
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Linkages between the circulation and distribution of dissolved organic matter in the
White Sea, Arctic Ocean

Pavlov, Alexey K.; Stedmon, Colin A.; Semushin, Andrey V.; Martma, Tõnu; Ivanov, Boris V.; Kowalczuk,
Piotr; Granskog, Mats A.

Published in:
Continental Shelf Research

Link to article, DOI:
10.1016/j.csr.2016.03.004

Publication date:
2016

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Pavlov, A. K., Stedmon, C. A., Semushin, A. V., Martma, T., Ivanov, B. V., Kowalczuk, P., & Granskog, M. A.
(2016). Linkages between the circulation and distribution of dissolved organic matter in the White Sea, Arctic
Ocean. Continental Shelf Research, 119, 1-13. https://doi.org/10.1016/j.csr.2016.03.004

https://doi.org/10.1016/j.csr.2016.03.004
https://orbit.dtu.dk/en/publications/063e9f05-e719-4947-9412-b515128a7d79
https://doi.org/10.1016/j.csr.2016.03.004


Continental Shelf Research 119 (2016) 1–13
Contents lists available at ScienceDirect
Continental Shelf Research
http://d
0278-43

n Corr
Norway

E-m
1 Pr

Gate 14
journal homepage: www.elsevier.com/locate/csr
Research papers
Linkages between the circulation and distribution of dissolved
organic matter in the White Sea, Arctic Ocean

Alexey K. Pavlov a,b,n,1, Colin A. Stedmon c, Andrey V. Semushin d, Tõnu Martma e,
Boris V. Ivanov b,f, Piotr Kowalczuk g, Mats A. Granskog a

a Norwegian Polar Institute, Fram Centre, 9296 Tromsø, Norway
b Arctic and Antarctic Research Institute, 199397 Saint Petersburg, Russia
c National Institute for Aquatic Resources, Technical University of Denmark, 2920 Charlottenlund, Denmark
d Northern Branch of Polar Research Institute of Marine Fisheries and Oceanography (SevPINRO), 163002 Arkhangelsk, Russia
e Institute of Geology, Tallinn University of Technology, 19086 Tallinn, Estonia
f Saint Petersburg State University, 199178 Saint Petersburg, Russia
g Institute of Oceanology, Polish Academy of Sciences, 81-712 Sopot, Poland
a r t i c l e i n f o

Article history:
Received 28 November 2015
Received in revised form
15 February 2016
Accepted 3 March 2016
Available online 4 March 2016

Keywords:
Colored dissolved organic matter
Dissolved organic carbon
White Sea
Arctic Ocean
Terrestrial runoff
x.doi.org/10.1016/j.csr.2016.03.004
43/& 2016 The Authors. Published by Elsevier

esponding author at: Norwegian Polar Institut
.
ail address: alexey.pavlov@npolar.no (A.K. Pav
esent address: Norwegian Polar Institute, Fra
, 9296 Tromsø, Norway.
a b s t r a c t

The White Sea is a semi-enclosed Arctic marginal sea receiving a significant loading of freshwater
(225–231 km3 yr�1 equaling an annual runoff yield of 2.5 m) and dissolved organic matter (DOM) from
river run-off. We report discharge weighed values of stable oxygen isotope ratios (δ18O) of �14.0‰ in
Northern Dvina river for the period 10 May–12 October 2012. We found a significant linear relationship
between salinity (S) and δ18O (δ18O¼�17.6670.58þ0.5270.02� S; R2¼0.96, N¼162), which indicates
a dominant contribution of river water to the freshwater budget and little influence of sea ice formation
or melt. No apparent brine additions from sea-ice formation is evident in the White Sea deep waters as
seen from a joint analysis of temperature (T), S, δ18O and aCDOM(350) data, confirming previous sug-
gestions about strong tidal induced vertical mixing in winter being the likely source of the deep waters.
We investigated properties and distribution of colored dissolved organic matter (CDOM) and dissolved
organic carbon (DOC) in the White Sea basin and coastal areas in summer. We found contrasting DOM
properties in the inflowing Barents Sea waters and White Sea waters influenced by terrestrial runoff.
Values of absorption by CDOM at 350 nm (aCDOM(350)) and DOC (exceeding 10 m�1 and 550 mmol l�1,
respectively) in surface waters of the White Sea basin are higher compared to other river-influenced
coastal Arctic domains. Linear relationship between S and CDOM absorption, and S and DOC
(DOC¼959.21752.99–25.8071.79� S; R2¼0.85; N¼154) concentrations suggests conservative mixing
of DOM in the White Sea. The strongest linear correlation between CDOM absorption and DOC was found
in the ultraviolet (DOC¼56.3172.76þ9.1370.15� aCDOM(254); R

2¼0.99; N¼155), which provides an
easy and robust tool to trace DOC using CDOM absorption measurements as well as remote sensing
algorithms. Deviations from this linear relationship in surface waters likely indicate contribution from
different rivers along the coast of the White Sea. Characteristics of CDOM further indicate that there is
limited removal or change in the DOM pool before it exits to the Barents Sea.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Arctic rivers are known to supply a substantial load of organic
matter to coastal waters (Cooper et al., 2008; Stedmon et al., 2011;
Ltd. This is an open access article u
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Amon et al., 2012), and the terrestrial carbon transported by these
rivers plays an important role in the carbon budgets of high-lati-
tude seas (Stein and Macdonald, 2004; Findlay et al., 2015). Due to
its light absorbing characteristics, terrigenous DOM entering sur-
face waters of the Arctic Ocean has an impact on upper ocean
heating and stratification (Hill, 2008; Granskog et al., 2007, 2015).
In addition light absorption by DOM limits light availability for
photosynthetic organisms and protects aquatic ecosystem from
harmful ultraviolet (UV) radiation (Erickson et al., 2015). The
photochemical or microbial mineralization of terrestrial DOM is an
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important and poorly quantified step in the Arctic carbon cycle.
The coastal and shelf seas are thought to play a central role in
processing terrestrial DOM, with sea ice brine rejection supplying
DOM into subsurface (halocline) layers that persist across the
Arctic Ocean (Stedmon et al., 2011; Granskog et al., 2012), micro-
bial degradation removing its bioavailable fraction (Helms et al.,
2008) and photochemistry further potentially mineralizing DOM
in surface waters (Belanger et al., 2006; Xie et al., 2012). Despite
this evidence of importance, studies on the fate of DOM in Arctic
coastal waters are limited and hindered by remoteness and sea-
sonal accessibility.

