuk et al., 2009; Singh et al., 2010). PARAFAC decomposes an EEM dataset into
least-squares sum of several mathematically independent components to efficiently
resolve and identify the different classes of fluorophores in an environment. Recent
studies of EEMs and PARAFAC analysis in the Arctic have identified various humic-like
and protein-like fluorophores that have been linked to the Bering Sea waters (Gueguen15

et al., 2005, 2012).
The Bering Sea with its wide shallow shelf (∼ 500 km wide), shelf break, deep basins

and a dynamic ocean circulation system has a highly complex ecosystem (Wang et al.,
2013). During winter, winds mix the water column of the eastern Bering Sea to ∼ 100 m.
During spring-summer, distinct hydrographic characteristics develop in the inner (0–20

50 m depth), middle (50–100 m), and outer (100–200 m) shelves/domains that are sep-
arated by physical structural fronts or transitional zones (Schumacher and Stabeno
1998). The inner shelf or the Coastal Domain is well mixed due to an overlapping up-
per wind-mixed layer and a lower tidally mixed layer. A two-layered structure develops
in the middle shelf with an upper wind mixed and a lower tidally mixed layer, while in25

the outer shelf the two layers are separated by a region of gradually increasing density.
The shelf has been further divided into northern and southern regions with a demar-
cation at ∼ 60◦ N (Stabeno et al., 2012a). Circulation on the shelf is complicated with
the Alaskan Stream flowing along the Aleutian Peninsula and supplying some of its
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water via Aleutian passes to the Bering Slope Current (BSC), the Aleutian North Slope
Current (ANSC), and the Alaskan Coastal Water (ACW) or Alaskan Coastal Current
(ACC) (Fig. 1) (Coachman, 1986; Stabeno et al., 1999). On the broad eastern shelf,
currents are northwestward following the topographic isobaths and the ACW, while
along the “green belt,” a highly productive habitat along the edge of the continental5

shelf, mesoscale eddy motion promotes exchange of water between the shelf and the
deep basin waters that contributes to enhanced primary productivity (Stabeno and Van
Meurs, 1999; Wang et al., 2013). The seasonal advance, retreat and extent of sea ice
in the Bering Sea strongly influences the physical properties and the biological com-
munities of the region (Sigler et al., 2010; Stabeno et al., 2012a; Goes et al., 2013). In10

fact, the areal extent and rate of retreat of sea ice can determine the conditions that
will develop over the Bering Sea shelf in the following summer, such as the formation
of the Cold Pool over the middle shelf (Zhang et al., 2012; Stabeno et al., 2012b). The
Cold Pool or a region with bottom waters with temperatures < 2 ◦C is tied to stratifica-
tion which begins in April/May. Waters overlying the Cold Pool become progressively15

warmer further insulating the bottom layer and preventing it from warming as the sea-
son progresses. Water temperatures in the Cold Pool depend on winter sea ice con-
ditions as well as the temperature of the water column at the onset of stratification.
In cold years, with extensive sea ice present through April, cold bottom temperatures
usually remain below below 2 ◦C throughout the summer and the strong density gra-20

dient that develops prevents the spring bloom from settling to the benthic layer as in
years when the Cold Pool is absent (Goes et al., 2013). Sea ice extent is predicted to
decrease under future climate scenario (Stabeno et al., 2012b) with potential impacts
on the biogeochemical processes of the eastern Bering Sea.

In this study, we present results of an extensive set of DOC, CDOM absorption and25

fluorescence measurements obtained in various regions of the eastern Bering Sea
in the summer of 2008 when a Cold Pool was present over the entire middle shelf.
CDOM absorption coefficients ag355, spectral slope S275–295 (or S), and spectral ratio
SR along with PARAFAC analysis of EEM data are used to examine compositional
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distribution and CDOM variation and linkages to hydrography, Chl fluorescence and
DOC concentrations in the eastern Bering Sea.

2 Data and methods

2.1 Field sampling

The data was collected as part of a NASA funded study on the impacts of sea-5

ice changes on the bio-optical properties of the Bering Sea through participation on
a BEST-BSIERP field campaign on board the US Coast Guard Cutter Healy from 1–
31 July 2008. CTD stations in general, were aligned along cross-shelf transects that
spanned the inner, middle, and outer shelf/slope regions. The cruise track also in-
cluded an alongshore, north-south transect along the 70 m isobath within the middle10

shelf (Fig. 1). Hydrographic data were collected with a Sea-Bird SBE-911 plus CTD
unit that recorded depth, temperature, salinity along with dissolved oxygen and Chl
fluorescence at every station. Water samples were collected during CTD casts from
Niskin bottles attached to a carousel rosette sampler generally at three depths (sur-
face, mid-1, and mid-2) for DOC, fluorescence, and absorption (plus additional depths15

for absorption) measurements. The mid-1 depth corresponded to the Chl fluorescence
maximum if present at that station, and the mid-2 depth was below the Chl maxima
and where Chl fluorescence was low.

2.2 CDOM absorption measurements

Water samples obtained from Niskin bottles were filtered immediately through 0.2 µm20

nylon membrane filters under low vacuum. Most samples were immediately analysed
on board or stored at 4 ◦C in the dark, in acid cleaned, pre-combusted amber bot-
tles for laboratory analysis. After the filtered samples were allowed to reach ambi-
ent room temperature, absorbance measurements of CDOM (A(λ)) were obtained on
a WPI Ultrapath™ system from 190–722 nm using a path length of either 10 cm or 50 cm25
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and based on the absorbance observed between 400–500 nm. To minimize differences
in refractive index between sample and reference which cause offsets in absorbance
measurements (D’Sa et al., 1999; D’Sa and DiMarco, 2009), a reference salt solution
was prepared using granular NaCl (Mallinckrodt) and Milli-Q water to closely match the
seawater samples. Absorbance data were corrected over a 10 nm interval of the mea-5

sured absorbance at 700 nm from each wavelength and the ag(λ) (m−1) was calculated
using the equation:

ag(λ) = 2.303×
A(λ)

l
(1)

Absorption coefficient at 355 nm (ag355) was used as a quantitative parameter of
CDOM. The spectral slopes for the intervals of 275–295 nm (S or S275–295) and 350–10

400 nm (S350–400) were calculated according to Helms et al. (2008) (µm−1). The slope
ratio (SR) was calculated as the ratio of S275–295 to S350–400.

