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• Spatial distributions of DOC and
humic-like FDOM were examined in
the Chukchi Sea.
• DOC in river runoff and friver from δ18O
were used to estimate riverine DOC.
• Characteristic of DOM ﬂuorescence was a
powerful means to trace riverine DOM.
• Sea-ice formation is a key mechanism for
carrying riverine DOM to the deep layer.
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a b s t r a c t
Dissolved organic carbon (DOC) and the ﬂuorescence properties of dissolved organic matter (FDOM) were investigated using parallel factor analysis (PARAFAC) for seawater samples collected in the Chukchi Sea (65°N–78°N,
170°E–160°W) during summer 2017. River water (friver) and sea-ice meltwater (fsea ice melt) fractions were also
derived using oxygen isotopes ratios (δ18O) to examine the inﬂuence of sea ice on riverine DOM. The spatial distributions of friver, riverine DOC, and the humic-like ﬂuorescent component (C1) showed an overall south-north
gradient, with higher values in the northern Chukchi Sea in summer. Pronounced accumulation of river water
and riverine DOM was also observed in the anticyclonic Beaufort Gyre at the eastern stations of the northern
Chukchi Sea in association with a long water residence time. Estimated riverine DOC in the surface layer
accounted for 27 ± 9% (range: 17–47%) of the total DOC in the southern Chukchi Sea, and 39 ± 6% (range:
32–49%) and 31 ± 4% (range: 25–37%) for the eastern and western stations of the northern Chukchi Sea, respectively. Humic-like C1 showed negative and positive relationships with sea-ice meltwater-corrected salinity
(Ssim_corrected) and friver, respectively. However, Arctic river waters with distinct humic-like C1 characteristics
were likely mixed in the northern Chukchi Sea. The vertical distributions of riverine DOC, humic-like C1 ﬂuorescence, and friver generally decreased with water depth, reﬂecting the strong inﬂuence of riverine DOM in the surface layer. Although riverine DOM and friver were dominant in the upper 50 m of the water column, they were also
pronounced in the upper halocline (50–200 m), in which fsea ice melt dropped below zero. Our results indicated the
existence of brine rejected from growing sea ice, and that sea-ice formation was a key factor for the transport of
riverine DOM to the upper halocline layer in the northern Chukchi Sea.
© 2021 Elsevier B.V. All rights reserved.

J. Jung, J.E. Son, Y.K. Lee et al.

Science of the Total Environment 772 (2021) 145542

in multi-year ice extent (Comiso, 2012)), further studies are required to
understand the processes of DOM production and removal during seaice formation and melting.
The optical properties of chromophoric DOM (CDOM), and particularly its ﬂuorescence properties (FDOM), have proven to be useful
tracers for Arctic riverine inputs (e.g., Walker et al., 2013; Drozdova
et al., 2017, 2018) and as proxies for the physical mixing of Arctic
water masses (e.g., Goncalves-Araujo et al., 2016; Tanaka et al., 2016).
This is because they provide not only quantitative information on
DOM but also qualitative information regarding its composition and origin (Coble, 1996, 2007; Coble et al., 1998). Considerable effort has
been devoted to investigating the optical properties of DOM to improve understanding of biogeochemical carbon cycles in various oceanic regions, which have primarily distinguished between terrestrial
and marine DOM sources (e.g., Stedmon et al., 2003; Guéguen et al.,
2012; Yamashita et al., 2015; Goncalves-Araujo et al., 2016; Mann
et al., 2016; Tanaka et al., 2016; Chen et al., 2017, 2018; Le Fouest
et al., 2018; Brogi et al., 2019). However, currently, there is a limited
amount of data available on the spatial distribution and characteristics of riverine DOM in the western Arctic, especially the northwestern Chukchi Sea, due to limited observations.
In this study, we investigated the spatial distributions of DOC and the
optical properties of FDOM in seawater samples collected in the Chukchi
Sea during the summer of 2017. Our main objectives were to (1) estimate riverine DOC concentrations, (2) trace the mixing of riverine
DOM using the optical properties of FDOM, and (3) investigate the inﬂuence of sea ice on the distribution of riverine DOM in the Chukchi Sea. To
achieve these objectives, we also used oxygen isotope ratios (δ18O) to
assess the relative fractions of river water (friver) and sea-ice meltwater
(fsea ice melt). In doing so, we provide valuable new insight into the spatial
distribution of riverine DOM to address a key data gap, especially for the
northwestern Chukchi Sea.

