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Along Coast Circulation Contiguous flow of a narrow stream of “freshwater” 
flowing along the coast from the Bering Sea to the 
Chukchi Sea and to the Beaufort Sea
(suggested as a Pan-Arctic phenomena)
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pycnocline and velocity.  Ultimately, these fields can then be compared to biological data sets as part of 
research theme exploration and development.  
 
The proximate coastal domain, including the shoreline itself and closely associated estuarine waters, are 
recognized as some of the most threatened ecosystems on Earth (Lantuit et al. 2011), and represent an 
important interface between marine, cryospheric, terrestrial, atmospheric and social systems. The coastal 
domains extending from the northern Bering Sea to the Chukchi Sea are shallow and warm through the 
spring to fall season, with seawater temperatures colder to the north, and along the Beaufort Sea coast. 
Salinity gradients are a defining feature of the Arctic Ocean well beyond the nearshore environment 
(McClelland et al. 2012), but climate change impacts are anticipated to have particularly profound effects 
near the land-sea interface. In many areas, nearshore ice conditions are changing (AMAP 2011), erosion 
of coastlines is increasing (Jones et al. 2009), permafrost is warming (AMAP 2011), landscapes are 
slumping (Shiklomanov et al. 2012) and drying (Lin et al. 2012) or becoming warmer and greener (Bhatt 
et al. 2010) and the extent, duration and intensity of ocean acidification (OA) events are increasing (e.g. 
Fabry et al. 2009). 
  

 
Figure A8. Schematic of water mass type and sea ice extent in the northern Bering, Chukchi, eastern 
Siberian Sea and western Beaufort Seas (modified from map provided by Tom Weingartner and Seth 
Danielson, University of Alaska Fairbanks). 

A4.2. Phytoplankton and zooplankton standing stock and primary production  
We used this synthesis opportunity to review newly assimilated data, as well as known sources to: 1) 
determine the spatial distribution of phytoplankton standing stock (chlorophyll) and the abundance and 
biomass of selected copepod species/life stages for different periods during the year across the region, 2) 
determine the associations of variations in the above with mean hydrographic fields, 3) start to identify 
hot-spots of phytoplankton and zooplankton abundance/ biomass/production, 4) determine associations 
between phytoplankton and zooplankton standing stocks and other biological variables such as benthic 
biomass and the distribution of zooplankton predators, and 5) used the above analyses to address the 

1998; Münchow et al., 1999; Weingartner et al., 1999; Petrova et al., 2004). Although the net flow is from the
East Siberian Sea eastward into the Chukchi Sea (Fig. 1), periodic current reversals allow Pacific-water to
move westward into the East Siberian Sea and to influence both productivity and organic carbon deposition
to the sediments on the western side of the region (Münchow et al., 1999; Petrova et al., 2004).

The Bering Strait Complex (Anadyr Strait, Shpanberg Strait, and Bering Strait) in the northern Bering Sea
and southern Chukchi Sea is the sole connection between the Pacific and Arctic Oceans. Pacific water inflow
through this complex is an important source of heat, freshwater, nutrients, and Pacific fauna into the Arctic
Ocean (Aagaard and Carmack, 1989; Cooper et al., 1997; Shimada et al., 2005, 2006; Woodgate and Aagaard,
2005; Woodgate et al., 2005), as well as fluxes of organisms and organic carbon (Grebmeier, 2003; Walsh and
Dieterle, 2004; Walsh et al., 1989, 2005; Grebmeier et al., 2006). When normalized to the salinity of Atlantic
Water, the inflow through Bering Strait provides !40% of the total freshwater input to the Arctic Ocean
(Woodgate and Aagaard, 2005). In addition, shelf transformation processes substantially modify the physical
and biogeochemical properties of Pacific Ocean waters as they cross the Chukchi shelf. Episodic flows can then
transport organic material (plankton, particulates, nutrients) offshore into the basin (via eddies, filaments, jets,
downwelling) or from the deep basin (upwelling) onto the shelf, both in canyons and along the shelf break
(Ashjian et al., 2005; Codispoti et al., 2005). For the Chukchi and Beaufort regions current transport from
the shelves to slope and deep basins occurs primarily through Barrow and Herald canyons (Codispoti
et al., 2005; Grebmeier and Harvey, 2005; Weingartner et al., 2005), with subsequent transport into the basin
via currents flowing eastward along the continental slope, eddies generated along the slope, and/or by the
effects of surface wind-forcing (Pickart et al., 2005). These seawater and particulate organic carbon exchanges
are critical for maintaining the thermohaline and ecosystem structure of the Arctic Ocean, and because of their
high nutrient and biological content, they are key components of the Arctic Ocean’s organic carbon budget.
These processes may have important impacts on Arctic shelf and basin ecology and community composition
(e.g., transport of large bodied copepods from the basin onto the shelves; S. Smith, personal communication).
Moreover, changes in the quantity and properties of the Pacific waters entering the Arctic Ocean are likely to
have far-reaching consequences, possibly even impacting the meridional overturning circulation of the global
ocean (Peterson et al., 2006).
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Fig. 1. Schematic of water mass type and sea ice extent in the northern Bering, Chukchi, eastern East Siberian and western Beaufort Seas
(modified from map provided by Tom Weingartner and Seth Danielson, University of Alaska Fairbanks).
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Background – Rapid Changes in the Arctic
• Land north of 60o increase in 1.2oC by 2015 since 

1981-2010, 2.8oC increase since 1900. 1

• Record high temps in permafrost at 20 m depth 1

• Increase in Tundra greenness & productivity 2

• Declines in snow cover extent in May and June 
combined with continuing early spring snowmelt 1

• 15% Increase in River Discharge between 2015 and 
1980-1989 average for the 6 largest Euro-Asian 
rivers.