2.3 EEM measurements and PARAFAC model analysis

EEMs were recorded using a FluoroMax-4 (Jobin Yvon Horiba) fluorometer by scan-
ning the emission spectra from 290–550 nm at 5 nm intervals over excitation wave-15

lengths between 250–450 nm at 5 nm increments. The fluorescence spectra were cor-
rected for instrument bias using correction files provided by the instrument manufac-
turer. Normalization of fluorescence intensity was carried out according to the method
described in Singh et al. (2010). Re-absorption and inner filter effects were minimal
as the absorbance values were < 0.02 at 250 nm for the samples analysed. Milli-Q20

water blank EEMs were subtracted from the sample EEMs to eliminate Raman peaks
and then normalized to daily-determined water Raman integrated area maximum flu-
orescence intensity (350 ex/395 em, 5 nm bandpass and reported in equivalent water
Raman units (R.U.)).

The EEMs were modeled by PARAFAC using the DOMFluor toolbox (Stedmon and25

Bro, 2008). The model was constrained by non-negativity and run for three to seven
19116
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components. Determination of the number of components (i.e., model validation) was
done by split-half analysis using 174 EEMs, including analysis of residuals and load-
ings (Stedmon et al., 2003). Five components were identified for the dataset with some
variability remaining in the residuals. These five components captured the bulk features
in the measured EEM as indicated by the low residual (difference between measured5

and modeled data; not shown) and the small differences between the split-half and
whole excitation/emission loadings (Fig. 7, bottom right). Leverage and loading tech-
nique (Stedmon and Bro, 2008) were used to identify the outliers. PARAFAC analysis
decomposed the EEMs into individual components and the fluorescence of each com-
ponent was represented by the maximum fluorescence in R.U.10

2.4 DOC measurements

Samples for DOC were collected from Niskin bottles and filtered through precombusted
GF/F filters, acidified (100 µL of 2 N HCl was added to remove inorganic carbon) and
stored at 4 ◦C in acid cleaned, pre-combusted amber bottles with Teflon lined caps for
laboratory analysis. DOC measurements were made on a Shimadzu TOC 5000A (with15

ASI-5000A autosampler) that uses a high temperature combustion method to convert
carbon compounds to carbon dioxide (CO2) (Benner and Strom, 1993; Sharp, 2002).

3 Results

3.1 CDOM absorption properties

3.1.1 CDOM absorption and hydrography20

The absorption properties of CDOM are examined in conjunction with hydrography, Chl
fluorescence and DOC concentrations (Fig. 2, Table 1). CDOM absorption at 355 nm
(ag355) (mean 0.226±0.072 m−1, n = 380) and DOC concentrations (mean 79.72±
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0.14.35 µM, n = 202) in the eastern Bering Sea varied in the range 0.098–0.603 m−1

and 51.8–148.90 µM, respectively, with the largest variability observed over the inner
shelf where terrestrial influences were high (Fig. 2a). The relationship of the absorption
coefficient ag355 to salinity presented three mixing lines associated with different water
masses in the eastern Bering Sea (Fig. 2a). A mixing line drawn through samples from5

the inner shelf (mean 0.342±0.03 m−1) revealed a sharp decrease in absorption over
a relatively narrow range in salinity; a second mixing line drawn between the salinities
∼ 32.2–34.6 and extending from samples in the middle shelf (mean 0.226±0.05 m−1),
the outer shelf/slope (mean 0.176±0.05 m−1) and the slope samples at depths > 250 m
(mean 0.155±0.03 m−1) revealed a decreasing trend of absorption over increasing10

salinity. A third mixing line trending at lower salinity (∼ 31 to 29.7) was likely associated
with sea ice melt with most stations located in the northern latitudes of the middle shelf.
Relationships between the CDOM spectral slopes and salinity were weak especially for
the middle shelf stations due to the significant influence of sea ice melt and the small
salinity range (Fig. 2c). Variations in ag355 with temperature (Fig. 2b) indicated largest15

variability in both ag355 and temperature in the inner shelf. However, a decreasing
trend of absorption with increasing temperature was observed in the Cold Pool waters
of the middle shelf which then increased once again in warmer waters of the south
middle shelf indicating the strong connection between temperature and absorption in
the eastern Bering Sea.20

The spectral slope S (mean 24.066±2.97 µm−1, n = 380) varied over a large range
(13.39–34.26 µm−1) with the largest mean slope in the Unimak Pass (UP) region
(25.95±1.58 µm−1) and lowest in the deeper slope waters (15.45±1.78 µm−1) (Ta-
ble 1). Although mean S generally decreased from the inner to outer shelf/slope region
with increasing salinity (Table 1, Fig. 2c) there was a large variability in S in lower salin-25

ity waters. An interesting observation was that unlike river-dominated systems where
S increases with increasing salinity (Fichot and Benner, 2012), in the eastern Bering
Sea, S tended to decrease with increasing salinity (Fig. 2c). This could be attributed
to differences in water masses and/or to enhanced photo-degradation of CDOM in the
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highly stratified low salinity surface ice melt water. Similarly, the increase in the spectral
slopes S with increasing temperature (Fig. 2d) shows the effects of photodegradation
as waters warm in summer. The deeper slope waters with some of the lowest values of
absorption and S (Fig. 2a and c) showed a decreasing trend in absorption and S with
increasing salinity, but increasing trend with temperature (Fig. 2d). The role of phyto-5

plankton biomass as represented by the Chl fluorescence on absorption exhibited no
clear trends indicating multiple influences on the absorption properties (Fig. 2e). ag355
generally increased with increasing DOC concentrations (Fig. 2f) with the inner shelf
and the UP region showing the largest scatter likely reflecting different sources or pro-
cesses influencing the two parameters. In the UP region for example, ag355 was low10

(mean 0.182±0.05) while S was high (mean 25.95±1.58), with some of the lowest
ag355 values and highest S observed in the region likely due to greater photodegrada-
tion of the ACW as it flows along the Alaskan coast. DOC concentrations were also on
average low (66.99±7.94 µM) and showed no trend with absorption coefficient ag355.