1. Introduction
The Arctic Ocean is currently experiencing rapid environmental and
climate changes including accelerated warming (Overland et al., 2019),
a decline in sea ice coverage (Cavalieri and Parkinson, 2012; Perovich
et al., 2020), and increases in riverine discharge (Peterson et al., 2002;
Holmes et al., 2018). In particular, massive inputs of river water make
the inﬂuence of terrigenous dissolved organic matter (or carbon)
(DOM or DOC) stronger in the Arctic Ocean than in other ocean basins
(Guéguen et al., 2007; Holmes et al., 2012; Goncalves-Araujo et al.,
2016); the Arctic Ocean receives approximately 10% of the global river
discharge while accounting for only ~1% of the global ocean volume
(McClelland et al., 2012). Furthermore, increasing air temperatures in
the Arctic lead to permafrost thaw (Romanovsky et al., 2010; Schuur
et al., 2015; Turetsky et al., 2020), which in turn will likely result in increases in terrigenous DOM output to surface waters of the Arctic
Ocean (Frey and McClelland, 2009; Abbott et al., 2014; Le Fouest et al.,
2018). The pan-Arctic ﬂux of riverine DOC to the Arctic Ocean is estimated to be 25–36 Tg C yr−1 (Raymond et al., 2007; Manizza et al.,
2009; McGuire et al., 2009; Holmes et al., 2012), suggesting a strong inﬂuence of riverine DOC supply on the Arctic Ocean. Understanding the
fate of terrigenous DOC in the Arctic Ocean is a critical, as increased riverine DOC input could have profound impacts on the global carbon cycle
as well as the marine carbon and biogeochemical cycles in the Arctic
Ocean (Hansell et al., 2004; Cooper et al., 2005; Bates and Mathis,
2009; McGuire et al., 2009; Schaefer et al., 2014).
The biodegradability of riverine DOC is still debated. While some
studies reported low biodegradability of riverine DOC (e.g., Lobbes
et al., 2000; Dittmar and Kattner, 2003), other studies revealed that
the biodegradability of Arctic riverine DOC varies seasonally from <10
to 40% with highest biodegradability typically during snowmelt due to
rapid transport across frozen soil (e.g., Holmes et al., 2008; Mann
et al., 2012; Wickland et al., 2012). These discrepancies in the dynamics
of riverine DOC can be explained by seasonality, differences in the terrigenous DOC composition and regional hydrology, and residence time
on the continental shelf (Holmes et al., 2008; Tanaka et al., 2016). In addition, recent studies reported that DOC in the cryospheric components, such as permafrost and snow, could be largely biodegradable
(e.g., Abbott et al., 2014; Gao et al., 2019; Zhang et al., 2020), suggesting that a larger proportion of DOC in the cryospheric components
may be released to Arctic rivers and ultimately to the Arctic Ocean
by a warming climate and permafrost thaw (Frey and McClelland,
2009).
In the western Arctic Ocean, signiﬁcant removal of riverine DOC was
reported during transport across the ocean shelf (Cooper et al., 2005)
and within the Beaufort Gyre (Hansell et al., 2004). Manizza et al.
(2009) simulated the spatial distribution and fate of riverine DOC in
the Arctic, and reported that their model results for riverine DOC over
predicted measured DOC without considering sinks for a fraction of riverine DOC. This indicates that conservative mixing (i.e., changes in DOC
that follow changes in salinity) alone is insufﬁcient to explain the distribution of riverine DOC. Microbial and photochemical degradation processes have been suggested as possible explanations for DOC removal
in the Arctic Ocean (Hansell et al., 2004; Jørgensen et al., 2015). In addition, the transport of DOM to deep layers during sea-ice formation has
been studied (Guéguen et al., 2007; Stedmon et al., 2011a). However,
the inﬂuences of sea-ice formation and subsequent ice melt on DOM
distribution have not yet been fully clariﬁed. For example, some studies
in the Chukchi Sea have reported that sea-ice meltwater inﬂuences
DOM via dilution (Mathis et al., 2005, 2007; Logvinova et al., 2016).
Yet, in contrast, a high abundance of terrigenous material was observed
in sea ice over the Chukchi and Beaufort Sea shelves (Eicken et al.,
2005), suggesting the potential for increasing DOM concentrations
with sea-ice melting (Shen et al., 2016). Given the changes in Arctic
sea ice regimes (i.e., reduced summer minimum ice extent (Cavalieri
and Parkinson, 2012), ice thinning (Kwok et al., 2009), and the reduction

2. Materials and methods
2.1. Field sampling
A hydrographic survey and seawater sampling were carried out at 32
stations in the Chukchi Sea aboard the Korean icebreaker IBR/V Araon
during the ARA08B cruise (August 6–25, 2017) using a conductivitytemperature-depth (CTD) and rosette system holding 24 10-L Niskin
bottles (SeaBird Electronics, SBE 911 plus) (Fig. 1). To facilitate data interpretation, the study area was geographically divided into three regions:
the southern Chukchi Sea (stations 1–12, and 14), the northeastern
Chukchi Sea (stations 15, 16, 27–30, and 33–35), and the northwestern
Chukchi Sea (stations 17–26).
Seawater samples for DOC and FDOM were drawn from the Niskin
bottles by gravity ﬁltration through an inline pre-combusted (at
550 °C for 6 h) Whatman GF/F ﬁlter held in an acid-cleaned (0.1 M
HCl) polycarbonate 47-mm ﬁlter holder (PP-47, ADVANTEC) (Chen
et al., 2018). In each case, the ﬁlter holder was attached directly to the
Niskin bottle spigot. The ﬁltrate was then collected in an acid-cleaned
glass bottle and distributed into two pre-combusted 20-mL glass ampoules with a sterilized serological pipette. Each ampoule was sealed
with a torch, quick-frozen, and preserved at −24 °C until the analysis
in the laboratory.
For the determination of δ18O, seawater samples were collected
using the same method as for DOC and FDOM sampling. For each sample, the ﬁltrate was placed in an acid-cleaned 20-mL glass vial, sealed
with Paraﬁlm, and stored at 4 °C until analysis.
2.2. Dissolved organic carbon measurement
DOC analysis was performed by high-temperature combustion using
a Shimadzu TOC-L analyzer. Milli-Q water (blank) and consensus reference materials (CRM, 42–45 μM C for DOC, deep Florida Strait water
2
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2.5. Calculations
2.5.1. Freshwater components
δ18O and salinity were used to determine the fractions of seawater
(fseawater), fsea ice melt, and friver in the collected samples following the approach of Mathis et al. (2007). Assuming that the water samples collected in our study area are a mixture of river water, sea-ice meltwater,
and seawater, these respective fractions were calculated using the following mass balance equations:
f river þ f sea ice melt þ f seawater ¼ 1

ð1Þ

f river  δ18 Oriver þ f sea ice melt  δ18 Osea ice melt þ f seawater
 δ18 Oseawater
¼ δ18 Oob

ð2Þ

f river  Sriver þ f sea ice melt  Ssea ice melt þ f seawater  Sseawater ¼ Sob

ð3Þ

where f and S refer to the fraction and salinity, respectively; and δ18Oob
and Sob are the observed values from each seawater sample. Sea-ice formation, which drains brine into the underlying seawater, is represented
by a negative fsea ice melt (Yamamoto-Kawai et al., 2008). The δ18O and S
values for the three end-members used in the calculations are summarized in Table 1, together with observed data by previous studies. The
values of δ18Oseawater and Sseawater are taken from Mathis et al. (2007),
Yamamoto-Kawai et al. (2008), and Logvinova et al. (2016). The average
δ18O value of river water in the Arctic Ocean is about −20‰ (Bauch,
1995; Cooper et al., 2008) and is applied as river water end-member
in this study. Ssea ice melt is from Ekwurzel et al. (2007) and Mathis
et al. (2007), and δ18Osea ice melt is set to be −2‰ to represent the δ18O
value of sea ice in the western Arctic (Eicken et al., 2002; Pﬁrman
et al., 2004; Mathis et al., 2007). The uncertainties of friver, fsea ice melt,
and fseawater, due to uncertainties in the range of end-member S and
δ18O data (Table 1), remain on average within ±0.01.