• Peak river discharge shifting earlier in spring

• Record extent of sea ice retreat in late summer

• 0.5 C SST increase per decade in Chukchi Sea & 
eastern Baffin Bay since 1982.

Livingston March 18, 2019; Wash Post
1 Richter-Menge & Mathis 2016 
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Predicted Loss in Permafrost in Alaska by 2050

Fountain Aug. 23, 2017; NY Times



Climate Change Impacts
• Thawing permafrost along with changing vegetation will undoubtedly alter the 

composition and fluxes of nutrients, organic matter and sediments entering 
nearshore waters and coastal seas.
• >50% increase in mean transport across Bering Strait (2001-2011) - could 

contribute to initiating earlier/further sea ice retreat.
• Sea ice loss during summer (50% by area; 75% by volume)
• Light penetration has increased
• Higher NPP (1998-2012) esp. within interior shelves (Beaufort and East 

Siberian; less in Chukchi)
• Surface sea layer experiencing more warming (e.g., CDOM absorption) 
• Delay in autumn freeze-up
• Accelerates sea-ice retreat

• All the above resulting in shift in ecosystem structure and function

Carmack et al. 2015; Moore & Stabeno 2015; Wood et al. 2015
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magnitude of river discharge and the mean strengthening of the
Beaufort High. In recent years, relatively strong easterly winds have
been common due to the Arctic-wide pattern of circulation around
an intensified Beaufort High. Under these conditions fresh and
warm water from the Mackenzie River plume can be laterally trans-
ported far out into the Beaufort Sea (Wood et al., 2015, Fig. 17).

Wang and Overland (2015) used twelve coupled climate models
to produce composite projections of the duration of open water in
the Chukchi and Beaufort seas, at decadal intervals from 2010 to
2050, and in 2090. For waters north of the 70!N, open-water dura-
tion shifts from 3 to 4 months in 2010 to a projected !5 months by
2040. Projected open-water duration is about 1 month longer
along the same latitudes in the Chukchi Sea compared with the
Beaufort Sea, with uncertainty of about ±1 month estimated from
the range of model results. All models projected open-water dura-
tion to expand quickly over the next three decades, which will
impact regional economic access and potentially alter ecosystems.
Yet the Pacific Arctic region will remain covered with thin
first-year ice from January through May into the second half of
the century, due to seasonal lack of sunlight.

2.2. Changes in primary production and ocean acidification

The dramatic loss of sea-ice extent and volume has resulted in a
concomitant increase light penetration in the upper ocean across
the Arctic. Given the thinning and areal reduction of sea ice, a fun-
damental question arises: have these changes fostered an increase
in marine primary production? Specifically, is the Pacific Arctic
region more productive than it was three decades ago? In the
Atlantic arctic, Leu et al. (2011) measured primary production by
both ice algae and phytoplankton in contrasting years (2007–
2008) of sea-ice cover in a Svalbard fjord, and concluded that ear-
lier ice break up corresponded with earlier onset of a phytoplank-
ton bloom. Similarly, Tremblay et al. (2012) report increased
primary production for 2007–2008 associated with extreme
sea-ice retreats and increased upwelling at stations located south
and east of Banks Island in the southeastern Beaufort Sea. But,
can conclusions drawn from measurements so restricted in space

and time be extrapolated to larger arctic regions? Using satellite
imagery, Arrigo and van Dijken (2015) investigated changes in
sea ice at both regional and basin scales from 1998 to 2012 and
estimated how these changes have impacted rates of net primary
production (NPP) by phytoplankton. They report that annual NPP
increased 30% during this period, with the largest increases on
the interior shelves (including the East Siberian and Beaufort)
and smaller increases on inflow shelves (including the Chukchi).
Outflow shelves either exhibited no change in annual NPP, or a sig-
nificant decline, perhaps indicating that nutrients had been con-
sumed further upstream. Increased annual NPP was often, but
not always, associated with reduced sea-ice extent and resultant
longer phytoplankton growing season.

Human activities have increased the atmospheric CO2 concen-
tration by about 40% since the beginning of the industrial age
and it is estimated that the ocean has absorbed more than 25% of
the total anthropogenic emissions (Mathis et al., 2015). The ocea-
nic uptake of CO2 triggers a series of chemical reactions in the sur-
face ocean that reduces pH and results in ocean acidification (OA).
In short, OA makes seawater corrosive to calcium carbonate miner-
als, which many marine organisms rely on for body structures.
High-latitude oceans have naturally low carbonate concentrations,
so are considered to be more vulnerable to the impacts of OA
because additional carbonate loss represents a much greater pro-
portional change to the system. In a novel study, Mathis et al. pro-
vide a risk assessment of OA impacts to commercial and traditional
fisheries focused on shellfish, salmon and finfish. The resultant
index suggests that while the northern Bering Sea is at medium
risk from OA impacts to fisheries, Pacific Arctic waters north of
the Seward Peninsula are currently at low risk, due largely to a lack
of dependence on these food sources.

3. Lower trophic level communities: signals from direct and
indirect sampling

The predominant conceptual model framing how marine
ecosystems in the Pacific Arctic respond to reduced sea ice is based
on changes anticipated from a shift in pelagic–benthic coupling
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Fig. 4. Generalized conceptual model depicting the influence of sea ice on pelagic–benthic coupling on Pacific Arctic continental shelves.
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• Arctic rivers are lower in nitrate, 
• higher in DOC, 
• both low to high in suspended sediments 

(Euro-Asian vs North American)
• Rivers dilute Arctic Ocean wrt nitrate and 

phosphate but enrich in DOC and silicate

McClelland et al. 2012 

Arctic Rivers compared to other 
Major Rivers



• Arctic rivers are lower in

• Phenology of river discharge dominated 
by sharp peak discharge event once ice 
breaks in rivers in late spring