The White Sea and its drainage basin in particular have re-
ceived less attention than other Arctic marginal seas, even though
the freshwater received by this shallow marine system con-
siderably exceeds that of other Arctic systems (Filatov et al., 2007).
For example, previous studies have reported concentrations of
dissolved organic carbon (DOC) in the Northern Dvina river that
are three times higher than in other major Siberian rivers (Gor-
deev et al., 1996, their Table 6). At the same time, some smaller
rivers discharging into the north-west White Sea have clear waters
(Semushin, Pers. comm.) likely with low DOC, while in some
“black rivers” concentrations of DOC may reach up to 5000 m
mol l�1 (Pokrovsky et al., 2000). The White Sea is also unique
when compared to the rest of the Arctic coastline. It is a large
semi-enclosed estuary with a residence time of 1.5–3 years (Fila-
tov et al., 2007), which may contrast with the majority of other
rivers that drain directly into the open shelf seas.

The estimated fresh water discharge to White Sea constitutes
about 10% of combined discharge from six major Arctic rivers (Ob’,
Yenisey, Lena, Kolyma, Yukon, and Mackenzie; Cooper et al., 2008).
Based on this evidence, we have investigated how the inflow of
terrestrial DOM load is distributed in the White Sea system. Here
we present results from a sampling initiative to examine the dis-
tribution and magnitude of DOM and freshwater in different parts
of the White Sea. We report on characteristics and distribution of
CDOM, fluorescence of DOM (FDOM), DOC, and their relation to
hydrography.
Fig. 1. (a) Location of the White Sea in the Arctic Ocean; (b) sampling sections in the Wh
with yellow. These maps were made using the Ocean Data View package (Schlitzer, 201
referred to the web version of this article.)
2. Material and methods

2.1. Study area

The White Sea has a surface area of about 90,000 km2 and re-
ceives runoff from a relatively large watershed of 715 000 km2,
resulting in the largest ratio of watershed to sea surface area
among all marginal seas of the Arctic Ocean (Filatov et al., 2007).
The annual runoff yield for the White Sea is approximately 2.5 m,
based on a total annual discharge of about 225–231 km3 (Filatov
et al., 2007). In high discharge years the runoff yield likely exceeds
3 m. This yield is about 8–9 times higher than that of the Arctic
Ocean as a whole (Serreze et al., 2006), and 2.5 times greater than
that for the Hudson Bay (Granskog et al., 2011), another semi-
enclosed Arctic system with high freshwater input. The receiving
volume of White Sea, with an average depth of only 67 m (Filatov
et al., 2007), is also considerably smaller than the Arctic Ocean or
Hudson Bay, emphasizing the potential significance of the large
inputs of river water to this marginal sea and further export to
adjacent Barents Sea.

Interaction between water masses of the White and Barents
seas is controlled by strong tidal mixing in the narrow and rela-
tively shallow Gorlo Strait (Fig. 1), where current velocities of up to
2.5 m s�1 have been reported (Filatov et al., 2007). Tidal range
significantly varies along the coast of the White Sea, from 1.5 to
2.5 m in the estuaries of the Northern Dvina and Onega rivers, up
to 3.5 m in Gorlo Strait, and reaching a maximum up to 10 m in the
vicinity of Mezen river mouth. Nearby large rivers outlets (such as
the Northern Dvina, Onega and Mezen) as well as at the entrance
of Gorlo, distinct hydrographic fronts are typically found (Glu-
khovskiy, 1991).

Similarly to the Arctic Ocean and Hudson Bay, seasonal sea ice
also makes a contribution to the hydrological cycle, although the
contribution from sea ice (estimated ice thickness 0.3–0.7 m; Fi-
latov et al., 2007) is not as prominent as in Hudson Bay, where sea
ice formation and melt equals or is larger than the freshwater
contribution from river water (see Granskog et al. (2011)), or in the
Arctic basin, where sea-ice melt is the dominating factor for
summer stratification (Peralta-Ferriz and Woodgate, 2015).
ite Sea. The three transects “Voronka”, “Basin”, and “Dvina Estuary” are highlighted
5). (For interpretation of the references to color in this figure legend, the reader is



Fig. 2. Average daily discharge from Northern Dvina, Onega and Mezen in 2012.
Discharge data is retrieved from a monitoring database of the Russian Federal
Agency of Water Resources (https://gmvo.skniivh.ru/). Timing of the White Sea
sampling campaign is highlighted with grey shading. Values of δ18O from fresh-
water samples collected biweekly in Northern Dvina are also shown.
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2.2. In situ measurements and sampling

Sampling and hydrographic measurements were performed on
three major synoptic sections: across the Northern Dvina estuary,
in the main White Sea basin and across the Voronka area at the
entrance to the White Sea during «Floating University» cruise
onboard RV Professor Molchanov between 28 June and 9 July 2012
(Fig. 1).

In total, 26 stations were visited. At each station, conductivity-
temperature-depth (CTD) profiles were made with a calibrated
Seabird SBE911plus profiler while seawater samples were col-
lected with SBE32c Compact Carousel water sampler equipped
with Niskin bottles. Standard sampling depths included 0, 5, 10,
20, 30, 40, 50, and 75 m with occasional sampling at 15 and 25 m.
There were only three stations in the main White Sea basin that
had depths exceeding 100 m. On those stations additional samples
at 100, 150 and 200 m were collected. Overall, 189 stable oxygen
isotope ratio (H20-δ18O, hereafter δ18O), 156 CDOM and 180 DOC
samples were collected. CDOM and DOC samples were collected
from Niskin bottles on deck and filtered through pre-rinsed 0.2 mm
pore size syringe filters (Pall Acrodiscs PF with Supors mem-
brane) using all-plastic acid-washed syringes into pre-combusted
amber glass vials. Samples were stored in dark and cool until
analysis. Water for δ18O analysis was collected from the same
Niskin bottles directly into 15 ml high-density polyethylene bot-
tles, with negligible headspace, and the caps were sealed with
Parafilm and kept at room temperature until analysis. For all
sampling depths the corresponding temperature and salinity were
extracted from the CTD profiles.