Fig. 1. Hydrographic survey locations in the Chukchi Sea. The locations and the numbers of
the sampling stations are superimposed onto the mean sea ice concentrations derived
from Advanced Microwave Scanning Radiometer (AMSR) 2 sea ice concentration data
for August 2017. Geographic locations are divided into three regions: the southern
Chukchi Sea (stations 1–12 and 14 enclosed by black lines), the northeastern Chukchi
Sea (stations 15, 16, 27–30, and 33–35 enclosed by red lines), and the northwestern
Chukchi Sea (stations 17–26 enclosed by blue lines). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

obtained from University of Miami) were measured every sixth analysis
to check the accuracy of the measurements. Analytical errors based on
repeated measurements (at least three measurements per sample)
were within 5% for DOC (Chen et al., 2018).
2.3. Optical measurements and excitation-emission matrices coupled with
parallel factor analysis

2.5.2. Riverine dissolved organic carbon
To estimate riverine DOC inputs, we followed the approach of
Mathis et al. (2007). The riverine DOC concentration (μM C) was determined using the following equation:

Absorption spectra were obtained from 240 to 800 nm using a
Shimadzu 1800 ultraviolet-visible (UV–Vis) spectrophotometer
(Shimadzu Inc.). Three-dimensional ﬂuorescence excitationemission matrices (EEMs) were scanned using a Hitachi F-7000 luminescence spectrometer (Hitachi Inc.) at excitation/emission (Ex/
Em) wavelengths of 250–500 nm/280–550 nm. The scanning steps
for the Ex and Em wavelengths were set at 5 nm and 1 nm, respectively. The UV–Vis spectra were used for inner ﬁlter correction according to McKnight et al. (2001). Further details on the EEM
measurements and the post-acquisition corrections are available
in the published literature (Chen et al., 2010, 2017, 2018). The procedure for Raman unit (R.U.) normalization can also be found elsewhere (Lawaetz and Stedmon, 2009). Parallel factor (PARAFAC)
modeling was performed using MATLAB 7.0.4, using the DOMFluor
toolbox (Stedmon and Bro, 2008). Corrected EEMs of seawater samples
were used for modeling. The number of ﬂuorescent components was
determined based on split-half validation and core consistency.

Riverine DOC ¼ f river  DOCriver

ð4Þ

where DOCriver refers to the initial DOC concentration in river runoff.
Cooper et al. (2008) reported that average DOC concentration measured
at the river mouth of the Yukon River from 2003 to 2006 was
388 ± 84 μM C. In this study, a concentration of 350 μM C was used for
the DOCriver concentration in the southern Chukchi Sea (i.e., stations
1–12 and 14), which is consistent with long-term observations in the Yukon River (Mathis et al., 2007). The uncertainty of riverine DOC in the
southern Chukchi Sea, due to uncertainties in the range of DOCriver
(i.e., 388 ± 84 μM C), was estimated to be ±3.9 μM C. For the northern
Chukchi Sea, a value of 190 ± 10 μM C was taken as representative of
the terrigenous DOC concentration, which corresponded to the zerosalinity (100% river water) DOC value from a plot of DOC versus sea-ice
meltwater-corrected S in the region during the cruise. Further details on
the relationship between DOC and sea-ice meltwater-corrected S are described in Section 3.3. The uncertainty of riverine DOC in the northern

2.4. Stable oxygen isotope ratios measurement
δ18O samples were analyzed by equilibration with carbon dioxide. Measurements were carried out with a stable isotope ratio
mass spectrometer (Isoprime, Micromass, Manchester, UK)
interfaced with a MultiPrep at Korea Basic Science Institute.
The results are reported in the standard delta notation, where
δ 18 O = [( 18 O/ 16 O sample / 18 O/ 16 O V-SMOW ) − 1] × 1000 (V-SMOW
is Vienna-Standard Mean Ocean Water). The precision, based
on repeated measurements of an internal standard, was determined to be <0.1‰.

Table 1
End-member values used in mass balance calculationsa.
End-member

Salinity (psu)

δ18O (‰)

River water (friver)
Sea-ice meltwater (fsea ice melt)
Seawater (fseawater)

0
4 ± 1.0
34.8 ± 0.1

–20 ± 1.0
–2 ± 1.0
0.28 ± 0.03

a

3
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ice (Fig. 1). This suggests that both river water and sea-ice meltwater
make substantial contributions to the surface freshening in the eastern
stations, and that the input of river water enhances sea-ice melt through
increased heat input to the surface layer (either directly or indirectly) by
stabilizing the upper ocean (Macdonald et al., 1999; Yamamoto-Kawai
et al., 2009).
The δ18O values of Arctic Ocean seawater are normally well correlated with S, particularly in areas with signiﬁcant river runoff (Cooper
et al., 2005). The relationship between δ18O and S was inﬂuenced by
sea-ice meltwater and brine (Fig. S1 and Table S1). We assumed the
endpoints were seawater with a S of 34.8 and δ18O value of 0.28‰ and
river runoff with a δ18O value of −20‰ and S of zero (Table 1). Data falling to the left of this presumed conservative mixing line in Fig. S1 indicate the mixing with sea-ice meltwater, whereas values falling to the
right of the conservative mixing line indicate the inﬂuence of brine generated during sea-ice formation. It was clear that sea-ice meltwater was
a signiﬁcant component of surface waters (i.e., S < 30 psu) in the eastern stations where sea ice coverage was largely absent (Figs. 1 and
S1). Although the inﬂuences of sea-ice meltwater and brine were observed, the relationship between δ18O and S was not largely deviated
from the conservative mixing line, suggesting that the inﬂuence of
river runoff overwhelmed that of sea-ice meltwater and that river runoff is the main source of freshwater in our study region. However, it is
worth noting that δ18O and S in the Chukchi Sea vary both seasonally
and spatially (Yamamoto-Kawai et al., 2008). The variation is attributable to pronounced seasonal variations in the Bering Strait freshwater
(Woodgate and Aagaard, 2005) and river runoff ﬂuxes (Holmes et al.,
2012). Given that our study was carried out during the summer of
2017, the spatial distributions of freshwater components from this
study should be considered a summertime snapshot of freshwater distribution in 2017.
In the western Arctic Ocean, river runoff (e.g., Siberian and North
American rivers) is known to be the major source of freshwater in the
surface layer (Yamamoto-Kawai et al., 2005, 2008; Pemberton et al.,
2014). Previous studies (e.g., Morison et al., 2012; Bluhm et al., 2015)