McClelland et al. 2012 

Arctic Rivers compared to other 
Major Rivers

McClelland et al. 2016
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DOM Characteristics
• DOC in North American (Yukon & Mackenzie rivers; ~625 and 

415 uM) is on lower end of Euro-Asian rivers (~500 to 915 uM)
• Pan-Arctic DOC loads of 16.6 Tg C yr-1 (POC = 3.0) 1,2

• DOC (CDOM) highest in Ob, Yenisey & Lena
• DOC yields vary by river from 820 (Mackenzie R.) to 2338 kg 

m-2 yr-1 (Lena R.; Yukon=1771). 1

• DOC exported from major rivers appears largely modern.3

• Ancient permafrost DOC (>20k yr) microbially degrades 
quickly (50% in 7 days) with decay rates ~30-200% greater 
than river DOC. 3 

• Six major rivers export Biodegradable DOC (2.3 Tg C yr-1

equivalent to 12-18% of annual DOC export) 5

1  Holmes et al. 2012 
2  McClelland et al. 2016 
3  Spencer et al. 2015 
4  Mann et al. 2016
5  Wickland et al 2012
6 Granskog et al. 2015

• Sea ice melting decreases aCDOM and increases 
scattering in surrounding seawater; high CDOM 
terrestrial origin yields 50-60% heat flux into
surface Arctic Ocean layer compared to clear 
waters. 6



POM Characteristics in the Arctic Rivers-to-Sea
• POC in North American (Yukon & Mackenzie rivers; 145 and 126 uM) is 

much higher than Euro-Asian rivers (26 to 97 uM)                                          
(217 and 201 discharge-normalized compared to 32 to 122).
• PN in Yukon & Mackenzie (13.1 & 10.4 uM) is higher than Euro-Asian rivers 

(3.3 to 11.5 uM) (19.7 and 16.3 discharge-
normalized compared to 3.9 to 16.1).
• Pan-Arctic POC fluxes: 3.0 Tg C yr-1

• Pan-Arctic PN fluxes: 0.33 Tg N yr-1

McClelland et al. 2016

• Suspended sediments low in Ob, 
Yenisey, and Lena and very high in 
Yukon and Mackenzie

• SPM (TSS) not related to CDOM 



SPM & POC – Mackenzie-Beaufort system
• SPM flux for 2010:  29 Tg yr-1 (0.6 Tg POC yr-1)

Doxaran et al. 2012

D. Doxaran et al.: Optical characterisation of suspended particles 3221

Fig. 5. Attenuation (a), particulate scattering (b) and backscatter-
ing (c) coefficients as a function of the SPM concentration. Results
are presented at 555 nm (attenuation and scattering) and 715 nm
(backscattering). Relationship between particulate light scattering
and backscattering at 715 nm (d).

3.3 Ocean colour SPM quantification algorithm

Characterization of the inherent optical properties in waters
directly influenced by the Mackenzie River plume has there-
fore allowed (i) establishment of direct bio-optical proxies
for SPM concentration, namely the attenuation and backscat-
tering coefficients; and (ii) identification of the most appro-
priate spectral bands for remotely sensing SPM using, e.g.
MODIS or MERIS satellite data.
Taking into account the results obtained (Sect. 3.2), a

semi-analytical approach is used to develop a robust SPM
quantification relationship for the Mackenzie River plume.
Following the approach developed by Doxaran et al. (2006),
the spectral Rrs signal can be related to the SPM concentra-
tion according to

Rrs(�) = 0.176
Q(�)

bb(�)

a(�) + bb(�)
(8)

with a and bb the total absorption and backscattering coeffi-
cients (including the pure water contribution) andQ the ratio
of upwelling irradiance to upwelling radiance (to a first ap-
proximation, a constant Q-value of 3.6 sr was considered).
Note that there are currently no agreed look-up tables for

the Q-factor in turbid coastal waters, but see the simulations
made by Loisel and Morel (2001) and Park and Ruddick
(2005). The Q-factors measured along river transects during
the Malina field campaign, using a miniaturized multispec-
tral (406, 438, 494, 510, 560 and 628 nm) radiance camera
(see Antoine et al., 2012 for measurement details), showed
very limited spectral variations: maximum variations of 10%
between 406 and 628 nm, 7% on average, at nadir. While

limited to the visible spectral domain, these measurements
support the use of a spectrally-flat Q-factor in our model.
Both a and bb coefficients are the sums of the contributions
by the main optically active water constituents: pure seawa-
ter (w), CDOM and SPM (p) (which can be subdivided into
Chl a, for phytoplankton, and non-algal particles):

a(�) = aw(�) + aCDOM(�) + SPM⇥ ap
⇤(�) (9)

bb(�) = bbw(�) + SPM⇥ bbp
⇤(�) (10)

where ap
⇤ and bbp

⇤ are respectively the SPM mass-specific
absorption and backscattering coefficients, in m2 g�1.
In moderately turbid waters, visible wavebands have been

considered in the scope of developing general relationships
between the Rrs signal and SPM concentration, e.g. Stumpf
and Pennock (1989) and more recently Nechad et al. (2010).
In highly turbid sediment-dominated waters, robust SPM
quantification relationships can be established usingRrs band
ratios between the near-infrared (e.g. �NIR = 800 or 850 nm)
and visible (e.g. �VIS = 550 or 650 nm) spectral regions
(Doxaran et al., 2002, 2003, 2006). Considering the near-
infrared spectral region is required in such waters where the
Rrs signal tends to saturate at visible wavebands (Doxaran et
al., 2002). As a first approximation, assuming limited spec-
tral variations of bi-directional effects, such a ratio can be
written as
Rrs(�NIR)

Rrs(�VIS)
= bbp(�NIR)

bbp(�VIS)
(11)