2.3. Analytical methods

The CDOM absorbance was measured in the spectral range of
240–600 nm with 3 nm resolution using an Aqualog fluorescence
spectrophotometer (Horiba Inc.) and 10 mm quartz cells with fresh
Milli-Q water as a blank. Absorbance values were baseline cor-
rected by fitting with the equation following Stedmon et al.
(2000), which has a constant, which allows accounting for minor
shifts at longer wavelengths. Absorbance values were then con-
verted to an absorption coefficient aCDOM(λ) (m�1) following:

λ( ) = ∙ (λ) ( )a A l2. 303 / 1CDOM

where A(λ) is the absorbance at a given wavelength λ and l is the
path length of the cuvette in meters (here 0.01 m). Absorption
spectral slopes were estimated with a non-linear exponential fit
(Stedmon and Markager, 2001) for different wavelength ranges,
including 300–650 nm, S300–650, 350–400 nm, S350–400, and 275–
295 nm, S275–295. Spectral slope ratio, SR, was calculated after
Helms et al. (2008) as S275–295:S350–400.

DOM fluorescence was measured with an Aqualog fluorescence
spectrophotometer (Horiba Inc.) in the excitation range from 240
to 600 nm and emission range from 280 to 620 nm. The raw
fluorescence excitation emission spectra were spectrally corrected
using factory calibration constants and were corrected for inner
filter effects with a method described by Murphy et al. (2010).
Corrected spectra were calibrated against the integrated water
Raman emission peak excited at 351 nm (Murphy et al., 2010). In
this paper we report fluorescence intensities (in Raman units, R.U.)
for two traditional DOM fluorescence regions (Coble, 1996): the
amino acid-like fluorescence peak T (ex. 276 nm, em. 351 nm) and
the humic-like peak C (ex. 351 nm, em. 450 nm). To assess the
qualitative transformation of fluorescent DOM we have calculated
the ratio of these two fluorescence peaks.

DOC was measured with a Shimadzu TOC-VCPH analyzer using
anilide as a standard (Cauwet, 1999) and Consensus Reference
Material as a reference (Hansell, 2005). Carbon specific UV ab-
sorption also known as SUVA254 (with units of m2 g�1) was cal-
culated as ratio between CDOM absorption coefficient at 254 nm
aCDOM(254) and DOC concentration, following Weishaar et al.
(2003) and Murphy et al. (2010).

Samples for δ18O were analyzed at the Institute of Geology,
Tallinn University of Technology, Estonia, using a Picarro L2120-i
Isotopic Liquid Water Analyzer with High-Precision Vaporizer
A0211. The reproducibility of replicate analysis for the δ18O mea-
surements was 70.1‰. The isotope ratios are given in the com-
mon delta notation relative to Vienna-Standard Mean Ocean Wa-
ter (V-SMOW).

2.4. River discharge and oxygen isotope data from Northern Dvina
river

Data on river discharge was obtained from the Russian Federal
Agency of Water Resources database (https://gmvo.skniivh.ru/),
and hydrographs of average daily discharges for the Northern
Dvina, Onega and Mezen are shown in Fig. 2. δ18O samples were
collected biweekly from the surface of Northern Dvina (city of
Arkhangelsk, 64.53 N, 40.56 E; see Fig. 1) from 10 May to 12 Oc-
tober 2012. Time of sampling coincided with a low tide phase to
minimize the potential contribution of seawater from the North-
ern Dvina estuary. Sampling in the White Sea basin was conducted
two months after river discharge peaked in the region (in May)
(Fig. 2). Northern Dvina, Onega and Mezen are the major fresh-
water sources to the White Sea, and two of them (Northern Dvina
and Onega) are of particular interest for interpretation of our data
on DOM distribution in the White Sea basin.
3. Results

3.1. Freshwater discharge into the White Sea

The Northern Dvina is the major river discharging into the
White Sea with an average annual discharge of 108–110 km3

(Gordeev et al., 1996; Filatov et al., 2007), which is slightly lower
than e.g. that of Kolyma and Pechora rivers (Gordeev et al., 1996;
Cooper et al., 2008). In 2012, the discharge peaked in early May in
the Northern Dvina, Onega and Mezen (Fig. 2). At the mouth of
Northern Dvina, values of δ18O ranged from �15.3‰ in May
during spring freshet to �12.0‰ in summer (Fig. 2). Discharge-
weighted average of δ18O in the Northern Dvina between 10 May

http://https://gmvo.skniivh.ru/
http://https://gmvo.skniivh.ru/
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and 12 October 2012 was �14.0‰. These values are higher than
other major Siberian rivers discharging to the Arctic Ocean, and
generally fit to the tendency of more negative δ18O towards the
East (Cooper et al., 2008). Riverine values of δ18O are closest to
data from the Ob’ river, which is the major Arctic river watershed
adjacent to the White Sea basin. Generally, the seasonal cycle of
δ18O in the Northern Dvina is similar to other major Arctic rivers
(Cooper et al., 2008) with highest δ18O values observed in late
summer and lowest values observed in spring.
Fig. 3. Distribution of temperature, salinity, stable oxygen isotope ratios, δ18O, dissolved
in the range 275–295 nm, S275–295, the amino acid-like fluorescence peak T (ex. 276 n
“Voronka” section. Note color scale differences of peak T and peak C sections. Zero refe
3.2. Hydrography of the White Sea

Distribution of salinity, temperature and δ18O was investigated
on three main hydrographic sections. Along the Voronka section,
at White Sea entrance, water masses were relatively uniform and
well-mixed except for the north-east part of the section near the
coast where warmer waters of lower salinity were found (Fig. 3).
Water temperatures ranged between 2.5 and 7.5 °C and salinity
ranged between 33.0 and 34.5 across this transect. The Basin
organic carbon, DOC, absorption by CDOM at 350 nm, aCDOM(350) and spectral slope
m, em. 351 nm) and the humic-like peak C (ex. 351 nm, em. 450 nm), along the
rence on X-axis is ca. 6 km prior the first station of the section.