Chukchi Sea, due to uncertainties in the range of DOC river
(i.e., 190 ± 10 μM C), was estimated to be ±0.65 μM C.
3. Results and discussion
3.1. Spatial distributions of river water and sea-ice meltwater
The spatial distributions of sea surface salinity (SSS), temperature
(SST), friver, and fsea ice melt in the surface layer showed an overall
south-north gradient (Fig. 2). The southern Chukchi Sea (i.e., stations
1–12 and 14) was characterized by high SSS and SST values, ranging
from 27.7 to 32.8 psu and 7 to 11 °C, respectively (Fig. 2a and b). This indicates that warm and saline Paciﬁc-origin waters ﬂow into the Arctic
Ocean through the Bering Strait (Woodgate et al., 2005). On the other
hand, low values of friver and fsea ice melt were observed in the southern
Chukchi Sea, which ranged from 0.046 to 0.16 and 0.013 to 0.053, respectively, due to the strong inﬂuence of Paciﬁc-origin waters (Fig. 2c
and d). In contrast, the SSS and SST values sharply decreased in the
northern Chukchi Sea, whereas both friver and fsea ice melt increased, suggesting strong inﬂuences of river runoff and sea-ice meltwater.
The SSS, SST, friver, and fsea ice melt in the northern Chukchi Sea
showed an east-west gradient. Overall, the SST, friver and fsea ice melt
values were higher in the eastern stations (i.e., stations 15, 16, 27–30,
and 33–35) than those in the western stations (i.e., stations 17–26). In
contrast, SSS showed the opposite trend. The lowest values of SSS, ranging from 26.6 to 29.0 psu, were observed in the eastern stations where
friver and fsea ice melt varied from 0.12 to 0.17 and 0.05 to 0.09, respectively. On the other hand, in the western stations, the SSS ranged from
28.8 to 30.6 psu while friver and fsea ice melt varied from 0.10 to 0.15 and
0.009 to 0.06, respectively. friver was higher than fsea ice melt at all stations
in the northern Chukchi Sea, indicating that river water is the main
source of freshwater in the surface layer even in mid-late summer
when extensive sea-ice melt occurs. In addition, the higher friver and
fsea ice melt values at the eastern stations coincided with the low SSS
and elevated SST values (Fig. 2a and b), as well as an absence of sea

Fig. 2. Spatial distributions of (a) sea surface salinity (SSS), (b) sea surface temperature (SST), (c) river water (friver), and (d) sea-ice meltwater fractions (fsea ice melt) in the surface layer of
the Chukchi Sea in the summer of 2017.
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In the northern Chukchi Sea, the DOC concentrations ranged
from 66 to 94 μM C, with an average of 73 ± 6 μM C, which is similar
to those reported for summer (Letscher et al., 2011; Tanaka et al.,
2016). However, unlike the SSS, the DOC concentrations showed
no clear distinction in distribution between the eastern and western stations (range: 67–79 μM C and mean: 73 ± 4 μM C versus
range: 66–94 μM C and mean: 73 ± 8 μM C, respectively). Although
no regional differences in bulk DOC concentrations were observed
in the northern Chukchi Sea, the DOC derived from river runoff
(i.e., riverine DOC) is expected to vary similarly to the case for the
river water fraction.

have reported that the accumulation of river water is especially pronounced in the Canada Basin, where the convergent winds of the atmospheric Beaufort High accumulate low salinity waters from both North
America and Siberia within the anticyclonic Beaufort Gyre. Thus, the
lowest SSS and higher freshwater fractions in the eastern stations are
likely the result of the inﬂuence of the Beaufort Gyre, facilitating the
long-term retention of freshwater (Hansell et al., 2004).
The observation of the higher friver at the eastern stations located in
near the Canada Basin does not necessarily mean that North American
rivers (e.g., the Mackenzie River) are the main source of freshwater
here. Using the relationship between S and alkalinity, YamamotoKawai et al. (2005, 2009) reported that freshwater in the Canada Basin
mainly consisted of Siberian river water and freshwater carried by
Paciﬁc water whereas proportions from the Mackenzie River were comparatively low except for the surface water at a few stations. In addition,
Morison et al. (2012) reported that Paciﬁc water and Eurasian runoff
were the dominant fractions of freshwater in the upper 200 m of the
Beaufort Sea, indicating the importance of Siberian river water as a
freshwater source in the Paciﬁc Arctic. Due to the limitations of the
adopted method for tracing freshwater, we are unable to further consider the sources of river water in the northern Chukchi Sea; however,
as the inﬂuence of Siberian rivers was found in the Canada Basin
(Yamamoto-Kawai et al., 2009), friver values in the northern Chukchi
Sea are likely inﬂuenced by inputs from both Siberian and North
American river waters.

3.3. Estimation of riverine DOC and its spatial distribution
DOCriver is a key factor determining riverine DOC concentrations
(Eq. (4)). As described in Section 2.5.2, for the initial DOC concentration
in river runoff in the southern Chukchi Sea we used a value of 350 μM C
as derived from the Yukon River (Mathis et al., 2007) as the major contributor of terrigenous DOC to the Chukchi Shelf (Mathis et al., 2007;
Tanaka et al., 2016). On the other hand, river water in the northern
Chukchi Sea can be derived from regional sources, such as North
American and East Siberian rivers as well as the Bering Strait inﬂow
(Cooper et al., 2005). In addition, river runoff delivered to the eastern
Arctic has a shelf residence time of 2–5 years before passing offshore
(Letscher et al., 2011), thus resulting in ~30% of riverine DOC removal
on the shelves (Cooper et al., 2005). In contrast, terrigenous DOC in
river runoff to the western Arctic transits relatively narrow continental
shelves, quickly passing offshore to mix with older waters that have
recirculated within the Beaufort Gyre for a decade (Hansell et al.,
2004; Letscher et al., 2011). This existing understanding suggests that
there might be a difference in the removal rate of terrigenous DOC between the eastern and western Arctic. Observations of Siberian and
North American river waters (Yamamoto-Kawai et al., 2009) imply
that special caution should be taken into the determination of initial
DOC concentrations in river runoff.
Plots of DOC versus S have long been used in the Arctic Ocean
(e.g., Cauwet and Sidorov, 1996; Kattner et al., 1999; Hansell et al.,
2004; Shin and Tanaka, 2004; Cooper et al., 2005; Mathis et al., 2005;
Mathis et al., 2007; Mathis et al., 2009; Alling et al., 2010; Letscher
et al., 2011) because it provides useful information regarding the removal of terrigenous DOC and its mixing between river and marine waters. For example, previous studies (e.g., Hansell et al., 2004; Alling et al.,
2010; Letscher et al., 2011) derived the zero-salinity (100% river water)
DOC value from the relationship between DOC and S to quantify the removal of terrigenous DOC in the Arctic Ocean. The zero-salinity DOC
value obtained from the regression can also be used to infer the DOC
concentration of the river water fraction, as previously applied for the