⇥aw(�VIS) + aCDOM(�VIS) + SPM⇥ [ap⇤ + bbp
⇤](�VIS)

aw(�NIR) + SPM⇥ [ap⇤ + bbp
⇤](�NIR)

where light absorption by CDOM is assumed to be negligible
in the near-infrared; the contribution by pure water to light
backscattering is also negligible compared to that of SPM
(for SPM> 1 gm�3).
This simple model was run selecting 560 and 780 nm, re-

spectively, as visible and near-infrared wavelengths (as they
match available C-OPS bands). The spectral pure water ab-
sorption coefficients are taken from Kou et al. (1993). The
SPM-specific absorption and backscattering coefficients are
set to the mean values documented in the present study:
0,0198 and 0,0031m2 g�1 for the mass-specific absorption
coefficients at 560 and 780 nm; 0.0187 and 0.0175m2 g�1

for the mass-specific backscattering coefficients at 560 and
780 nm. The contribution of CDOM to light absorption
is determined based on results reported in Fig. 4a: [ap+
aCDOM](560) = 1.30⇥ ap(560) and [ap+ aCDOM](780) =
1.05⇥ ap(780). Using these values as inputs in the semi-
analytical model Eq. (11), the resulting relationship ob-
tained between Rrs(780) :Rrs(560) and the SPM concen-
tration (Fig. 6a) is of the same type as those obtained in
several European sediment-dominated estuaries, namely the
Gironde, Loire and Tamar (Doxaran et al., 2006).
An empirical SPM quantification relationship is obtained

by regressing the Rrs(780) :Rrs(560) values measured using

www.biogeosciences.net/9/3213/2012/ Biogeosciences, 9, 3213–3229, 2012
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MODIS-scenes were selected in 2009, 2010 and 2011 to
provide a synoptic view of the seasonal to multi-annual dy-
namics of SPM in the Mackenzie River plume. The selected
dates are: 26 July, 31 July and 21 August 2009 (the 2009
summer period when the Malina campaign took place was
associated with high cloud coverage); 4 August, 17 August
and 7 September 2010; 28 June, 26 August and 12 September
2011. Two multi-scattering atmospheric corrections meth-
ods were tested on the selected MODIS data: (i) the near-
infrared correction (two bands) suitable for the case of mod-
erately turbid waters and (ii) the near-infrared/shortwave-
infrared switching method better adapted to highly turbid wa-
ters (Wang and Shi, 2007). The first correction proved to be
suitable for the majority of the turbid waters of the Macken-
zie River plume with only the most turbid waters located at
the river mouth being sometimes flagged. The second correc-
tion produced very similar results as the switch to shortwave-
infrared wavelengths was only required for a few pixels cor-
responding to the most turbid waters at the river mouth. The
two correction methods were assumed to provide satisfactory
results in the turbid waters of the Mackenzie River plume
as they allowed retrieving similar Rrs values and spectral
variations (500–800 nm) within the range observed in situ
based on C-OPS measurements (Hooker et al., 2012). The
first correction method was thus selected to retrieve the Rrs
signal at 555 and 748 nm, compute the Rrs(780) :Rrs(560)
ratio and finally apply the established SPM quantification
relationship (Fig. 6b). Clouds and sea-ice were systemati-
cally flagged. Results proved to be satisfactory in terms of
retrieved ranges of Rrs(780) :Rrs(560) values and SPM con-
centrations (Fig. 7).
Only the summer period (June–September) is suitable for

ocean colour satellite observations of the Mackenzie River
plume due to limits imposed by solar light availability and
sea-ice cover. However, this short period represents most of
the variability observed in the region, such as the breaking-
up of the stamukhi (natural ice barrier at the river mouth),
development and offshore extension of the Mackenzie turbid
waters over the continental shelf and the progressive settling
of the SPM on the shelf, which depends mainly on wind,
tides, sea-ice and regional circulation conditions.
Very few cloud-free images were recorded coincidently

with the Malina field experiment, i.e. between June and Au-
gust 2009 (Fig. 1c). SPM maps derived from MODIS-Aqua
data at the end of July show high SPM concentrations (from
10 to 50 gm�3) extending 200 km offshore from the river
mouth (Fig. 7). SPM tended to be transported westwards,
following the bottom morphology to the Mackenzie Canyon.
One month later, at the end of August, the extension of the
plume was more limited and SPM was clearly concentrated
around the river mouth, resulting in the development of a
maximum turbidity zone along the west side of the delta.
The progressive decrease of freshwater river discharge in
June (23 900m3 s�1), July (20 200m3 s�1), and then August
to September (13 300 and 14 400m3 s�1, respectively, see

Fig. 7. Maps of SPM concentrations retrieved from selected
MODIS-Aqua satellite data recorded in 2009 (top), 2010 (middle)
and 2011 (bottom).

Fig. 1c) is consistent with the observed variation of SPM con-
centrations.
On the 4 August 2010, high SPM concentrations were lo-

cated at a maximum turbidity zone in the river delta, as in
August 2009. Thirteen days later (17 August 2010), the river
plume was extending north with SPM concentrations higher
than 10 gm�3 observed 250 km offshore (Fig. 7). A simi-
lar plume extension could be observed three weeks later (7
September 2010) but now with slightly lower SPM concen-
trations and a plume extending 200 km offshore (instead of
250 km mid-August).
In 2011, one cloud-free image offered a view of the ex-

tension of the river plume at the end of June (Figs. 1c and
7). At this time the offshore extension was the largest ob-
served and corresponded to the highest surface SPM concen-
trations retrieved along the continental shelf, mainly along a
channel from the west river mouth to the Mackenzie Canyon.
This situation most probably resulted from the recent break-
ing of the stamukhi. The next available cloud-free images,
measured at the end of August and beginning of September
after a progressive decrease of the river outflow, showed the
typical situation of a concentrated maximum turbidity zone
surrounding the river mouth and only extending over the river
delta.
Due to the absence of match-ups between satellite and

field measurements in 2009, the SPM quantification algo-
rithm developed here and applied to MODIS data could
not be fully validated. However, a good correlation was ob-
tained between the SPM quantification relationships estab-
lished using the semi-analytical then empirical approaches. It
is potentially affected by variations of CDOM concentrations
which significantly impact on light absorption at 555 nm
and induce uncertainties on satellite-derived SPM concen-
trations. Nonetheless, concentrations retrieved from MODIS
data proved to be consistent with field observations.