3.1.2 Horizontal spatial variability15

The spatial distribution of the absorption properties of CDOM examined in conjunction
with hydrography, Chl fluorescence and DOC measurements are shown for surface
(Fig. 3), and mid-1 depth (Fig. 4) located at the Chl fluorescence maxima of the eastern
Bering Sea. Surface temperature was relatively high (6–8 ◦C) except at the inner shelf
and around the Nunivak Islands where cooler waters extended westward and south-20

ward into the middle shelf (Fig. 3a). In contrast, subsurface waters were coldest in the
northern (< −1 ◦C) and southern middle shelf (< 2 ◦C) (Fig. 4a) revealing the presence
of a “Cold Pool”. Salinity in both surface and subsurface waters increased from inner
shelf (31.18±0.27), the middle shelf (31.67±0.44) to outer shelf/slope (32.56±0.52)
and the UP region (32.12±0.28) (Figs. 3b and 4b; Table 1). Similar salinity ranges for25

the outer shelf/slope and UP regions indicate the common source (Alaskan Stream)
of these waters but lower salinity values of the ACW in the UP region suggest dilution
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from coastal runoff such as from the Aleutian Islands. A lens of low salinity (∼ 30.1)
was observed in surface waters in the middle shelf between ∼ 60–62◦ N (Fig. 3b).

Chl fluorescence and DOC concentrations exhibited similar trends in surface waters
with elevated values in the inner shelf and outer shelf/slope waters (Fig. 3c and d) indi-
cating a role for primary productivity in DOC production. Trends in surface DOC values5

showed similarities to those of the water column with elevated values in the inner shelf
(92.67±14.60 µM), decreasing in the middle shelf (78.38±10.64 µM) and increasing in
the productive outer shelf/slope region (80.73±18.11 µM) of the “green belt”. CDOM ab-
sorption ag355 was relatively high in the inner shelf region around the Nunivak Islands
that extended out into the middle shelf (Fig. 3e). These high CDOM (low S) waters were10

likely of terrestrial origin due to larger summer flow from the Kuskokwim River. Outside
of this high CDOM cold water surface lens, CDOM decreased considerably and then
increased slightly at some stations in the outer shelf/slope waters. Surface spectral
slope S (Fig. 3f) was generally high except at the mixed inner shelf. Strong summer
stratification coupled with increasing solar radiation likely contributed to the enhanced15

photodegradation of these waters. Some of the highest S values were observed in the
surface waters along the northernmost SL transect probably a consequence of late
ice melt, stronger stratification/reduced mixing and longer exposure to solar radiation
(Fig. 3f).

At the subsurface where the Chl maxima was located, mid-1 depth Chl fluorescence20

was low over the inner shelf but high in the middle shelf with highest values recorded
just below the surface mixed layer in the northern region of the middle shelf (Fig. 4c).
Values were also elevated at some outer shelf stations located in the productive “green
belt” region. Subsurface CDOM absorption (Fig. 4e) was highest in the inner shelf and
generally elevated in the middle shelf and decreasing in the outer shelf. It was elevated25

at one station in the slope region (station np15) where Chl fluorescence was also ele-
vated and likely an algal bloom station (Fig. 4c). This station also showed a low spectral
slope S suggesting recent CDOM production (Stedmon et al., 2011). Subsurface spec-
tral slope S was only slightly lower than surface waters over the inner self (Figs. 3f and
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4f), reflecting greater mixing in this region. Although surface Chl fluorescence in the
inner shelf was elevated (Fig. 3c), subsurface spatial patterns of low Chl fluorescence
matched the high CDOM distribution pattern suggesting light limitation in the inner
shelf. Outside the high CDOM region, subsurface Chl fluorescence was substantially
higher suggesting that photobleached surface CDOM allowed greater light penetration5

resulting in the subsurface algal blooms.
Overall, in the middle shelf, subsurface spectral slope S was significantly lower

(23.72±1.58 µm−1) than in surface waters (26.87±2.39 µm−1; p < 0.001). In the sub-
surface middle shelf S was higher in the southern middle shelf (< 59◦ N) likely due to
greater photodegradation associated with earlier sea ice retreat and mixing following10

summer storms.

3.1.3 Vertical variability along transects

Vertical distributions of temperature, salinity, Chl fluorescence, DOC and the absorp-
tion properties were examined along two transects, the northernmost SL and the 70 m
isobath north-south transect through the middle shelf (Figs. 1, 5 and 6). Hydrography15

along the SL cross-shelf transect revealed a two-layer structure with a relatively warm
surface mixed layer (∼ 20 m) (Fig. 5a) of lower salinity with fresher waters over the
inner shelf and the eastern part of the transect (Fig. 5b). The warm surface waters
transitioned into a subsurface pool of cold (< 0 ◦C) and more saline waters (Fig. 5a
and b). Chl fluorescence values along the transect (Fig. 5c) were very low at the sur-20

face but increased in subsurface waters revealing the presence of a large subsurface
algal bloom. DOC concentrations were elevated in the inner shelf and generally de-
creased offshore (Fig. 5d). A patch of elevated DOC at the near-bottom was in close
proximity but not coincident with a high Chl fluorescence patch. ag355 was high in the
inner shelf decreasing offshore and was lowest in the surface waters (Fig. 5e). A lens25

of low salinity surface waters with low ag355 (0.11 m−1) and very high S (32.73 µm−1)
(Fig. 5e and f; ∼ 171◦ W), likely a melt pond, suggested accelerated photodegradation
of the low CDOM melt water. Elevated values of CDOM were observed at depths cor-
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responding to the Chl fluorescence maximum in the subsurface waters suggesting an
authochthonous source of CDOM. Except within the inner shelf, some of the highest
S values were observed in the surface waters and coincident with the warm surface
mixed layer (Fig. 5f).