3.2. Spatial distribution of DOC concentrations
In the southern Chukchi Sea, the DOC concentration in the surface
layer ranged from 64 to 134 μM C (Fig. 3a), which was similar to that
previously observed during early summer (Tanaka et al., 2016). The
highest values of DOC (134 and 118 μM C) were observed near the
Bering Strait (i.e., station 1) and at the station closest to the Alaskan
coast (i.e., station 8), respectively. Alaska Coastal Water (ACW) is
known to ﬂow northward on the eastern side of the northern Bering
and Chukchi Seas (Grebmeier et al., 2006), which contains high DOC
with terrigenous characteristics from the Alaskan rivers (e.g., the
Yukon River) (D'Sa et al., 2014). In addition, the southern Chukchi
Sea is one of the most biologically productive regions due to the nutrients supplied by the Anadyr Water (AW) and Bering Shelf Water
(BSW) (Grebmeier et al., 2006; Nishino et al., 2016). Indeed, high
chlorophyll-a (Chl-a) concentrations were observed in the southern
Chukchi Sea ranging from 0.11 to 10.8 mg m −3 (average: 3.27 ±
3.47 mg m −3 ) (Fig. S2). Thus, the high Chl-a concentrations and
the slightly higher friver value at station 8 associated with the inﬂuence of the ACW (Fig. 2c) suggest the combined inﬂuence of both
marine and terrestrial DOC origins in the surface waters.

Fig. 3. Spatial distribution of (a) dissolved organic carbon (DOC) (μM C) and (b) plot of DOC (μM C) versus sea-ice meltwater-corrected salinity (Ssim_corrected) observed in the northern
Chukchi Sea in the summer of 2017.
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dissolved organic matter (CDOM) absorption coefﬁcient at 254 nm
(a254) observed for the eastern stations (0.15–0.25 m−1) compared to
the western stations (0.21–0.36 m−1) of the northern Chukchi Sea
(Fig. S3). This reﬂects the photobleaching of CDOM, which is likely enhanced in the highly stratiﬁed surface waters at the eastern stations
(Logvinova et al., 2015), where the DOC contains more aged riverine
DOC compared to the western stations.
The mean contribution of riverine DOC from this study is in a good
agreement with a previous study conducted in the Makarov Basin,
where riverine DOC contributed 25% to the total DOC (Wheeler et al.,
1997), but is lower than estimates for the Laptev Sea at 60% (Kattner
et al., 1999). This difference suggests that transpolar drift, as a barrier
to mixing, effectively separates the eastern and western Arctic Ocean
water masses (Manizza et al., 2009).
It is worth noting that there are substantial seasonal variabilities in
river discharge (Holmes et al., 2012), DOC concentrations and ﬂuxes
(Holmes et al., 2012; Le Fouest et al., 2018), and the biodegradability
of DOC (Holmes et al., 2008; Mann et al., 2012; Wickland et al., 2012),
with higher values during the spring freshet and lower values during
summer low-ﬂow conditions, resulting in a large portion of the annual
DOC export from Arctic rivers over a relatively short period (Dittmar
and Kattner, 2003; Raymond et al., 2007; Cooper et al., 2008;
McClelland et al., 2012). Due to the strong dependence of the microbial
community on the amount and quality of DOC, the variations in DOC
properties have critical effects on the microbial loop, which will, in
turn, most likely affect the marine ecosystem (Mathis et al., 2005;
Mathis et al., 2007; McClelland et al., 2012; Brogi et al., 2019). In this
study, riverine DOC concentration was estimated during the limited
sampling period (i.e., in the summer of 2017). Given the seasonal variabilities mentioned above, our results should be considered to be representative of riverine DOC in the Chukchi Sea throughout the sampling
period only.

eastern and western Arctic (Hansell et al., 2004; Cooper et al., 2005;
Letscher et al., 2011). In this study, we used the relationship between
DOC and S to differentiate riverine DOC from the DOC observed in the
northern Chukchi Sea. However, sea-ice meltwater, especially in the
northern Chukchi Sea, during the summer season may dilute the DOC
concentration and S (Mathis et al., 2005). Thus, we used the following
equation to calculate sea-ice meltwater-corrected S (YamamotoKawai et al., 2009):
Sea ice meltwater−corrected S
¼ ðS−Ssea ice melt f sea ice melt Þ=ð1− f sea ice melt Þ

ð5Þ

where the calculated sea-ice meltwater-corrected S (Ssim_corrected) indicates S in waters that have no inﬂuence from sea-ice meltwater. During
the study cruise, DOC concentrations were correlated with Ssim_corrected
in the northern Chukchi Sea (DOC (μM C) = −3.85 × Ssim_corrected
(psu) + 190 μM C, r2 = 0.51, p < 0.01) (Fig. 3b). The zero-salinity intercept of 190 μM C for DOC was similar to that obtained for the northeastern Chukchi Sea (DOC (μM C) = −3.63 × salinity (psu) + 186 μM C,
Mathis et al., 2009) and the Beaufort Gyre (DOC (μM C) = −2.60 × salinity (psu) + 154 μM C, Hansell et al., 2004). However, this zero-salinity
intercept value (i.e., 190) was much lower than for the eastern Arctic,
i.e., in the Makarov and Eurasian Basin (DOC (μM C) = −7.60 × salinity
(psu) + 331 μM C, Letscher et al., 2011) in the East Siberian Sea east of
160°E, with a zero-salinity intercept of 592 (Alling et al., 2010). This suggests the substantial removal of terrigenous DOC in the western Arctic
(Hansell et al., 2004) and that aged river water might be contained in
the friver component of in the northern Chukchi Sea, whose DOC concentrations degraded over the decade-long circulation of surface waters
(Hansell et al., 2004; Letscher et al., 2011). Thus, we used a zerosalinity intercept value of 190 μM C, as being representative of the
initial DOC concentration in river runoff entering the northern Chukchi Sea. This is a more reasonable approach than using the average
DOC concentration in the major Arctic rivers draining into the northern Chukchi Sea, due to the degradation of terrigenous DOC during
its transport.
The spatial distribution of the estimated riverine DOC in the surface
layer and its contribution to the DOC are shown in Fig. 4. The riverine
DOC concentration ranged from 16 to 37 μM C in the southern Chukchi
Sea, from 24 to 33 μM C at the eastern stations, and from 19 to 29 μM C at
the western stations of the northern Chukchi Sea, with averages of 23 ±
6, 29 ± 4, and 23 ± 3 μM C, respectively. The mean contributions of riverine DOC accounted for 27 ± 9% (range: 17–47%) of the DOC in the
southern Chukchi Sea, 39 ± 6% (range: 32–49%) at the eastern stations,
and 31 ± 4% (range: 25–37%) at the western stations of the northern
Chukchi Sea. These results indicate that the contribution of riverine
DOC is largest at the eastern stations of the northern Chukchi Sea, probably due to the pronounced accumulation of river water within the anticyclonic Beaufort Gyre and the long residence time of water in the
gyre. This is supported by the lower values of the chromophoric