www.biogeosciences.net/9/3213/2012/ Biogeosciences, 9, 3213–3229, 2012
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DOM in Mackenzie Plume
926 A. Matsuoka et al.: Tracing CDOM for Arctic waters

Fig. 1. Location of sampling stations for the MALINA cruise in
the Southern Beaufort Sea, Canadian Arctic. Three deep stations
(bottom depth>1000m) were selected to show typical hydrography
of the Arctic Ocean (stars). One profile at station 310 (cast # 81) and
620 (cast # 99) each and three profiles at station 540 (cast # 134–
136) are shown in Fig. 3. Two black and dashed lines represent
west and east channels of the Mackenzie river. Vertical sections
along those lines are shown in Fig. 6.

Light-absorbing colored DOM (CDOM) plays various
roles in physical and biogeochemical processes in the South-
ern Beaufort Sea. As a physical role, light absorption of
CDOM is likely responsible for a significant part of the heat
storage of the upper layer of the Arctic Ocean (Hill, 2008),
which amplified the recent decline in sea ice extent in this re-
gion (Shimada et al., 2006). This result is consistent with the
fact that the relative contribution of this material to the total
non-water light absorption is remarkably high in the Arctic
Ocean (66± 17 % at 440 nm) throughout the ice-free sea-
sons compared to that at lower latitudes (Matsuoka et al.,
2011). With regard to biogeochemistry, exposure of CDOM
in seawater to solar radiation at all latitudes produces inor-
ganic carbon-based gases such as carbon dioxide (CO2) and
carbon monoxide (CO) , suggesting that this process may af-
fect the organic carbon cycle in the Arctic Ocean (Xie and
Gosselin, 2005; Bélanger et al., 2006; Xie et al., 2009). In
addition, relatively refractory DOM can be transformed into
a labile and biologically available DOM resulting from pho-
todegradation processes (Miller and Zepp, 1995; Miller and
Moran, 1997). The labile DOM can stimulate microbial ac-
tivities and hence the biological pump (Miller et al., 2002).
CDOM is inversely correlated with salinity in estuaries,

indicating a terrigenous source of CDOM in coastal waters.
In contrast, there is a significant and positive correlation
between this absorption and chlorophyll-a (chl-a) concen-
tration in oceanic waters, suggesting phytoplankton-derived
components contribute to CDOM (e.g., Bricaud et al., 2010).
In addition, the spectral slope of CDOM absorption can give
insights about sources and the bulk chemical properties of

CDOM (Carder et al., 1989; Helms et al., 2008; Fichot and
Benner, 2011), which are possibly influenced by photochem-
ical and/or biological processes (e.g., Twardowski and Don-
aghay., 2002; Bricaud et al., 2010). Thus, CDOM absorp-
tion properties provide insights about source and physico-
chemical and biological processes.
In the Arctic Ocean, several sources of CDOM are consid-

ered. A significant amount of CDOM in the Arctic surface
layer originates from land by river discharge (Bélanger et al.,
2006; Retamal et al., 2007; Matsuoka et al., 2009). In the Po-
lar Mixed Layer (PML), previous papers showed that DOM
can be removed due to brine rejection (Amon, 2004; Dittmar,
2004), therefore a fraction of CDOM can also be removed
due to brine rejection when sea ice is formed. Matsuoka et
al. (2011) suggested that CDOM could be transported into
the Pacific Summer Water (PSW) layer, which is located just
below the PML, by the intrusion of waters from the Bering
Sea during summer. In addition to photochemical and mi-
crobial processes, these findings suggest that CDOM vari-
ability is also related to physical processes, but relationships
between CDOM absorption properties and hydrographic fea-
tures are still not sufficiently understood in the Arctic Ocean.
The objective of this study is therefore to examine char-

acteristics of CDOM absorption and its transport in the
Southern Beaufort Sea using both optical and hydrographic
datasets. The linkage between CDOM absorption and dis-
solved organic carbon (DOC) concentration is also examined
at the end of this paper in view of ocean color remote sensing
applications.

2 Materials and methods

The France-Canada-USA joint Arctic campaign, MALINA,
was conducted in the Southern Beaufort Sea in the area from
approximately latitudes 69� to 72� N and longitudes 125� to
145�W (Fig. 1). Data were collected from 30th July to 27th
August 2009 aboard the Icebreaker CCGS Amundsen, and
37 stations were visited. Temperature and salinity profiles
were obtained using a SBE-911 plus (SeaBird) conductivity-
temperature-depth (CTD) probe. Nitrate and oxygen concen-
trations, chlorophyll fluorescence, and CDOM fluorescence
were also obtained using MIBARI-ISUS (Satlantic), SBE-
43 (SeaBird), Seapoint (Seapoint), and Backscat 1 (Haadrt
Optic and Mikroelectonic) sensors, respectively. All sensors
were attached to the CTD probe. Discrete water samples
were collected using CTD/Niskin bottles. A barge and/or
zodiac were also deployed at 32 stations out of 37 stations
during the same time periods of the CTD deployment to ob-
tain surface water samples. Those deployments were con-
ducted to collect samples close to the surface (0–0.5m us-
ing a clean plastic container), which are difficult to obtain
using a CTD/Niskin (“Surface” waters using a CTD/Niskin
are usually taken from 2 to 4m depth depending on the sea
state), and to minimize the effect of the contamination by
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Fig. 6. Vertical section of the two channels of the Mackenzie River (see Fig. 1). (a) Salinity and (b) aCDOM(440) in the western transect and
(c) Salinity and (d) aCDOM(440) in the eastern transect. Potential density contours of 22.5, 24.5, and 26 (in kgm�3), which correspond to
salinity of 28, 30.7, and 32.3, respectively, are depicted.