A.K. Pavlov et al. / Continental Shelf Research 119 (2016) 1–13 5
section crossed the deepest part of the central White Sea (with
depths exceeding 100 m) with sub-zero temperatures from �0.8
to �1.4 °C (temperatures were 0.20–0.25 °C above freezing point)
and salinities between 29.2 and 29.9 at depths below 100 m
(Fig. 4). A distinct strong vertical stratification was observed along
the whole section with a warm and less saline surface layer about
15 m thick, where temperatures ranged between 6 and 12 °C, and
salinities between 24.9 and 27.7. The warmest and freshest waters
were found in the surface waters of the Dvina Estuary with
Fig. 4. Distribution of temperature, salinity, stable oxygen isotope ratios, δ18O, dissolved
in the range 275–295 nm, S275–295, the amino acid-like fluorescence peak T (ex. 276 nm,
section. Note color scale differences of peak T and peak C sections. Zero reference on X
temperatures up to 15.7 °C and salinity as low as 21.2 (Fig. 5).
Distribution of δ18O is closely linked to the distribution of

salinity and temperature, reflecting the distribution of riverine
freshwater and inflowing Barents Sea waters. Lowest δ18O values
of �8.0‰ were observed in the vicinity of the Northern Dvina
river (Fig. 5). Barents Sea waters found at Voronka section were
characterized by the highest δ18O values of up to 0.3‰ (Fig. 3).
Lowest values in the north-east of the Voronka section indicate
outflow of White Sea waters with contribution from river water. A
organic carbon, DOC, absorption by CDOM at 350 nm, aCDOM(350) and spectral slope
em. 351 nm) and the humic-like peak C (ex. 351 nm, em. 450 nm) along the “Basin”
-axis is ca. 6 km prior the first station of the section.



Fig. 5. Distribution of temperature, salinity, stable oxygen isotope ratios, δ18O, dissolved organic carbon, DOC, absorption by CDOM at 350 nm, aCDOM(350) and spectral slope
in the range 275–295 nm, S275–295, the amino acid-like fluorescence peak T (ex. 276 nm, em. 351 nm) and the humic-like peak C (ex. 351 nm, em. 450 nm), along the “Dvina
Estuary” section. Note color scale differences of peak T and peak C sections. Zero reference on X-axis is ca. 6 km prior the first station of the section.
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similar pattern was also seen along the Basin and Dvina Estuary
section, where lowest δ18O values were found in the east
(Figs. 4 and 5).

3.3. Distribution and properties of DOC, CDOM absorption and
fluorescence

Distribution of DOC, CDOM absorption at 350 nm, aCDOM(350),
and spectral slope, S275–295, follow closely salinity, δ18O, and
temperature distributions as seen from all three sections (Figs. 3–
5). We found a large variability in aCDOM(350) values, with lowest
aCDOM(350) values in the range 0.1–1 m�1 found in Barents Sea
waters in the western part of Voronka section. Highest aCDOM(350)
values, with maximum reaching up to 13.7 m�1, were found in the
vicinity of the Northern Dvina estuary in the surface layer. In
general, in the uppermost 15 m layer aCDOM(350) gradually de-
creases from river influenced coastal waters towards the central
part of the White Sea. In the central basin, aCDOM(350) values in
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subsurface and deeper waters were in the range of 1–3 m�1,
which is up to 2–3 times higher compared to Barents Sea waters at
the Voronka section.

The spectral slope S275–295 ranged from 14.5 to 28.5 mm�1

(Figs. 3–5). Largest variability in S275–295 was found at the Voronka
section. There was a strong spatial gradient from west to east
along the Voronka section from 25 mm�1oS275–295o28.5 mm�1

to 15 mm�1oS275–295o20 mm�1. In the White Sea basin and next
to Northern Dvina estuary, S275–295 was generally in the range of
17–20 mm�1, with lowest values of 14.5–17 mm�1 in the proximity
of Northern Dvina river.

Lowest DOC values (60–100 mmol l�1) were found in the wes-
tern and central part of Voronka section within the Barents Sea
inflow. Slightly higher DOC concentrations, up to 120 mmol l�1,
were measured in the north-east flank of the Voronka section,
likely indicating a riverine DOC contribution. Deepest waters in
the central Basin had DOC values in the range of 170–190 mmol l�1.
Highest DOC concentrations, up to 500 mmol l�1, were found in
the vicinity of Northern Dvina estuary. Overall, vertical distribu-
tion of DOC follows those of aCDOM(350), T and S, with highest
values found in the upper 15–20 m across the White Sea basin.

Spatial distribution of DOM fluorescence was similar to those of
aCDOM(350) and DOC. For both, the amino acid-like fluorescence
peak T (ex. 276 nm, em. 351 nm) and the humic-like peak C (ex.
351 nm, em. 450 nm), patterns of spatial distributionwere generally
similar. At Voronka section, peak T ranged from 0.03 to 0.09 (wes-
tern side of a section) to 0.15–0.23 R.U. (eastern side). At the same
time, peak C was between 0.01 and 0.03 and 0.10 and 0.17 R.U. in
the western and eastern flanks of the section, respectively. Along
the Dvina Estuary section, highest peak T values of up to 0.30-
0.35 R.U. were in the surface layer nearby the Northern Dvina, while
lowest peak T of 0.13–0.20 R.U. was found in the south-west flank of
this section. On the same transect, distribution of peak C showed
similar patterns with highest values (0.8–1.0 R.U.) observed next to
Northern Dvina and lowest (0.20–0.30 R.U.) on the other side of the
section. Along the Basin section, surface waters had peak C values of
0.25–0.3 R.U.in the central and western side, and of 0.8–1.0 R.U. in
the east. Deep waters were characterized by peak C below 0.2 R.U.
At the same time, highest values of peak T were observed in surface
waters nearby the Northern Dvina (0.30–0.35 R.U.) as well as in the
central part of transect within a distinct subsurface peak between
50 and 100 m with values reaching 0.4 R.U. Below 100 m¸ peak T
was relatively low down to 0.1.
4. Discussion

4.1. Hydrography and water masses in the White Sea

The White Sea has a complex and dynamic hydrography as
several water masses are formed locally as a product of mixing and
Table 1
Water masses found in the White Sea in summer (after Glukhovskiy (1991)).