3.4. Fluorescence properties of DOM
3.4.1. Fluorescence components identiﬁed by PARAFAC modeling
Fluorophores in seawater samples can be classiﬁed into two primary components based on their peak positions (Fig. 5). The ﬂuorescence peaks of component 1 (C1) at Ex/Em wavelengths of 230/
430 nm were similar to those of terrestrial humic-like ﬂuorophore
and peak A reported in the literature (Coble, 1996; Coble et al.,
1998; Stedmon et al., 2003; Ishii and Boyer, 2012). Component 2
(C2) has a primary (and secondary) ﬂuorescence peak at an Ex/Em
wavelength of 225(280)/345 nm. The spectral features of C2 were
similar to tryptophan-like ﬂuorophores, which have been regarded
as phytoplankton-derived (or ice algae-derived) protein-like
components in the polar ocean as well as oceanic waters (Stedmon
et al., 2007, 2011b; Brogi et al., 2019). Although combinations of
the two components explain the variations in FDOM in the seawater
samples, here we used only C1 to trace river water because C1 is

Fig. 4. Spatial distributions of (a) riverine DOC (μM C) concentration and (b) contribution of riverine DOC to the observed DOC (%) in the surface layer of the Chukchi Sea in the summer of
2017.
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Fig. 5. EEM contour plots of ﬂuorescent components (a) C1 and (b) C2 identiﬁed by PARAFAC in the seawater samples collected from the Chukchi Sea, with the excitation (orange line) and
emission (blue line) spectra of (c) C1 and (d) C2. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

notable that UVC light is sparse in terrestrial sunlight and most
UVC is rapidly attenuated prior to distribution in the water column
(Diffey, 2002). Furthermore, due to the speciﬁc conditions of the
Arctic Ocean, including ice cover, low sun angle, and a limited daylight period (Stedmon et al., 2011a; Tanaka et al., 2016), the
photodegradation of the humic-like C1 is likely limited. Thus, the
highest C1 ﬂuorescence intensity at the eastern stations suggests
that humic-like C1 has photo-resistant characteristics compared
to a254 (Fig. S3), and that more aged riverine DOM can accumulate
within the Beaufort Gyre due to the long residence time.

known to be abundant in DOM dominated by terrestrial humic-like
materials, such as DOM from soil extractions, forested streams, and
river runoff (Ishii and Boyer, 2012; Walker et al., 2013).
3.4.2. Spatial distribution of humic-like component and its relationships
with sea-ice meltwater-corrected salinity and river water fraction
In many studies, DOM ﬂuorescence (i.e., terrestrial humic-like components) have been used as a proxy for tracing the export of terrestrial
organic matter via rivers into various oceanic regions (e.g., Stedmon and
Markager, 2005; Murphy et al., 2008; Guéguen et al., 2012; D'Sa et al.,
2014; Goncalves-Araujo et al., 2016). This implies that the dynamics
(e.g., input, mixing, and removal) of riverine DOM can be inferred
from the spatial and temporal variability of the humic-like component
in the studied regions. As shown in Fig. 6, the spatial variability of the
humic-like C1 was similar to that of friver (Fig. 2c), showing that C1 is associated with terrestrial riverine inputs. The spatial distribution of the
ﬂuorescence intensity of the humic-like C1 in the surface layer generally
exhibited a clear pattern, with the lowest values occurring in the southern Chukchi Sea (range: 0.25–0.34 R.U., mean: 0.29 ± 0.031 R.U.) and
higher values in the northern Chukchi Sea ranging from 0.26 to 0.52
R.U. (mean: 0.41 ± 0.06 R.U.). Meanwhile, these values were higher at
the eastern stations (range: 0.34–0.52 R.U., mean: 0.44 ± 0.06 R.U.)
than the western stations (range: 0.26–0.42 R.U., mean: 0.38 ± 0.05
R.U.).
The humic-like C1 from this study shows resistance to
photodegradation (Stedmon and Markager, 2005; Ishii and Boyer,
2012; Yamashita et al., 2015), although C1 can be photodegraded
by ultraviolet C (UVC, 290 nm or less) light because of the correspondence between its excitation peak (absorption) wavelength
and the region of the light (Ishii and Boyer, 2012). However, it is

Fig. 6. Spatial distribution of the humic-like C1 (R.U.) observed in the surface layer of the
Chukchi Sea in the summer of 2017.
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in the northern Chukchi Sea (i.e., the red lines in Fig. 7a and b) is the
mixing of the humic-like C1 derived from the Eurasian and North
American rivers−rather than the Yukon River−which have different
FDOM characteristics (Walker et al., 2013) in the northern Chukchi
Sea. We cannot differentiate quantify the amount of humic-like C1 derived from the Arctic river in the northern Chukchi Sea. However, the relationships we have identiﬁed with the humic-like C1 were much more
signiﬁcant than those with the absorption coefﬁcient at 254 nm (or
chromophoric DOM), suggesting that the C1 is a reliable tracer for riverine DOM in the Chukchi Sea (Fig. S4). Furthermore, riverine DOM derived from the southern Chukchi Sea (probably the Yukon River) is
distinguishable from those of other Arctic rivers.