The north-south 70 m transect that extended through the middle shelf revealed highly5

stratified warm surface waters (mean 6.28±0.98 ◦C) overlying subsurface Cold Pool
waters (< 2 ◦C) that occupied the entire middle shelf with progressively colder waters
along latitudinal gradients to the north (mean 0.81±2.62 ◦C at mid-1 depth) (Fig. 6a).
The stratification appeared to be determined more by temperature especially in the
southern part of the shelf than by salinity (Fig. 6a and b). With ice covering most of10

the middle shelf in the spring of 2008 (Stabeno et al., 2012a), the gradual decrease
in temperature within the Cold Pool from the southern to northern end of the middle
shelf could be attributed to the earlier ice retreat and heating of the water column in
summer. Salinity in the Cold Pool also showed an increasing trend with highest salinity
values in the northern middle shelf, likely due to brine rejection (Fig. 6b). Patterns in15

the 70 m section also suggest strong vertical mixing along the latitudinal transect likely
from storms as the sea ice retreated. Elevated Chl fluorescence was measured in sub-
surface waters (Fig. 6c), in shallower (∼ 20 m) waters at the southern part of the middle
shelf, and deeper (∼ 40 m) and more intense in the northern part of the shelf. DOC con-
centrations showed no clear trends in distribution across the transect (Fig. 6d). CDOM20

absorption ag355 also showed no clear trends (Fig. 6e) but was elevated within the
Cold Pool, likely from increased biological activity. However, sections of the transect
(e.g., ∼ 58.5◦ N) that coincided with gradations of increasing salinity (Fig. 6b and e) did
show elevated CDOM. In contrast, the spectral slope S was clearly higher in the warm
surface mixed layer than in the underlying Cold Pool waters (Table 1). Within the Cold25

Pool, higher S in the southern shelf suggests the increased exposure of these waters
to solar radiation and mixing of the water column as the sea ice retreated.
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3.2 CDOM fluorescence properties

3.2.1 Fluorescence components from PARAFAC analysis

PARAFAC analysis identified five major fluorescence components from approximately
174 EEMs spectra of water samples from the eastern Bering Sea (Fig. 7; Table 2).
The excitation and emission loadings of each of the five components identified using5

the PARAFAC model are shown in Fig. 7 (bottom right panel). Component 1 (C1) has
a primary (and secondary) fluorescence peak at an excitation/emission wavelength of
< 260(310)/410 nm. This component has been previously identified as “M” or marine
humic-like component and is of biological and/or microbial origin (Coble, 1996; Sted-
mon et al., 2003, 2005a; Yamashita et al., 2008). It may result from biological activity10

and/or microbial reworking of plankton-derived DOM (Yamashita et al., 2008) and was
found to be both sourced from land and produced in the ocean (Murphy et al., 2008).
The fluorescence peaks of component 2 (C2) at excitation/emission wavelengths of
< 260(400)/475 nm is similar to previously identified terrestrial humic-like material or
“A” peak (Coble 1996; Stedmon et al., 2003, 2005b; Gueguen et al., 2012). Fluores-15

cence of components 3 (C3) and 4 (C4) are of proteinaceous origin, namely tyrosine
and tryptophan. Excitation/emission peaks of tyrosine-like fluorescence were identi-
fied at 270/310 nm and for tryptophan-like fluorescence at 285/330 nm (Stedmon et al.,
2003, 2005b; Yamashita et al., 2008; Kowalczuk et al., 2009; Gueguen et al., 2012)
and are similar to previously reported B- and T-peaks identified using “peak-picking”20

technique (Coble, 1996). Component 5 (C5) with excitation/emission wavelengths of
360/455 nm is similar to the previously reported “C” peak (Coble, 1996). This fulvic-like
fluorophore has been observed in all environments that include terrestrial, coastal and
oceanic waters (Stedmon et al., 2003, 2005b; Murphy et al., 2008; Kowalczuk et al.,
2009). The following section describes the five major types of fluorophores identified25

by PARAFAC.
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3.2.2 Fluorescent DOM components and hydrography

Firstly, the fluorescent DOM components are examined in relation to salinity, tempera-
ture and CDOM absorption (Fig. 8). Although mean component concentrations differed
for the different regions (Table 3), the marine humic-like component C1 was the most
dominant fluorophore (Table 3, Fig. 8a), while the protein-like tyrosine-like component5

C3 plus the tryptophan-like component C4 formed the second most abundant group
of fluorophores. Fluorescence intensities in the low salinity waters (∼ 29.5–31) associ-
ated with melt water were generally low (Fig. 8a). Inner shelf humic-like components
showed a large decrease with increasing salinity while samples from the middle and
outer shelf decreased gradually with increasing salinity (Fig. 8a). In contrast, the fluo-10

rescence of protein-like fluorophores C3 and C4 did not reveal any trends with salinity.
Mean component intensities C1–C5 (0.54±0.10, 0.30±0.06, 0.37±0.12, 0.19±0.11,
and 0.26±0.11 R.U., respectively) of the UP region in addition to being the the highest
of the study region, also contained the highest relative percentage (21.9 %) of tyrosine-
like fluorophore (Table 3) indicative of more degraded amino acid pool in the water15

column. These waters associated with the ACW (salinity ∼ 32–32.5, and temperature
∼ 5 ◦C) however had very low absorption that deviated from the general trend of in-
creasing fluorescence with increasing absorption (Fig. 8c; as represented by values
within the ellipse).

Humic-like components C1, C2 and C5 were generally higher in the coldest waters20

decreasing with increasing temperature from about −2 to 4 ◦C (Fig. 8b). These elevated
levels were mainly associated with < 2 ◦C waters of the Cold Pool in the northern part of
the middle shelf and gradually decreased towards the south. Fluorescence of protein-
like components C3 and C4 were quite variable revealing no particular trends with
temperature. With the exception of the inner shelf and the UP region, and for ag355 <25

0.3 m−1, the humic-like components increased with increasing absorption while the
protein-like fluorophores showed little variability with increasing absorption (Fig. 8c).
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3.2.3 Horizontal spatial variability

Surface and subsurface spatial patterns of variability in humic-like and protein-like flu-
orophores are shown in Figs. 9 and 10, respectively. The absorption spectral slope
parameter SR is also shown (Figs. 9f and 10f), and like the spectral slope S, it is an
indicator of CDOM photodegradation, molecular weight structure and microbial activity5