Water mass TS properties Location

Deep water (DW) Tcore¼�1.4 °C; Score¼29.7 Basin

Barents Sea water (BSW) Tcore¼5.7 °C; Score¼34.16 Voronka
Intermediate water of the Basin
(IW)

�0.2oTo0.9 °C; 28.0oSo28.2 Basin

Gorlo water (GW) 5.96oTo6.85 °C; 27.83oSo28.42 Gorlo
Surface water of the Basin
(SWB)

10.0oTo12.0 °C; 25.9oSo27.0 Basin

Fresh water of estuaries and
bays (SWEB)

T of up to 16.1 °C; S of down
to 21.2–23.0

Estuaries and
areas
interaction between external Barents Sea waters and riverine
discharge (Glukhovskiy, 1991). Descriptions of summer water
masses in the White Sea are sparse but generally distinguish the
following waters: Barents Sea water, Gorlo water, surface water of
the Basin, intermediate water of the Basin, Deep Water, and
freshened surface water in estuaries and bays (Table 1; Glu-
khovskiy, 1991). With a wide spread in T and S values, ranges
encountered during this study do not fit exactly into these clas-
sifications (Fig. 6a). Formation of these water masses is closely
associated with peculiarities in hydrographic processes across the
White Sea throughout the year (Filatov et al., 2007; Glukhovskiy,
1991).

Vertically well-mixed waters found in the central part of Vor-
onka section with temperatures of 4–6 °C and salinities slightly
above 34 are close to Barents Sea water that is typically found in
Voronka in summer (Fig. 6a). Properties of these waters are close
to those described as Barents Sea coastal waters by Loeng (1991).

Sub-surface or intermediate waters found from 40–70 m along
the Basin section and some stations on the Dvina Estuary section
have temperatures around 0 °C and salinity slightly higher than
28. Spatially, sub-surface waters with sub-zero temperatures in
this layer are observed close to Dvina Estuary, while water tem-
peratures above zero are found in the north-west part of the Basin.
Previously described as Intermediate water mass of the Basin,
these waters are formed through cooling and freshening of Barents
Sea waters in a dynamic and relatively shallow Gorlo area in the
beginning of winter. Consequently, these waters submerge and
spread across the White Sea basin at intermediate depths (Glu-
khovskiy, 1991).

Similar, but more intense cooling processes in Gorlo towards
the end of winter and in the beginning of spring are responsible
for a formation of the Deep Water, found below 100 m in the
central part of the Basin section (Glukhovskiy, 1991; Filatov et al.,
2007). These water masses are uniform and have core temperature
and salinity of �1.4 °C and 29.7, respectively (Fig. 6a). Formation
of Deep Water provides a regular mechanism for water mass ex-
change and ventilation in the deep central White Sea basin (Glu-
khovskiy, 1991). These waters were found to be 0.20–0.25 °C above
freezing point (Fig. 6b), and thus it appears that sea ice formation
has a minor role in the vertical mixing in the White Sea, neither
does the isotopic composition (Fig. 4) point to any significant brine
additions to the deep waters, in contrast to Hudson Bay (Granskog
et al., 2011) and Arctic shelf seas (Bauch et al., 2009). Likely the
significant buoyancy from freshwater inputs limits deep convec-
tion by brine release from sea ice formation.

A warm and relatively fresh upper layer of about 5 m found in
the vicinity of the Onega and Northern Dvina river mouths is a
typical feature observed in summer, and especially pronounced in
the absence of wave-induced mixing. These waters have previously
been named as a Fresh water of estuaries and bays (Glukhovskiy,
1991). Spreading further towards the central basin this water mass
Remarks

Homogeneous below 100 m. Source: Barents Sea waters cooled and
freshened in Gorlo in the end of winter and beginning of spring.
Vertically homogeneous in summer.
Found between ca. 40 and 70 m. Source: Barents Sea waters cooled and
freshened in Gorlo in the beginning of winter.
Homogenous due to strong tidal mixing.
Warm and relatively fresh upper layer of ca. 20 m.

coastal Warm and relatively fresh upper layer of 5 m.



Fig. 6. (a) Temperature – Salinity plot with stable oxygen ratio (δ18O) as the third variable. Numbers indicate either core TS properties or ranges of following water masses
(see text, and Table 1): Deep water (1), Barents Sea water (2), Intermediate water (3), Gorlo water (4), Surface water of the Basin (5); (b) Conservative temperature – absolute
salinity plot with color scale showing depth. Isopycnals are shown by grey lines (reference pressure is 0 dbar). Dotted line indicates the freezing temperature as a function of
absolute salinity (reference pressure is 0 dbar). Conservative temperature and absolute salinity were calculated based on TEOS-10 (McDougall and Barker, 2011).
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is confined to the uppermost layer and is further mixed with un-
derlying waters, thus creating a thicker mixed layer of about 20 m
depth with typical S of 25.9–27.0, and T of 10–12 °C, though as seen
in our study T-S properties are not limited to these ranges. These
waters are ubiquitous in theWhite Sea proper and typically referred
as a Surface water of the Basin (Glukhovskiy, 1991).