Fig. 7. SCDOM as a function of aCDOM(440) for (a) the whole salinity range and (b) salinity � 28 (below the UPML). See Fig. 5 for
symbols. Data from previous campaigns in the Western Arctic Ocean are also shown: Western Shelf-Basins Interactions (SBI) cruises for
spring (SBI spr: grey open circles) and summer (SBI sum: grey closed circles) and Japanese Arctic campaign for autumn (MR aut: grey
crosses) (Matsuoka et al., 2011).

The negative correlation between aCDOM(440) and salinity
was not observed in the LPML, indicating optical properties
between the UPML and the LPML were different. Rather,
a weak but significant and positive correlation was observed
in the LPML. aCDOM(440) values in this layer were signifi-
cantly lower than in the layer below, the PSW (p < 0.0001).
The lower values might be explained by the removal of
CDOM from the water mass due to brine rejection during
fall. This phenomenon was demonstrated in laboratory ex-
periments (Amon, 2004), and observed over Russian shelves
in autumn as a significant mechanism for the export of ter-
rigenous dissolved organic nitrogen (Dittmar, 2004). The
similar positive correlation between aCDOM(440) and salin-
ity was also found in the PSW. The higher aCDOM(440) val-
ues in this water mass compared to that in the layer above
is likely attributed to the transport of CDOM by the lateral

intrusion of waters into the PSW layer from the Bering Sea
during summer (Matsuoka et al., 2011).
In the Arctic Ocean, phytoplankton blooms occur in near

surface waters in early spring, and a deep chlorophyll maxi-
mum is developed around 60–80m depth (defined as PSW in
this study) in summer in our study area (e.g., Fig. 3e; Trem-
blay et al., 2008). During our observations, there was a sig-
nificant and positive correlation between aCDOM(440) and chl
a concentration (r2= 0.35 and 0.32 for surface and PSW, re-
spectively; p < 0.05 and <0.001, respectively). This result
suggests that autochthonous CDOM could be produced as a
result of phytoplankton degradation in these layers, and con-
tribute to the CDOM pool.
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Fig. 8. Relationship between DOC and salinity (S) for (a) the whole range and (b) S � 28 (below the UPML). See Fig. 5 for symbols. A
linear fit provides the DOC vs. salinity relationship: DOC = 486–16* S (r2= 0.89; p < 0.0001).

Fig. 9. Relationship between DOC and aCDOM(440) for (a) the whole salinity range and (b) salinity � 28 (below the UPML). See Fig. 5 for
symbols. A linear fit provides the following relationship: DOC = 55 + 357*aCDOM(440) (r2= 0.97; p < 0.0001).

The relationship between aCDOM(440) and salinity was
significantly negative in the PWW/UHW and LHW, suggest-
ing the waters originated from Arctic coastal areas. This as-
sumption is partly supported by the fact that the PWW/UHW
is formed in the Alaskan coastal regions and/or coastal
polynyas (Winsor and Chapman, 2002), whereas the LHW
is formed in the Barents Sea during sea ice formation (Aa-
gaard et al., 1989). It is noted that the coefficient of de-
termination was significant and relatively high in the LHW
(r2 = 0.63, p < 0.01). If this negative correlation were ex-
trapolated to zero-salinity, aCDOM(440) value at zero-salinity
(0.93m�1) would be close to the one reported for Kara Sea
(1.3m�1: Aas et al., 2002), which is adjacent to the Bar-
ents Sea (aCDOM(440) values for the Barents Sea are not
available). Although the coefficient of determination was not
so high, this result suggests that the observed CDOM could
partly originate in coastal areas receiving riverine discharge.
The SCDOM values were significantly different among the

LPML, the PSW, PWW/UHW, and the LHW (p < 0.0001
for the three neighbor water masses). Carder et al. (1989)
and Blough and Del Vecchio. (2002) showed the magnitude
of SCDOM value varies due to bulk sources and/or local pro-

cesses of CDOM. General properties of SCDOM are further
discussed at the end of this section with a⇤CDOM(440) values.
No trends between SCDOM and aCDOM(440) were evident

in the UPML, which is consistent with observations in sur-
face coastal waters at moderate latitudes (Vodacek et al.,
1997; Babin et al., 2003). SCDOM and aCDOM(440) were in-
versely related in several deeper water masses (except the
LHW) as reported previously in polar waters (e.g., Matsuoka
et al., 2011). Relationships between SCDOM and aCDOM(440)
are influenced by sources, transformations, or both (Carder
et al., 1989; Twardowski and Donaghay, 2002). The negative
correlations observed in this study were not very strong, so it
is difficult to determine the relative contributions of sources
and transformations on CDOM absorption properties.
We observed highly variable DOC concentrations in the

southern Beaufort Sea, which is consistent with observations
in other Arctic waters (e.g. Guay et al., 1999; Benner et al.,
2005). A negative relationship between DOC concentration
and salinity was observed in the UPML (r2 = 0.89), indi-
cating the influence of the Mackenzie River on surface water
DOC concentrations in the Southern Beaufort Sea. Below the
UPML, the concentrations of DOC (65± 6 µM) were much
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MODIS-Aqua CDOM spectral slope and link to lignin

Results
Dissolved lignin is well established as a biomarker of tDOM in
oceanic waters10,11 and has been successfully applied as a tracer of
riverine inputs in the Arctic Ocean3,4. However, its use relies on the
collection of seawater samples and land-based laboratory analyses
that prevent synoptic applications. Lignin is also an important chro-
mophore in tDOM, a property that facilitates detection using optical
properties. Here, we demonstrate that the spectral slope coefficient of
chromophoric dissolved organic matter (CDOM) between 275 and
295 nm (S275–295) is a practical and reliable optical proxy for dis-
solved lignin and tDOM across various river-influenced ocean mar-
gins of the Arctic Ocean12,13 (Fig. 1a). An increase in S2752295 is
indicative of a decrease in the tDOM content of surface waters.
Under the assumption that S275–295 behaves conservatively, an
increase in S275–295 corresponds to a diminishing influence of con-
tinental runoff. Biological degradation has little effect on S275–295

13,14

and photodegradation of tDOM in polar surface waters is not extens-
ive4,15, thereby warranting the assumption and the use of S275–295 as a
tracer of tDOM and freshwater runoff in river-influenced ocean
margins of the Arctic.