(Helms et al., 2008). Concentrations of humic-like components C1, C2, and C5 re-
vealed similar patterns of distribution, being highest in the inner shelf and in the UP re-
gion and generally decreasing towards the middle and outer shelves (mean 0.45±0.13,
0.24±0.07, 0.12±0.05 R.U., and 0.28±0.0.06, 0.15±0.02, 0.09±0.02 R.U., within the
inner and middle shelves, respectively) (Table 3) (Figs. 9 and 10a, b, e). These values10

correspond to 41.2 %, 21.9 %, 11.6 %, and 37.7 %, 19.9 %, 11.5 %, respectively of the
total fluorophores in the two shelves. Similar relative concentrations of these compo-
nents were observed in the outer shelf/slope region of the Bering Sea (Table 3). Pat-
terns of protein-like components however differed from the humic-like components and
at different locations (Figs. 9 and 10c, d). The tyrosine-like component C3 was more15

elevated in the inner shelf region (0.14±0.06 R.U.) while the tryptophan-like compo-
nent C4 was elevated (0.16±0.05 R.U.) in the outer shelf/slope region forming 13.1 %
and 22.1 %, respectively of the more degraded and fresher fraction of the amino acid
pool in the two regions. However, the tryptophan-like C4 component which represents
the fresher fraction of the amino-acids in DOM was more elevated within the productive20

Cold Pool of the middle shelf than the inner shelf. Highest values of protein-like C3 and
C4 fluorophores were however in the UP region suggesting the presence of both fresh
and degraded amino acids in the region (Table 3).

The absorption spectral ratio parameter SR showed lower values in the inner shelf
and at subsurface depths and increased in the middle and outer shelf/slope regions25

(Figs. 9f and 10f). SR spatial patterns generally reflected the spectral slope S (Figs. 3f
and 4f) and provided some addtional indication of the photodegradation state, molec-
ular structure and microbial activity in the shelf. SR in the eastern Bering Sea ranged
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from 0.94–2.15 (mean 1.48±0.19) and was consistent in range (1.61–2.12) reported
for the Pacific subarctic waters (Yamashita et al., 2013).

Vertical variability along transects

The cross-shelf vertical variability of the fluorescent components along the northern-
most SL transect show clear differences between the humic-like and protein-like com-5

ponents (Fig. 11a–e). The distribution of the humic-like components C1, C2, and C5
(Fig. 11a, b and e) generally showed a pattern of decreasing intensity from the inner
shelf into the middle shelf. Lower intensities of the humic-like components in the surface
mixed layer in comparison to the underlying Cold Pool suggested photodegradation of
these fluorophores (Fig. 11a, b, and e). The protein-like components C3 and C4 while10

elevated in the inner shelf showed a more complex pattern offshore (Fig. 11c and d).
The C4 component was higher within the Cold Pool corresponding to the elevated Chl
fluorescence observed and indicating the production of fresh amino acids. The spectral
slope ratio SR (Fig. 11f) showed patterns similar to those of the spectral slope S (Fig. 5f)
with elevated values in the surface mixed layer due to photodegradation. However, at15

∼ 173◦ W and 35 m, high SR (2.01) corresponded to elevated protein-like components
C3 and C4 (Fig. 11b, c, and f), elevated Chl fluorescence, and ag355 strongly suggest-
ing localized microbial production of protein-like low molecular weight CDOM.

Along the 70 m line, contrasting patterns were observed between the humic-like and
protein-like components (Fig. 12a–e). The humic-like components C1, C2, and C5 re-20

vealed clear distinction in component intensity between the surface mixed layer and
the subsurface Cold Pool waters through most of the middle shelf. Transitions in tem-
perature or salinity (Fig. 6a and b) along the transect within the Cold Pool appeared to
coincide with patterns of varying humic-like component intensities (Fig. 12a, b and e)
suggesting strong linkages between the physical properties and the humic-like fluo-25

rescence components. In the case of the protein-like components C3 and C4 there
were no clear trends within the Cold Pool or the surface mixed layer although the C4
tyrosine-like component appeared elevated at the subsurface Chl maximum suggest-
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ing the presence of increased fresh organic material (Fig. 12c, and d). The spectral
ratio SR was higher in the surface waters and more elevated in the northern part of the
shelf (Fig. 12f) reflecting greater photodegradation of these waters.

4 Discussion

4.1 DOM Characteristics in the middle shelf and the Cold Pool5

Patterns of absorption and fluorescence observed in the eastern Bering Sea suggest
a combination of both allochthonous and authochthonous origins of CDOM. The values
of absorption coefficients (e.g., ag355) observed in the eastern Bering Sea were gen-
erally lower than those reported for the western Arctic Ocean shelf region influenced
by the McKenzie River (Gueguen et al., 2005) and comparable to values (∼ 0.2 to10

0.3 m−1) reported for the shelf break region of the mid-Atlantic Bight (Del Vecchio and
Blough 2004). The DOC concentrations were similar to those reported for the summer
in the Chukchi Sea shelf (77±12 µM) (Shen et al., 2012). In the cold northern middle
shelf (> 60◦ N) high subsurface phytoplankton biomass and corresponding elevated
absorption that decreased in the southern middle shelf (Fig. 4c and e) strongly sug-15

gests autochthonous production of CDOM. In the highly productive section between
∼ 60–62◦ N, the protein-like component C3 (tyrosine-like, more degraded amino acids)
was lower while tryptophan like component C4 (fresh amino acids) was higher further
supporting the likelihood of autochthonous production of fresh, labile CDOM. In the
southern middle shelf (< 59◦ N) patterns of ag355 and S were more complex; elevated20

ag355 and tryptophan-like C4 were observed at depths corresponding to elevated Chl
fluorescence (Figs. 4c, e and 12d) suggesting that fresh CDOM may be contributing
to the DOM pool. The relative intensities of the components were similar at surface
and subsurface depths (Table 3) suggesting that the typical fluorescence composition
of the middle shelf is maintained in spite its extensive area and the variability in the25

sinks and sources of the CDOM. Similar humic-like and protein-like fluorophores have
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been identified in the western Arctic with a humic fluorophore linked to Pacific waters
(Gueguen et al., 2012).

The presence of an extensive Cold Pool and the strong stratification that prevailed
during the summer of 2008 had a strong influence on the optical properties of CDOM
in the eastern Bering Sea. This was evident in the comparison of surface and subsur-5

face waters where mean ag355 of surface mixed layer was on average 17.1 % lower
and S 12.7 % higher than the subsurface Cold Pool waters. Similarly, photodegradation
also affected the fluorescent components. In the surface mixed layer waters, humic-like
fluorophores C1, C2, and C5 experienced an average loss of ∼ 22.5, 12.5, and 40.0 %
respectively of their fluorescent intensities. The earlier ice retreat coupled with greater10

solar insolation and mixing due to summer storms likely initiated earlier photodegrada-
tion of surface mixed layer in the middle shelf south of 59◦ N as indicated by the more
elevated S values across the water column. Although, the protein-like C3 and C4 were
lower by 18.2 and 21.4 %, respectively in the surface mixed layer, patterns of distribu-
tion suggested that the differences were more related to increases in the protein-like15

fluorophores associated with in situ production of these fluorophores. Except along the
inner shelf, much of the eastern Bering Sea surface waters appeared to be impacted
by photodegradation as indicated by lower ag355 and increased S over much of the
middle shelf.