δ18O and its relation to water masses support the description of
the hydrography based on temperature and salinity. Barents Sea
waters found at the Voronka section were characterized by highest
salinity and δ18O values (up to 34.3 and 0.3‰, respectively). These
δ18O values are comparable to upstream Atlantic waters (Bauch
et al., 2009; Dodd et al., 2012). Deep and intermediate water
masses have δ18O of �2 to �4‰ and essentially lie on the mixing
line between Barents Sea waters and river-influenced waters of
estuaries and bays that have δ18O of down to �8.0‰, which in-
dicates that their formation was associated with a mixing of
Barents Sea waters and freshened waters of the White Sea. This
resembles the Hudson Bay (Granskog et al., 2011), in the fact that
some of the river runoff is carried during winter cooling all the
way to the bottom of the deep basin. Thus vertical mixing is also a
component of the freshwater cycling in the White Sea, and it is
apparent that strong tidal mixing in Gorlo area is at least locally
able to penetrate the strong surface stratification that builds up in
summer. On the other hand, contrary to Hudson Bay, no sign of
significant brine additions from sea-ice formation is evident in the
White Sea deep waters, which indicates that sea ice does not play
a significant role in deep water formation of freshwater inputs to
the deep waters in the White Sea.

4.2. Distribution of DOC and CDOM in the White Sea

Observed aCDOM(350) values in the Barents Sea waters across
Voronka section were generally higher than those found within
Atlantic waters in the Central Barents Sea and in the Fram Strait
(Hancke et al., 2014; Pavlov et al., 2015), which has been shown to
be predominantly of marine origin in summer time (Hancke et al.,
2014). The lower salinity water observed along Voronka section
had elevated aCDOM(350) compared to the central Barents Sea and
this indicates a contribution of terrestrial CDOM from the White
Sea to the adjacent Barents Sea and the Arctic Ocean shelf (Fig. 3).
DOC values of 60–100 mmol l�1 were within the range of DOC in
upstream Atlantic waters in the Norwegian Sea, which was re-
ported between 53 and 149 mmol l�1 (Bøsrheim and Myklestad,
1997), comparable to Kongsfjorden, Svalbard with reported DOC in
the range of 70–115 mmol l�1 (Pavlov et al., 2014), and exceed DOC
concentrations of 5274 mmol l�1 found in the upper 150 m in the
St. Anna Through in northern Barents Sea (Fransson et al., 2001).

Observed aCDOM(350) and DOC values in the deep waters in the
central White Sea were higher than aCDOM(350) and DOC values
found in the Barents Sea waters in Voronka (Figs. 3 and 4). The
White Sea deep waters are formed in winter and spring as a result
of cooling of Barents Sea water mixing with waters exiting White
Sea in Gorlo (Glukhovskiy, 1991; see also Section 4.1). Therefore,
elevated aCDOM(350) and DOC values in deeper waters are ex-
plained by the contribution of terrigenous organic material in line
with the waters having an isotopic signature from river waters.

Highest values of aCDOM(350) and DOC in the upper layer were
associated with waters with lower salinity influenced by riverine
runoff. These values are lower compared to CDOM absorption and
DOC concentrations in rivers discharging into the Arctic Ocean
(Cooper et al., 2008; Stedmon et al., 2011), but significantly higher
than those found in the coastal waters of Siberian and North
American shelf seas (Kattner et al., 1999) or Hudson Bay (Granskog
et al., 2007). Regression against salinity gives a zero-salinity
aCDOM(350) of 18.871.6 m�1 and DOC of 959753 mmol l�1,
which are among the highest flow-weighed CDOM and DOC
concentrations among major Arctic rivers (Lobbes et al., 2000;
Cooper et al., 2008; Alling et al., 2010; Stedmon et al., 2011). This
agrees with the previous findings from Northern Dvina river by
Gordeev et al. (1996), who reported even higher average annual
DOC concentrations of up to 20.1 mg l�1 (corresponding to 1675 m
mol l�1). Apart from Northern Dvina, the largest river in the White
Sea basin, some smaller rivers have been reported to have DOC
concentrations of up to 60 mg l�1 (5000 mmol l�1) (Pokrovsky
et al., 2000).



Fig. 7. Property-property plots of following variables: (a) stable oxygen ratio (δ18O) – Salinity, color scale – CDOM absorption at 350 nm, aCDOM(350); (b) aCDOM(350) –
Salinity, color scale – δ18O; (c) S275–295�aCDOM(350), color scale – Salinity; (d) S300–650�aCDOM(375), color scale – Salinity. In panel (d) thick solid line shows the marine
CDOM relationship from Stedmon and Markager (2001), while thin solid lines show the model limits. Black dots on all figures represent points with missing 3rd variable data
(color scale). On plots (c) and (d) theoretical conservative mixing lines between surface water of the Basin (SWB) and Barents Sea water (BSW), and Surface water of the Basin
(SWB) and Deep water (DW) are shownwith a dashed and dotted lines, respectively. Both lines are calculated after Stedmon and Markager (2003). For plots (a) and (b), linear
fits are shown with corresponding statistics in Table 2.

Table 2
Relationships between hydrographic variables, absorption by CDOM at different
wavelengths, DOC concentration, specific CDOM absorption and spectral slopes. α
and β are regression coefficients (intercept and slope) with corresponding 95%
confidence intervals. R2 is a coefficient of determination and N is number of data
points.

Equation α β R2 N

1 δ α β= + ·O S18 �17.6670.58 0.5270.02 0.96 162

2 α β= + ·DOC S 959.21752.99 �25.8071.79 0.85 154
3 α β( ) = + ·a S350CDOM 18.8171.56 �0.5470.05 0.77 142
4 α β( ) = + ·a S375CDOM 11.1471.07 �0.3270.03 0.71 142
5 α β= + · ( )DOC a 350CDOM 70.0375.67 40.6071.48 0.96 155
6 α β= + · ( )DOC a 300CDOM 65.3973.64 17.3070.40 0.98 155
7 α β= + · ( )DOC a 254CDOM 56.3172.76 9.1370.15 0.99 155

A.K. Pavlov et al. / Continental Shelf Research 119 (2016) 1–13 9
4.3. Properties of DOM and relationship to hydrographic variables

The linear relationship between salinity and δ18O is significant
(Fig. 7a, Table 2) and this is somewhat expected in a region heavily
influenced by riverine runoff which by far exceeds the contribu-
tion of freshwater from sea-ice melt. Deviations from a straight
line occur in the surface layer likely indicating different freshwater
end-members. The linear regression gives a zero-salinity δ18O
value (intercept) of �17.770.6‰ (Table 2), which is lower than
δ18O measured in the Northern Dvina river during the summer
season of 2012 (between �11.8 and �15.3‰). The minimum δ18O
of �15.3‰ in Northern Dvina was observed on May 10th, the first
date of sampling when majority of the annual discharge occurs. It
is possible that lower δ18O would be found earlier in spring
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especially with earlier snow melt in the season, however ob-
servations from other major Siberian rivers indicate that lowest
δ18O do typically occur in May (Cooper et al., 2008), while the
peak discharge occurs in June (Stedmon et al., 2011). One needs to
take into account that we consider all samples collected across the
White Sea and δ18O values might differ in rivers other than the
Northern Dvina, which accounts for slightly less than 50% of the
total discharge to the White Sea (Filatov et al., 2007).