The practicality of the S275–295 proxy resides in its amenability to
remote sensing. The development of an empirical algorithm reveals
that S275–295 can be estimated from ocean color with excellent and
consistent accuracy (within 6 4%) over the broad range of water
types and S275–295 values observed in the Arctic Ocean (Fig. 1b). The
strong connection between S275–295 and ocean color in river-influ-
enced ocean margins exists because the optical property S275–295 is an
excellent tracer of tDOM13 and the gradients of ocean color in river-
influenced ocean margins are primarily driven by the constituents of
continental runoff. The S275–295 algorithm thus facilitates the syn-
optic and real-time monitoring of tDOM and freshwater runoff in
the Arctic using ocean-color remote sensing.

Implementation of the S275–295 algorithm using MODIS Aqua
ocean color provides the first pan-Arctic view of average tDOM

distributions in river-influenced ocean margins during August
2002–2009 (Fig. 1c). The influence of the three largest Arctic rivers
on tDOM distributions is evident along the entire Siberian margin.
One of the most striking features is the overwhelming amount of
tDOM in the Laptev and East Siberian Seas, indicating a large portion
of Eurasian river tDOM and runoff is routed alongshore in an east-
ward direction. This observation is supported by measurements of
high in situ concentrations of dissolved organic carbon of terrigenous
origin in the East Siberian Sea in August 200816, and is consistent
with shelf water residence times of several years in this region6,7. Low
S275–295 values along the Alaskan coast in the Chukchi Sea depict the
transport of Yukon River tDOM to the Arctic Ocean in the Alaska
Coastal Current and indicate notable tDOM contributions by smal-
ler Alaskan rivers (e.g., Noatak and Kobuk Rivers). Most of the runoff
and tDOM from the Mackenzie River enters the Beaufort Sea and
appears to be entrained in the gyre circulation of the southern
Canada Basin. A relatively small fraction of the discharge from the
Mackenzie River was routed to the Labrador Sea via the Canadian
Arctic Archipelago (CAA).

Assessment of inter-annual variability in tDOM distribution
revealed a change in the routing of Mackenzie River discharge over
the last decade (Fig. 2; Supplementary Figs. S3 and S4). The
Mackenzie River outflow progressed from an alongshore, eastward
path to the CAA in 2002 (Fig. 2a) to a cross-shelf, northwestward
path to the Canada Basin since 2006 (Fig. 2b). This routing switch has
important implications for the fate of North American runoff and
tDOM. Routing through the CAA favors the export of North
American tDOM to the Labrador Sea17. Although the magnitude of
this export remains unknown, deep ocean convection in the
Labrador Sea can sequester tDOM in North Atlantic Deep Water
for centuries4. In contrast, routing to the Canada Basin contributes to
longer-term storage of runoff and processing of tDOM within the
Beaufort Gyre and Arctic Ocean4,15. This decadal shift to greater
export of Mackenzie River runoff to the Canada Basin during
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Figure 1 | The CDOM spectral slope coefficient, S 275–295, as a tracer of riverine inputs in the Arctic Ocean. (a) The relationship between
S275–295 and dissolved lignin carbon yield (TDLP9-C) across various Arctic river-influenced ocean margins. (b) A performance evaluation of the S275–295

algorithm. On average, S275–295 can be estimated from ocean color within 4% of S275–295 values measured in situ. (c) Implementation of the
algorithm using MODIS Aqua ocean color providing a pan-Arctic view of an August climatology (2002–2009) of S275–295. Increasing S275–295 values are
indicative of a decreasing fraction of tDOM. The four largest Arctic rivers are labeled and ranked in order of decreasing discharge: Yenisei (1), Lena (2),
Ob (3), and Mackenzie (4). River-influenced margins of the Arctic are labeled: Gulf of Ob (GO), Kara Sea (KS), Laptev Sea (LS), East Siberian Sea
(ESS), Chukchi Sea (CS), Beaufort Sea (BS) and Amundsen Gulf (AG). The contour lines represent the 2000-m isobath.
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• Lignin correlates with CDOM 
spectral slope (S275-295)

• Inter-annual changes in routing of 
Mackenzie River discharge from 
eastward to the northwest

Fichot et al. 2013

S275:295 derived from multiple linear regression 
formulation with Rrs bands
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Figure 4. Frequency distribution of TSS (mg/L) concentrations. Two groups of field sample were 
distinguished: low or moderate TSS concentrations (TSS < 15 mg/L) and high TSS concentrations (TSS 
> 15 mg/L). 

 
Figure 5. Statistical relationships between surface reflectance (SR) values in red and green bands and 
CDOM at 440 nm (m−1) for the two groups of field sample observed from the histogram of frequency 
(Figure 4). For low or moderate TSS concentrations (TSS < 15 mg/L), the surface reflectance values in 
green are negatively correlated to CDOM whereas for high concentrations of TSS (TSS > 15 mg/L), the 
surface reflectance values are positively correlated to CDOM. In the red band, the surface reflectance 
values are positively correlated to CDOM for the two groups of field sample. 