The spectral ratio SR to some extent reflected the photodegradation state, microbial20

production, and the molecular structure of the surface and subsurface waters in the
middle shelf (Figs. 3f, 4f, 9f, and 10f). Within the generally photo-oxidized surface layer,
lower SR was associated with a lens of cooler inner shelf waters (∼ 60◦ N) and the highly
photo-oxidized lens of melt water between ∼ 60–62◦ N (Figs. 3a, f and 9f). However, in
the subsurface waters, SR was higher in the southern shelf than the northern shelf25

confirming the greater photodegraded state of the water column in the southern middle
shelf (Fig. 10f). Elevated values of CDOM absorption, DOC and fluorescence observed
at some locations along the 70 m transect suggest that CDOM could also be released
from the shelf sediments (Boss et al., 2001). Bering Sea shelf sediments have been
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found to be a net source of DOC to the Arctic Ocean (Cooper et al., 2005) suggesting
that strong tides and powerful storms that occur in the Bering Sea could introduce
CDOM/DOM into the water column, which can then transported to the Arctic.

Between 59–60◦ N, surface waters of the middle shelf appeared to be influenced by
a lens of cooler and lower salinity waters of the inner shelf with elevated ag355 and5

lower S (Figs. 3 and 6). However, north of 60◦ the surface mixed layer was well delin-
eated with lower ag355, higher S in the surface mixed layer and lower S within the Cold
Pool waters due to reduced mixing (greater surface stratification) of the water column.
Despite the loss of chromophoric CDOM, there was no significant difference between
the surface and subsurface DOC concentrations and the concentrations of protein-like10

fluorophores (Table 3) suggesting that DOM loss due to photodegradation might be
balanced by some autochthonous production in the middle shelf waters. These obser-
vations suggest a possible uncoupling between the sources and sinks of CDOM and
DOC as in previously reported studies (Del Vecchio and Blough, 2004).

Photochemical degradation can be a major sink of CDOM and can change the15

DOM pool to low-molecular-weight, biologically labile compounds (Mopper and Kieber,
2002). The effect of photodegradation of CDOM results in the loss of CDOM absorption
and increases the spectral slope (Del Vecchio and Blough, 2004; D’Sa and DiMarco,
2009). Irradiation studies showed that the increase in the spectral slope in the range
275–295 nm is a good indicator of the photodegradative state (Helms et al., 2008). The20

spectral ratio SR response to changes in diagenetic state of CDOM are more complex
as it was shown to increase with photodegradation, decrease due to microbial pro-
cesses, and increase as the fraction of low molecular weight CDOM increases (Helms
et al., 2008). The lower fluorescence intensities observed in surface layer of oceanic
waters have been attributed to photochemical degradation that also acts as sinks of the25

humic-like compounds (Jorgensen et al., 2011). The seasonal sea ice dynamics cou-
pled with summer storms, and solar insolation appeared to have strongly influenced
the CDOM photooxidative state of the waters in the eastern Bering Sea. Further, higher
rates of photobleaching and thus lower light attenuation (Naik et al., 2013) could have
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contributed to greater light penetration resulting in massive phytoplankton blooms at
greater depths of the northern middle shelf.

4.2 DOM characteristics in the UP region

The Unimak Pass, a relatively shallow (< 80 m) and narrow (∼ 30 km) pass acts as
a conduit for a portion of the Alaska Coastal Waters (ACW) into the eastern Bering5

Sea (Stabeno et al., 1999). Hydrographic properties measured at stations along the
pass and on the Bering shelf side of the Unimak Island show the salinity (32.12) and
temperature (5.39 ◦C) characteristics of the ACW which flows along the shelf and ex-
tends ∼ 1000 km along the Gulf of Alaska. Absorption and fluorescence properties
show unique signatures that deviated from the general trend in the eastern Bering10

Sea. Low ag355 and high S observed in the region was likely due to greater pho-
todegradation of the ACW as it flows along the Alaskan coast. Absence of any trends
between DOC concentrations and the low ag355 could also indicate additional source
such as from glacial melt waters to the ACW. In contrast, fluorescent component inten-
sities were highest for the UP region and were decoupled from absorption suggesting15

different sources and or behaviour of the absorbing and fluorescing substances. Sim-
ilar non-linear relationships between ag355 and fluorescence have been reported for
the Middle Atlantic Bight (Del Vecchio and Blough, 2004). Further, the more degraded
protein-like tyrosine C3 component was the most dominant component (21.9 %) after
the C1 marine-like component (32.5 %) with the fresher tryptophan-like C4 component20

forming the lowest by percentage (11.7 %) in the study region (Table 3). Such signa-
tures from marine-like and tyrosine-like fluorophores were also observed in the Okhotsk
Sea and the northwestern North Pacific Ocean (Yamashita et al., 2010) suggesting that
these two components may form an important fraction of the fluorescent pool in the
Pacific waters. Coastal runoff from glacial meltwater including many small rivers that25

empty into the Gulf of Alaska and eventually mix with the ACW as it flows along the Gulf
of Alaska could also contribute to the higher concentrations of humic- and protein-like
components in the UP region. Previous studies have indicated that glaciated water-
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sheds in the Gulf of Alaska could be an important source of labile organic matter to the
marine environment (Hood et al., 2009); such watersheds containing elevated levels of
both tyrosine and tryptophan-like fluorophores (Fellman et al., 2010) could contribute
to the ACW. Climatically driven changes in glacier melt in the Aleutian Island chain and
along the Gulf of Alaska which generally have high runoff rates (Arendt et al., 2002;5

Hood et al., 2009) could potentially alter DOM composition of the ACW and thus the
waters entering the eastern Bering Sea.