In addition, humic-like C1 can be resistant to internal processes of
degradation (i.e., it is biologically unavailable, Ishii and Boyer, 2012), revealing conservative mixing behavior as aquatic systems transition
from fresh to saline conditions (e.g., Coble, 2007; Osburn and
Stedmon, 2011). Based on this characteristic, we investigated the relationships between humic-like C1 and Ssim_corrected and friver to improve
understanding of riverine DOM dynamics in the study region. As expected, the humic-like ﬂuorescence C1 intensity-Ssim_corrected relationship exhibited generally decreasing trends with increasing Ssim_corrected
(Fig. 7a); however, interestingly, two negative relationships were observed over the Ssim_corrected range of 28 to 33 psu–one between the
samples collected from the eastern and western stations of the northern
Chukchi Sea (C1 (R.U.) = −0.043 × Ssim_corrected (psu) + 1.7 R.U., r2 =
0.85) and one between the samples collected in the southern Chukchi
Sea and several eastern stations of the northern Chukchi Sea (C1
(R.U.) = −0.027 × Ssim_corrected (psu) + 1.1 R.U., r2 = 0.84). It is clear,
therefore, that the humic-like C1 ﬂuorescence intensities in the southern and northern Chukchi Sea regions are distinct with respect to
Ssim_corrected, although some of the data observed at the eastern stations
appeared to be a mixture of the humic-like C1 from the southern Chukchi Sea. These results suggest that different Arctic river waters with distinct humic-like C1 characteristics are conservatively mixed in the
northern Chukchi Sea (Fig. 7b). Walker et al. (2013) reported that a
humic-like FDOM component (Ex/Em: 250(310)/432 nm), which is
very similar to the C1 in our study, was the most predominant ﬂuorescent component in major Arctic rivers, including the Mackenzie, Lena,
Kolyma, Ob, and Yenisei Rivers. These authors also found differences
in FDOM intensities between the rivers and seasons; the highest intensity was measured in the Lena River and lowest in the Mackenzie River
during spring freshet due to general watershed characteristics of vegetation, topography, and hydrology. Furthermore, the ACW is primarily
advected northward by the Alaskan Coastal Current (ACC), which is
formed predominantly from coastal runoff along the Alaskan coast
(Pisareva et al., 2015), with the freshwater transported by the ACC ultimately contributing to the reservoir of freshwater in the Beaufort Gyre
(Pickart et al., 2013). Consequently, the relationships between the samples collected from the southern Chukchi Sea and the eastern stations of
the northern Chukchi Sea (i.e., the black lines in Fig. 7a and b) can be explained by the entrainment of riverine DOM delivered by the ACW that
enters the northern Chukchi Sea through the Bering Strait, bringing terrigenous characteristics of the Alaskan rivers to the Beaufort Gyre. On
the other hand, a possible explanation for the relationships observed

3.5. Vertical distribution of riverine DOM
The vertical distributions of DOC and riverine DOC concentrations at
all stations are shown in Fig. 8a and b. The DOC concentrations ranged
from 47 to 134 μM C, with the highest values in the surface layer. Values
decreased with depth, becoming relatively constant at 51 ± 4 μM C at
depths of 250–450 m (Fig. 8a), suggesting a broadly uniform background concentration of refractory DOC. In the southern Chukchi Sea,
higher DOC concentrations were observed (range: 51–134 μM C, average: 80 ± 15 μM C), especially in the upper 50 m, due to the strong inﬂuence of marine DOC derived from high marine biological production,
likely driven by the vertical supply of nutrients to the euphotic zone by
the AW (32.5 < S < 33) and BSW (31.8 < S < 32.5) (Fig. 8f) (Grebmeier
et al., 2006; Codispoti et al., 2013; Nishino et al., 2016). In comparison,
the DOC concentrations at the eastern and western stations of the
northern Chukchi Sea ranged from 48–84 μM C to 47–94 μM C with averages of 69 ± 9 μM C and 67 ± 9 μM C, respectively.
The distribution of terrigenous DOM in the Arctic Ocean is controlled
by physical mixing, regional difference in riverine sources and the quality of the organic material related to remineralization rates, and water
residence times (Manizza et al., 2009; Stedmon et al., 2011a). In our
study region, the riverine DOC concentrations ranged from 0.18 to
40 μM C (average: 19 ± 8 μM C) with a general decreasing trend from
the surface to the bottom layers (Fig. 8b). In the southern Chukchi Sea,
the riverine DOC concentrations varied from 15 to 40 μM C with an average of 22 ± 6 μM C, contributing 28 ± 10% to the DOC concentrations.
In comparison, the riverine DOC concentrations in the northern Chukchi
Sea ranged from 0.18 to 33 μM C with an average of 18 ± 8 μM C, which
accounted for 25 ± 11% of the observed DOC. The riverine DOC

Fig. 7. Fluorescence intensity of humic-like C1 (R.U.) versus property plots for (a) sea-ice meltwater-corrected salinity (Ssim_corrected) and (b) the river water fraction (friver) observed in the
southern Chukchi Sea (black circle), and the eastern (red triangle) and western stations (white square) of the northern Chukchi Sea in the summer of 2017. Red lines in (a) and (b) indicate
the relationships between the ﬂuorescence intensity of humic-like C1 and Ssim_corrected and friver of samples collected at the eastern and western stations of northern Chukchi Sea,
respectively. The relationships of ﬂuorescence intensity of humic-like C1 with Ssim_corrected and friver observed between the samples collected in the southern Chukchi Sea, and the
eastern stations of the northern Chukchi Sea (black lines), are also shown in (a) and (b), respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 8. Vertical proﬁles of (a) dissolved organic carbon (DOC) (μM C), (b) riverine DOC (μM C), (c) ﬂuorescence intensity of humic-like C1 (R.U.), (d) the river water fraction (friver), (e) the
sea-ice meltwater fractions (fsea ice melt), and (f) salinity (S) (psu) observed in the southern Chukchi Sea (black circle), and the eastern (red triangle) and western stations (white square) of
northern Chukchi Sea in the summer of 2017. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

concentrations at the eastern stations (range: 0.18–33 μM C, average:
19 ± 8 μM C) were comparable to those of the western stations
(range: 0.20–29 μM C, average: 15 ± 8 μM C) of the northern Chukchi
Sea, accounting for 27 ± 11% and 22 ± 11% of the observed DOC, respectively. Overall, the contributions of riverine DOC were less than 30%,
suggesting that most of the observed DOC is of marine origin. The estimated riverine DOC concentrations in the northern Chukchi Sea were
somewhat lower than those in the southern Chukchi Sea, although relatively high values and contributions were observed in the surface layer
of the northern Chukchi Sea (Fig. 4). These results suggest that the
water in the southern Chukchi Sea is vertically well mixed compared
to the northern Chukchi Sea (Fig. 8f), and that more aged riverine
DOC is contained in the northern Chukchi Sea (Hansell et al., 2004;
Letscher et al., 2011). In addition, despite the strong inﬂuence of
river water in the upper 50 m (Fig. 8b and d), riverine DOC and friver
were found in the upper halocline layer (32 psu < S < 33.5 psu, at
depths between 50 and 200 m) (Fig. 8f) (Codispoti et al., 2005;
Alkire et al., 2019), suggesting the entrainment of river water and
riverine DOC.