 
(a) (b)

Figure 6. (a) Relationship between predicted CDOM at 440 nm (m�1) and measured CDOM at
440 nm (m�1) (CDOMpredicted = 1.15 + 0.76 ⇥ CDOMmeasured, R2 = 0.76, p-value < 0.001, RMSE = 1.2).
(b) Relationship between predicted DOC in mg/L and measured DOC in mg/L (DOCpredicted = 0.02
+ 0.99 ⇥ DOCmeasured, R2 = 0.79, p-value < 0.001, RMSE = 1.4).
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Figure 7. Mapped DOC during a theoretical open-water season. The best CDOM retrieval algorithm 
(model 6) was applied on a broader extent (available maximum extent on SPOT5 scenes) to produce 
estimates of DOC. The maps were produced by a cross-validation method (leave-one-out) and 
reorganized following a seasonal chronological order, e.g., from 22 May to 8 September (by merging 
the two years). 

4. Discussion 

4.1. CDOM and DOC Estimation in Arctic Rivers 

Our results demonstrate the capacity of a CDOM algorithm retrieval to estimate the DOC 
concentrations in the Yenisei River. The CDOM was predicted with an error of 1.2 m−1, and the DOC 
was predicted with an error of 1.4 mg/L. These findings corroborate the conclusions from previous 
studies, indicating that CDOM is strongly correlated with DOC in Arctic rivers and constitutes an 
interesting proxy to supplement and extrapolate DOC measurements in time and space [40,41]. 
Moreover, the study conducted by [26] recently showed the capability of in situ optical techniques to 
accurately estimate the amount and timing of terrigenous DOC concentrations in six major Arctic 
rivers. According to this study, simple absorbance proxies were able to trace dissolved lignin phenol 
concentrations and seasonal changes of DOM composition in all watersheds studied. Among them, 
Yenisei expressed the lowest correlation between DOC and CDOM measurements (r2 = 0.66, p < 0.001). 
Therefore, similar applications to the present study could be potentially tested on other Arctic rivers 
to improve our understanding of the DOC fluxes from all rivers that flow into the Arctic Ocean.  

4.2. Spectral Band Configuration and CDOM Algorithms in Arctic Rivers 

The model developed in this study showed better performances than all the other models tested. 
The models based on one band (e.g., green or red without any combinations; models 1 and 2) or two 
bands were not successful. This demonstrates that linking only one of the two bands with the CDOM 
is not sufficient to explain its variability. In other words, the CDOM variations on the Yenisei River 

Figure 7. Mapped DOC during a theoretical open-water season. The best CDOM retrieval algorithm
Model (6) was applied on a broader extent (available maximum extent on SPOT5 scenes) to produce
estimates of DOC. The maps were produced by a cross-validation method (leave-one-out) and
reorganized following a seasonal chronological order, e.g., from 22 May to 8 September (by merging
the two years).

4. Discussion

4.1. CDOM and DOC Estimation in Arctic Rivers

Our results demonstrate the capacity of a CDOM algorithm retrieval to estimate the DOC
concentrations in the Yenisei River. The CDOM was predicted with an error of 1.2 m�1, and the
DOC was predicted with an error of 1.4 mg/L. These findings corroborate the conclusions from
previous studies, indicating that CDOM is strongly correlated with DOC in Arctic rivers and constitutes
an interesting proxy to supplement and extrapolate DOC measurements in time and space [40,41].

Yenisei River
Spot 5

MODIS-A

Landsat-8



Challenges in Remote Sensing – some unique to the Coastal Arctic
• Low sun angles (higher air masses and lower signal)
• Small errors in atmospheric correction magnified at high solar zenith angles
• Lw comprise <1 to 4.5% of Lt at >70° N (default ac processing set to <70°)
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Challenges in Remote Sensing – some unique to the Coastal Arctic
• Low sun angles (higher air masses and lower signal)
• Small errors in atmospheric correction magnified at high solar zenith angles
• Lw comprise <1 to 4.5% of Lt at >70° N (default ac processing set to <70°)

• Complexity of high constituent loading
• High CDOM and SPM; moderate chlorophylls as turbidity decreases offshore 

• Adjacency effects from land and ice
• Pixel contamination from sea ice (and clouds)
• Arctic haze – strong absorbing aerosols in April to June
• Forest fires in summer contribute absorbing aerosols to the Beaufort and elsewhere
• Need for high spatial resolution at high SNR along the coast and inland
• Cloud cover – “on average ~80% at 60°N during spring, summer, and fall, remains about 

the same between 60 and 80°N during summer, and decreases to 60% and 70% at 80°N 
during spring and fall”
• Presence of ice cover from late fall to early spring (cannot see under ice blooms)
• Pigment packaging differs for Arctic phytoplankton; standard algorithms not adequate
• Arctic-specific or regionally tuned algorithms
• Obtain adequate in situ measurements along the coast for algorithm development and 

for validation
IOCCG Report No. 16 2015



Challenges in Collection of Field Observations
• Remoteness – access to sites, resources, wildlife hazards; Ice conditions
• IOP sensors designed/tuned to highly absorbing and scattering waters

• Shorter pathlengths, higher dynamic range
• Radiometers designed with higher sensitivity for measurements at low sun 

angles (lower Lw) and for highly absorbing and scattering waters
• Small volume filtration of turbid samples require extra care 

• To homogenize and for accurate volume
• Sampling at peak discharge by boat is dangerous due to high water velocity 

and presence of ice chunks
• Helicopters enable water sampling collection and potentially optics

• Shallow waters prevents direct access by larger boats/ships
• Use of small local boats; large ships/boats that carry small crafts

• River flow gauges (if they exist) are far upstream from the river mouth
• Those working in the coastal Arctic today are overcoming many of these 

challenges (new/refined optical sensors needed!)
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