4.3 DOM characteristics in the inner shelf region

The inner shelf which is delineated by a front along the 40–50 m isobath has a gener-
ally well mixed water column as a result of strong tidal and wind mixing events in the10

summer. Waters along the inner shelf are influenced by increased coastal runoff and
discharge during spring and summer from rivers such as the Kuskokwim and Yukon re-
sulting in the highest CDOM and DOC concentrations in the study region (Table 1). Dis-
charge from the Kuskokwim would likely be similar to the Yukon where maximum DOC
concentrations and CDOM absorption were observed during the spring flush (Spencer15

et al., 2008). The intensity of the five fluorescent components in particular C1 were also
the highest but variable in the inner shelf (Table 3). Variability in both ag355 and S with
sharp gradients in salinity and temperature along with mixing of the inner shelf waters
with the northwestward flowing ACW results in a more complex DOM optical structure.

4.4 DOM characteristics in the outer shelf/slope region20

Waters in the outer shelf/slope with more elevated temperatures and salinity (Fig. 3a
and b) were associated with the Bering Slope Current (BSC) that flows along the outer
shelf/slope bathymetry in a northwest direction (Schumacher and Stabeno, 1998). The
flow is also characterised by meanders or eddies and episodic on-shelf flow that re-
plenish nutrients onto the shelf (Stabeno and Van Meurs, 1999) resulting in a region25

of high and sustained productivity also known as the “green belt”. Generally ag355
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and S in both the surface and subsurface depths of the outermost slope stations were
similar to the UP region (Figs. 3e, f, and 4e, f) suggesting similarities in source waters
(Alaska Stream/Alaska Coastal Water). However there were exceptions to these pat-
terns, (e.g., ls1-6 (surface) and np15 (33 m depth)) where elevated Chl fluorescence
and DOC corresponded to elevated ag355 and low slope S, a further indication of au-5

thochthonous CDOM (Stedmon et al., 2011). These findings are also supported by the
elevated concentrations of the protein-like fluorophores, wherein, the tryptophan like
C4 component that represents fresher DOM is elevated while the tyrosine fluorophore
C3 is low (Figs. 9c, d; 10c, d). At station mn20 for example, slightly elevated Chl flu-
orescence and DOC corresponded to high ag355 and relatively lower S but equally10

elevated C3 and C4 suggesting the presence of both degraded and fresh DOM at this
location. Further, the more elevated marine humic-like C1 component (and low C2 and
C5) suggests a strong marine source of this CDOM. During 2008, the stations in the
green belt region had higher algal biomass comprising of P. pouchetti and cryptophytes
that were photo-physiologically stressed, as well as diatoms that appeared to be rem-15

nants of the spring bloom (Goes et al., 2013) supporting bacterial mediation of CDOM
related to these species (Carlson et al., 1999). The CDOM absorption properties of the
deeper waters (> 250 m) revealed low CDOM absorption and the lowest spectral slope
S of the study area that are indicative of bacterial degradation of CDOM (Moran et al.,
2000).20

5 Conclusions

The eastern Bering Sea encompasses a highly complex physical, biological and
photochemical environment. Absorption and fluorescence spectroscopy coupled with
PARAFAC analysis of CDOM revealed both autochthonous and allochthonous sources
whose distribution patterns and dynamics, appeared to be strongly influenced by the25

presence of the Cold Pool. Absorption properties (absorption coefficients and spectral
slope) and PARAFAC derived components of CDOM, in conjunction with the hydrog-
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raphy provided important insights into the sinks and sources of CDOM in the middle
shelf. A larger Cold Pool during the summer of 2008 likely resulted in reduced mixing
of the water column as a consequence of which CDOM in the surface mixed layer ex-
perienced enhanced photodegradation of the absorbing and humic-like fluorescence
fraction of DOM. However, DOC did not significantly decrease between the surface5

and subsurface waters likely due to enhanced autochthonous production (e.g., protein-
like amino acids) or due to the humic-like and absorbing components forming only
a small fraction of the DOM pool. Previous studies have shown that the extent of the
Cold Pool strongly influences the phytoplankton and zooplankton community in the
eastern Bering Sea. More intense stratification and CDOM photodegradation of the10

surface mixed layer associated with a larger Cold Pool may have allowed light pene-
tration to greater depths into the Cold Pool, where with nutrient availability, massive
phytoplankton blooms resulted at greater depths in the northern middle shelf. With cli-
mate change potentially impacting the extent of the Cold Pool, changes in CDOM could
impact the light field and consequently the primary production and associated trophic15

links in the eastern Bering Sea. CDOM optical properties were also variable across the
other regions (inner shelf, Unimak Pass and outer shelf/slope regions) revealing strong
linkages to climate sensitive parameters such as circulation, coastal runoff and pro-
ductivity in each of the regions. Climate change impacts associated with these factors
could thus potentially change the CDOM characteristics of the eastern Bering Sea.20
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Table 1. Mean salinity, temperature, Chl fluorescence, DOC concentrations, CDOM absorption
at 355 nm (ag355), and spectral slope S or S275–295 measured in different regions (IS-inner shelf,
MS-middle shelf, OS-outer shelf, SL-slope, and UP-Unimak Pass) of the Bering Sea. In the MS
region, mean values of the properties at the surface, mid-1 and mid-2 depths are also given.
Mean values of the properties in slope waters greater than 250 m (SL> 250 m) are shown.

region Salinity Temp. Chl FL DOC ag355 S275–295

(◦C) (F.U.) (µM) (m−1) (µm−1)

UP 32.12±0.28 5.39±5.35 0.45±0.2 66.99±7.94 0.182±0.05 25.95±1.58
IS 31.18±0.27 3.51±2.26 0.37±0.4 92.67±14.60 0.342±0.11 24.63±2.49
MS 31.67±0.44 2.17±3.25 0.62±1.3 78.38±10.64 0.226±0.05 24.38±2.25
MS-sur 31.23±0.54 6.28±0.98 0.26±0.32 80.27±13.78 0.201±0.04 26.87±2.39
MS-mid1 31.81±0.24 0.81±2.62 1.78±2.47 77.32±10.04 0.242±0.05 23.72±1.58
MS-mid2 31.92±0.22 −0.37±1.2 0.49±0.77 78.93±11.42 0.231±0.03 23.27±1.52
OS+SL 32.56±0.52 4.08±2.40 0.41±0.7 80.73±18.11 0.176±0.05 23.68±2.37
SL > 250 m 34.12±0.56 2.89±0.77 0.03±0.0 – 0.155±0.03 15.45±1.78
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Table 2. Description of the five components identified by PARAFAC analysis of EEMs fluores-
cence data in this study and their comparison with previously identified components.