The vertical distribution of humic-like C1 exhibited clear differences
in ﬂuorescence intensity between the southern and northern Chukchi
Sea, with higher values in the northern Chukchi Sea (Fig. 8c). This can
be attributed to the distinct humic-like C1 characteristics among different Arctic river waters (Walker et al., 2013). Furthermore, it was observed that riverine DOM delivered by the ACW (with lower
humic-like C1 intensity from Alaskan rivers) was entrained into
the Beaufort Gyre in the northern Chukchi Sea (see Section 3.4.2).
Overall, the humic-like C1 ﬂuorescence intensities at the eastern
stations were higher than those at the western stations because
of the accumulation of riverine DOM within the anticyclonic
Beaufort Gyre.
In the northern Chukchi Sea, except for some stations, the humiclike C1 ﬂuorescence intensities decreased with increasing depth,
reaching relatively constant values of 0.35 ± 0.06 R.U. in the lower halocline layer (S > 34 psu, depths between 250 and 450 m) where saline
Atlantic Water dominates (Fig. 8f) (Codispoti et al., 2005; Alkire et al.,
2019). Similar results were observed in the Eurasian and Canada basins
by Stedmon et al. (2011a), who reported that the CDOM signal in both
9
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for ﬁlling the data gap, especially for the northwestern Chukchi Sea during summer, and could also be helpful for the validation of the modeling
of riverine DOC dynamics.
Recent warming temperatures (Overland et al., 2019) and consequent permafrost thaw (Romanovsky et al., 2010) and increases in riverine discharge (Holmes et al., 2018) in the Arctic Ocean will induce
alterations in the quantity and distribution of terrigenous DOM with
dramatic consequences for Arctic biogeochemical cycles. This will ultimately alter the air-to-sea ﬂux of atmospheric CO2 and carbon export
(Letscher et al., 2011). In addition, the reduction in multi-year ice extent
(Comiso, 2012; Perovich et al., 2020) will likely increase carbon export
to the ocean's deep layers. Hence, further studies including the longterm monitoring of variations in riverine DOM are required to better understand how the Arctic Ocean will respond to increasing river water
and riverine DOM inputs.

the polar mixed layer (0–50 m) and the Atlantic halocline layer originating from the Fram Strait and Barents Sea were similar to the CDOM supplied by the major Arctic rivers. This indicates that the Arctic rivers are
the dominant sources of CDOM and that riverine CDOM is entrained
into the halocline layer.
Although riverine DOM (i.e., riverine DOC and humic-like C1) and
friver were predominantly distributed in the upper 50 m of the water column, their vertical proﬁles suggest that river runoff-enriched water is
exported from the surface to the halocline layer, as discussed in the following section.
3.6. Inﬂuence of sea-ice formation on the vertical distribution of
riverine DOM
As shown in Fig. 8b−d, pronounced riverine DOC and friver values were
found in the upper halocline layer, where fsea ice melt dropped below zero
(Fig. 8e) indicating the occurrence of brine rejection from growing sea
ice (Yamamoto-Kawai et al., 2005). Sea-ice formation at the surface during winter leads to brine formation (negative fsea ice melt) (YamamotoKawai et al., 2005; Goncalves-Araujo et al., 2016). Thus, the release and
sinking of dense brines from sea ice could be an important transport pathway for DOM and other chemical species (e.g., nutrients) to the halocline
layer (Aagaard et al., 1985; Giannelli et al., 2001; Thomas et al., 2001;
Macdonald et al., 2002; Amon, 2004; Guéguen et al., 2007). Moreover,
DOM is rejected from sea ice during its formation (Amon, 2004). Thus,
the riverine DOM and friver observed in the upper halocline layer in this
study clearly demonstrate that river runoff-enriched water is delivered
from the surface to the upper halocline layer by rejected brine from sea
ice during winter. As such, sea-ice formation is a key in the transport of
riverine DOM to the upper halocline layer in the northern Chukchi Sea.
The riverine DOM delivered into the halocline layer is eventually exported
to the central Arctic Ocean and, subsequently, to the North Atlantic
(Hansell et al., 2004; Guéguen et al., 2007; Stedmon et al., 2011a). These
results suggest that the rapid retreat and thinning of sea ice in the Arctic
Ocean (Cavalieri and Parkinson, 2012) could alter the global carbon
cycle as well as ocean circulation.
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4. Conclusions
River runoff was the main source of freshwater in the surface layer of
the northern Chukchi Sea. In particular, higher values of friver and riverine DOC concentrations were observed in the surface layer of the eastern stations. In addition, the highest contribution of riverine DOC was
found in the eastern stations, accounting for 39 ± 6% (range: 32–49%)
of the total DOC concentration. These results suggest that older river
water and riverine DOC accumulate within the Beaufort Gyre due to a
long residence time, which is supported by higher humic-like ﬂuorescence C1 intensities in the region.
The humic-like C1 ﬂuorescence intensities in the southern and
northern Chukchi Sea regions were distinct; the relationships between
the humic-like ﬂuorescence intensity and Ssim_corrected and friver revealed
that different Arctic river waters (with these distinct humic-like C1
characteristics) are mixed in the northern Chukchi Sea. This shows
that DOM ﬂuorescence is a powerful tracer of river water and riverine
DOM in our study region. The vertical distributions of riverine DOC,
humic-like C1 intensity, friver, and fsea ice melt indicated that river
runoff-enriched water is delivered from the surface to the upper halocline layer by deep convective mixing due to brine rejection during
sea-ice formation (negative fsea ice melt). This process is a key mechanism
throughout which riverine DOM is transferred to the upper halocline
layer in the northern Chukchi Sea.
It is worth noting that the spatial distributions of freshwater components, riverine DOC, and the humic-like component in the Chukchi Sea
were investigated during the limited sampling period, which should
be considered to be representative of those throughout the sampling
period only. Nevertheless, the results from this study could be valuable
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