CDOM absorption aCDOM(350) shows an increase with de-
creasing salinity (Fig. 7b). Such relationships have been widely
used in tracer studies in order to understand the fate and trans-
formation processes of terrigenous DOM (CDOM) in the Arctic
Ocean (Cauwet and Sidorov, 1996; Granskog et al., 2007, 2012;
Anderson and Amon, 2014; Stedmon et al., 2015). In this study, a
nearly linear relationship was found between salinity and
aCDOM(350) (as well as aCDOM(375)) (Table 2, Fig. 7b). Deviations at
Fig. 8. Property-property plots of following variables: (a) dissolved organic carbon (DOC
350 nm (aCDOM(350)), color scale – Salinity; (c) spectral slope ratio SR (S275–295:S350–400)
3rd variable data (color scale); (d) Fluorescence intensity ratio (Peak T:Peak C) – Salinity
Surface water of the Basin (SWB) and Barents Sea water (BSW), and Surface water of t
respectively. Both lines are calculated after Stedmon and Markager (2003). For plots (a)
salinity below 28 can be attributed to apparent differences in
CDOM signals between Onega and Northern Dvina rivers (not
shown) as well as by a contribution from smaller rivers along the
White Sea coast. Therefore, a more detailed spatial and temporal
survey would help to refine the relationship between salinity
against CDOM absorption. Deepest samples (4150 m, as indicated
by color scale on Fig. 7b) lie on the mixing line between more
saline Barents Sea waters and waters influenced by river run off,
which is again consistent with previous suggestions about me-
chanisms responsible for the formation of deep and intermediate
waters in the White Sea basin, by mixing in Gorlo Strait in spring
and winter (Glukhovskiy, 1991).

Fig. 7c,d demonstrate the relationship between spectral slope
S275–295 and aCDOM(350), and S300–650 and aCDOM(375). The latter
has been previously used to differentiate characteristics of marine
CDOM (Stedmon and Markager, 2001). Generally, in the transition
) – Salinity, color scale – stable oxygen ratio (δ18O); (b) DOC – CDOM absorption at
– Salinity, color scale – DOC; Black dots on all figures represent points with missing
, color scale – SUVA254. On plot (c) theoretical conservative mixing lines between
he Basin (SWB) and Deep water (DW) are shown with a dashed and dotted lines,
and (b), linear fits are shown with corresponding statistics in a Table 2.
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from terrestrial to marine and oceanic environments the spectral
slope increases with decreasing CDOM absorption (Blough and Del
Vecchio, 2002). The nonlinear relationship between spectral slope
and CDOM absorption coefficient, first presented in Polar Waters
by Stedmon and Markager (2001), was used to differentiate be-
tween locally produced marine CDOM versus terrestrial input into
the Greenland Sea. In our case, S300–650 and aCDOM(375) at high
salinity partially follows the model for marine CDOM (Stedmon
and Markager, 2001), but otherwise resembles the relationship
found in Hudson Bay (Granskog, 2012) known to also be domi-
nated by terrigenous CDOM.

Based on Fig. 6a,b, we suggest that in summer there are pre-
dominantly two mixing patterns, where Surface water of the
White Sea Basin (SWB) mixes either with Barents Sea water (BSW)
or with underlying Deep water (DW). We calculated theoretical
conservative mixing lines between these water masses following
the approach of Stedmon and Markager (2003). The following end-
members were chosen: a) freshest samples from the upper layer in
the White Sea (SWB end-member, average S¼19.469); b) deepest
samples (4100 m) in the White Sea basin (DW end-member,
average S¼29.544); c) and samples from the core of Barents Sea
waters in the central part of Voronka section (BSW end-member,
average S¼34.315). These theoretical mixing lines are shown on
Fig. 7c,d as well as Fig. 8c. Slight deviations from theoretical lines
can be explained by uncertainties in the definition of the end-
members, especially of SWB at lower salinities.

Interesting to note is that the mixing line between BSW and
SWB is distinctly different on Fig. 7c and d. Differences reflect that
s275–295 is dominated by terrestrial DOM signal, while s300–650 at
a375o2 m�1 is diluted and actually show signatures of marine
DOM, which is captured by s300–650. Thus, distribution in s300–650
values on Fig. 7d can also be explained by different quality of
marine CDOM, with lower S300–650 corresponding to fresh marine
DOM, and higher S300–650 values corresponding to older marine
CDOM. The demonstrated theoretical mixing lines help to better
understand mixing processes in the area of study and give support
to conservative mixing of CDOM between the White Sea and
Barents Sea waters.

A strong linear correlation between salinity and DOC (Fig. 8a)
results in a zero-salinity estimate of 959753 mmol l�1 (Table 2),
which is lower than previously reported values for the Northern
Dvina of 1675 mmol l�1 (20.1 mg l�1) (Gordeev et al., 1996).
However, this estimate exceeds the flow-weighted DOC con-
centrations of six major Arctic rivers (Ob’, Yenisei, Lena, Kolyma,
Yukon, and Mackenzie) reported by Cooper et al. (2008). Among
those rivers, Lena has the highest flow-weighted DOC concentra-
tion 762763 mmol l�1.