Comp. Excitation Emission Description References
maxima (nm) maxima (nm)

C1 < 260(310) 410 Marine humic-like component
Biological and/or microbial origin

Ma, C4b, C3c,C6d

C2 < 260(400) 475 Terrestrial humic-like Aa, C3b, C2c, C4e, C1f

C3 270 310 Tyrosine-like, protein-like Ba, C5c, C7d, C5e, C5f
C4 285 330 Tryptophan-like, protein-like Ta, C5b, C5e, C3f

C5 360 455 Fulvic-like, present in all environ-
ments, autochthonous/terrestrial

Ca, C2b, C4c

a Coble (1996).
b Stedmon et al. (2003).
c Stedmon and Markager (2005b).
d Yamashita et al. (2008).
e Kowalczuk et al. (2009).
f Gueguen et al. (2012).
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Table 3. Mean of the five fluorescence components identified by the PARAFAC model in the dif-
ferent regions (IS-inner shelf, MS-middle shelf, OS+SL-outer shelf/slope, UP-Unimak Pass) of
the Bering Sea. In addition, in the middle shelf mean values of fluorescence components at sur-
face (MS-s), mid-1 (MS-1) and mid-2 (MS-2) depths are also shown. Percentage compositions
of the components are given for each of the regions.

region C1 C2 C3 C4 C5 %C1 %C2 %C3 %C4 %C5

UP 0.54±0.1 0.30±0.06 0.37±0.12 0.19±0.11 0.26±0.11 32.5 18.1 21.9 11.7 15.8
IS 0.45±0.13 0.24±0.07 0.14±0.06 0.13±0.03 0.12±0.05 41.2 21.9 13.1 12.3 11.6
MS 0.28±0.06 0.15±0.02 0.10±0.03 0.13±0.04 0.09±0.02 37.7 19.9 13.5 17.3 11.5
MS-s 0.24±0.07 0.14±0.03 0.09±0.03 0.11±0.02 0.06±0.02 37.2 20.9 15.2 16.5 10.1
MS-1 0.31±0.06 0.16±0.03 0.11±0.03 0.14±0.04 0.10±0.01 37.4 19.6 13.4 17.7 11.7
MS-2 0.31±0.07 0.16±0.04 0.11±0.06 0.14±0.05 0.10±0.04 37.5 19.6 13.5 16.9 12.5
OS+SL 0.23±0.23 0.14±0.02 0.12±0.03 0.16±0.05 0.08±0.07 32.2 18.9 16.1 22.1 10.6
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Fig. 1. Map of study area showing the station locations (blue circles) sampled during a cruise
in July 2008. Depth contours (50 m, 100 m and 250 m) demarcate the boundaries of the inner,
middle and outer shelves. Cross-shelf (SL) transect and north–south 70 m line are shown and
discussed in text. General circulation patterns showing Alaska Coastal Water (ACW), the Aleu-
tian North Slope Current (ANSC), and the Bering Slope Current (BSC). The optical properties
of the various regions sampled are also described in Tables 1 and 3.
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Fig. 2. Relationships between (a) salinity and CDOM absorption coefficients at 355 nm (ag355),
(b) temperature and ag355, (c) salinity and spectral slope (S or S275–295), (d) temperature and
S275–295, (e) chlorophyll (Chl) fluorescence and ag355, and (f) DOC and ag355.
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 Fig. 3. Spatial distributions of (a) temperature, (b) salinity, (c) Chl fluorescence, (d) DOC, (e)
ag355, and (f) S or S275–295 at surface (∼ 2 m depth) over the study area.
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 Fig. 4. Spatial distributions of (a) temperature, (b) salinity, (c) Chl fluorescence, (d) DOC, (e)
ag355, and (f) S at mid-1 depths (∼ 28 m) corresponding to the Chl fluorescence maxima.
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 Fig. 5. Vertical section of (a) temperature, (b) salinity, (c) Chl fluorescence, (d) DOC, (e) ag355,
and (f) S275–295 along SL transect.

19147

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19109/2013/bgd-10-19109-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19109/2013/bgd-10-19109-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 19109–19154, 2013

Absorption and
fluorescence

properties of the
eastern Bering Sea

E. J. D’Sa et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

 

 

 

 

 

 Fig. 6. Vertical section of (a) temperature, (b) salinity, (c) Chl fluorescence, (d) DOC, (e) ag355,
and (f) S275–295 along 70 m transect.
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Fig. 7. Spectral characteristics of the five fluorescent components (C1, C2, C3, C4, and C5)
identified by PARAFAC. Figures show the EEMs plots of individual components in Raman Units
(R.U.) of intensity. Excitation and emission loadings derived from the five-component PARAFAC
model using split-half validation technique (bottom right). Dashed, colored solid and black lines
represent the excitation and emission loadings of the two split halves and the whole data set,
respectively. Positions of their maxima are given in Table 2.
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Fig. 8. Relationships between (a) salinity (b) temperature, and (c) ag355 and five fluores-
cence components C1, C2, C3, C4, and C5. Triangles are for data from the middle and outer
shelf/slope, × for the inner shelf (IS), and + for the Unimak Pass (UP) region.

19150

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19109/2013/bgd-10-19109-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19109/2013/bgd-10-19109-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 19109–19154, 2013

Absorption and
fluorescence

properties of the
eastern Bering Sea

E. J. D’Sa et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

 

 

 

 

 Fig. 9. Spatial distributions of (a–e) fluorescence components C1–C5, and (f) spectral ratio SR
of surface waters.
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 Fig. 10. Spatial distributions of (a–e) fluorescence components C1-C5, and (f) spectral ratio SR
of mid-1 depths (∼ 28 m) corresponding to chlorophyll fluorescence maxima.
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 Fig. 11. Vertical section of (a–e) fluorescence components C1–C5, and (f) spectral ratio SR
along the SL transect.
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 Fig. 12. Vertical section of (a–e) fluorescence components C1–C5, and (f) spectral ratio SR
along the 70 m transect.
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