CDOM absorption or the spectral slope can potentially be used
as a proxy for estimates of DOC content in coastal waters (e.g.
Spencer et al., 2009). Relationships of aCDOM(350), aCDOM(300) and
aCDOM(254) against DOC show a significant linear relationship in
the White Sea (Fig. 8b; Table 2). The strongest linear relationship
between CDOM absorption and DOC was found at shorter wave-
lengths (aCDOM(254)), which has been previously highlighted in
other coastal studies (e.g. Spencer et al., 2009; Asmala et al., 2012).

The spectral slope ratio SR has low variability in the salinity
range 20–33, and then a very rapid increase at higher salinities
(Fig. 8c). The low variability in SR at salinities below 33 indicates
very little change in CDOM composition during mixing, generally
follow theoretical conservative lines between SWB and BSW, and
SWB and DW calculated after Stedmon and Markager (2003),
which is in contrast to what was found in the Hudson Bay
(Granskog, 2012). The increase of SR at higher salinities indicates
the mixing of terrestrial CDOM from the White Sea with CDOM
from Barents Sea water. Largest spatial variability in SR (not
shown) was associated with waters originating from the Barents
Sea, similar to S275–295 (Fig. 3). Previously, SR has been shown to be
correlated to DOM molecular weight and has been previously used
to distinguish between terrestrial and marine DOM signals (Helms
et al., 2008). Higher (SR41) values generally correspond to marine
DOM with lower molecular weight, while lower (SRo1) values are
associated with terrestrial DOM with higher molecular weight
(Helms et al., 2008). High values (SR41) were also associated with
photochemical DOM decomposition and transformation (Helms
et al., 2008; Granskog, 2012). In this study, SR, generally ranged
from 0.75 to 3.2 (Fig. 8c). Values of SR below or around 1 were
found in waters with salinity below 30–31 and DOC concentra-
tions of 200–500 mmol l�1. Values of SR above 1 were found along
the Voronka section, especially in its western part with corre-
sponding DOC values below 100–150 mmol l�1. Elevated SR values
indicate the influence of Barents Sea waters with DOM of marine
origin (Hancke et al., 2014) but also aged and photochemically
transformed CDOM transported to high latitudes with Atlantic
waters. SR above 4.5 were reported by Kowalczuk et al. (2013) in
the centers of subtropical gyres in the Northern and Southern
Atlantic Ocean. SR found at lower salinities corresponds well to
data from other Arctic studies. Stedmon et al. (2011) reported
average values for major Arctic rivers in the range of 0.85–0.99,
while thermokarst waters in Alaska were in the range 0.9470.07
(Cory et al., 2013). Spencer et al. (2009) reported SR ratios for
Yukon River in the range of 0.79–0.94, with lowest values found
during the spring freshet, with a slight increase throughout the
summer towards winter. Thus, based on SR values surface waters
of the White Sea basin contain predominantly CDOM of terrestrial
origin, with possible compositional change within the basin pre-
sumably due to photochemical alteration, while Barents Sea wa-
ters found at Voronka section have autochtonous (marine) and
photodegraded CDOM.

The fluorescence intensity ratio (Peak T:Peak C) shows that,
there was almost 9 times more protein-like DOM in the Barents
Sea waters compared to those impacted by terrestrial outflow
(Fig. 8d). A 20 fold increase of the protein – like DOM component
relative to terrestrial humic-like component was found by Gué-
guen et al. (2011) in the salinity gradient from riverine dominated
estuaries toward the Arctic Ocean in the Hudson Bay and Hudson
Strait. Lower salinity waters influenced by terrestrial DOM have
high molecular weight (SRo1, Fig. 8c) and contain predominately
polyaromatic water soluble organic compounds with correspond-
ing high SUVA254 values of up to 3.7 m2 g�1. The White Sea wa-
ters interfacing with Barents Sea at the Voronka Section contain
DOM that is characterized by apparently low molecular weight
(SR42), possibly containing aliphatic water soluble organic com-
pounds produced by phytoplankton, which is in line with ob-
served high Peak T to Peak C ratio (up to 9.1) and low SUVA254
values (down to 1.0 m2 g�1). The highest SUVA254 values and
lowest Peak T to Peak C ratios were observed within freshest
waters dominated by highest contribution of humic-like com-
pounds (Fig. 8d). A closer look at changes of Peak T to Peak C ratio
with salinity provide additional evidence about the dominance of
terrestrial DOM in the White Sea opposed to Barents Sea waters
dominated by marine DOM, and possible transformation in DOM
characteristics during its transport from the White Sea into the
adjacent Barents Sea.
5. Conclusion

The White Sea receives a considerable flux of freshwater and
DOM from rivers. The characteristics of DOM from the inflowing
Barents Sea waters contrast the riverine-influenced waters in the
White Sea. Significant linear relationships between salinity and
δ18O across the White Sea indicated a dominant contribution of
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riverine water to the freshwater budget and little evidence for
influence of sea ice formation (brine rejection) or melt on surface
waters. Similarly White Sea deep waters were devoid of significant
brine additions from sea-ice formation, supporting the fact that
winter cooling of Barents waters, and their strong tidally induced
vertical mixing with White Sea waters in the Gorlo area are the
likely source of the deep waters. The linear relationship between
salinity and CDOM absorption and salinity and DOC concentrations
suggests conservative mixing of DOM in the White Sea basin.
However, deviations from the conservative mixing line exist at
intermediate salinities and most likely indicate variability in
freshwater end-member values between rivers discharging into
the White Sea basin. A strong linear relationship between CDOM
absorption and DOC provides a relatively easy tool to trace DOC
using spectrophotometric measurements of CDOM absorption,
thus providing a great potential for seasonal monitoring of DOM
pool in the region, in situ as well as from satellites. There is clear
evidence for export of terrestrial DOM and freshwater to the ad-
jacent Barents Sea along the Eastern edge of the Voronka in sur-
face waters. The limited changes in DOM characteristics within the
White Sea suggests that the majority of DOM is exported unaltered
to the adjacent Barents Sea and further to Siberian Shelf where it
maybe be subjected to removal or entrained into halocline waters.
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