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[1] Dissolved organic carbon (DOC) and in situ fluorescence were measured along with
hydrographic parameters in the Greenland, Iceland, and Norwegian Seas (Nordic Seas).
Surface (<100 m) concentrations of DOC ranged from 60 to 118 pM with elevated values
in the East Greenland Current (EGC) which transports water from the Arctic Ocean to the
North Atlantic. EGC surface waters also showed a pronounced fluorescence maximum
between 30 and 120 m depth in all EGC sections indicating the abundance of Arctic river
derived DOC in this current. Based on fluorescence we estimated that 20—50% of the
annual river discharge to the Arctic Ocean was exported in the EGC. The fluorescence
maximum was typically associated with salinity around 33 and temperatures below —1°C
which are characteristic of surface and upper halocline water in the Arctic Ocean. The
elevated fluorescence in this water mass suggests a strong Eurasian shelf component and
also suggests that in situ fluorescence could be used to trace Eurasian shelf water in the

central Arctic Ocean. DOC concentrations in the Nordic Sea basins (>1000 m) were
relatively high (~50 pM DOC) compared with other ocean basins indicating active
vertical transport of DOC in this region on decadal timescales. Based on existing vertical
transport estimates and 15 pM of semilabile DOC we calculated an annual vertical net
DOC export of 3.5 Tg C yr ' in the Greenland Sea and about 36 Tg C yr~' for the entire
Arctic Mediterranean Sea (AMS) including the Greenland-Scotland Ridge overflow. It
appears that physical processes play a determining role for the distribution of DOC in the

AMS.
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1. Introduction

[2] Dissolved organic matter (DOM) in the ocean repre-
sents one of the largest reservoirs of organic carbon on Earth
and changes in the size of this pool would have significant
consequences for atmospheric CO, concentrations on time-
scales of 1000—10,000 years [Hedges, 1992]. The potential
importance of dissolved organic carbon (DOC) as part of the
biological carbon pump has been realized [Ducklow et al.,
1995; Ducklow, 1995; Denman et al., 1996; Nagata, 2000;
Hansell et al., 2002] but the mechanisms responsible for the
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global distribution of DOC are not well understood [Hansell
and Carlson, 1998; Williams, 2000]. While there are some
general estimates of annual global DOC convection (>500 m)
around 120 Tg C yr~ ' [Druffel et al., 1992; Hansell, 2002],
only few studies [Copin-Montégut and Avril, 1993; Carlson
et al., 1994; Hansell et al., 2002] have specifically deter-
mined vertical DOC fluxes in the ocean. The Greenland,
Iceland, and Norwegian Seas (Nordic Seas) are arguably
among the most important sites for deep water formation on
Earth [Aagaard et al., 1985], and at the same time they
appear to have relatively high concentrations of DOC
throughout the water column compared with other oceans
[Borsheim, 2000; Anderson, 2002; Amon and Benner, 2003].
Although the Nordic Seas have been known to be an
important site for deep water formation, representing a
driving force for the thermohaline circulation and hence
for global climate [Broecker, 1991], relatively little is known
about DOC fluxes in this area.
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[3] Exchanges between the Nordic Seas and adjacent
ocean basins are largely restricted by bottom topography.
The Greenland-Scotland Ridge with a maximum sill depth
of 800 m separates the Nordic Seas from the North Atlantic,
while the connection to the Arctic Ocean allows the
exchange of deeper waters (<2600 m) through Fram Strait.
Together, the Nordic Seas and the Arctic Ocean are referred
to as the Arctic Mediterranean Sea (AMS) and in fact share
a number of characteristics with respect to physical ocean-
ography [Aagaard et al., 1985] and organic geochemistry
[Amon and Benner, 2003]. Lateral exchanges of the AMS
with the Pacific and especially the Atlantic are dispropor-
tionately large relative to its small volume (13.7 x 10° km?)
and would theoretically renew the entire AMS in less than
50 years. In reality, residence times for surface water (years)
and deep water (decades to centuries) of the different basins
are quite variable but are typically <500 years with Cana-
dian Basin Deep Water (CBDW) representing the “oldest™
water body and Greenland Sea Deep Water (GSDW) having

the most recent exchange with surface waters [Bénisch and
Schlosser, 1995; Aagaard et al., 1985; Ostlund et al., 1987;
MacDonald and Carmack, 1993; Budeus et al., 1998]. The
large lateral exchange of water masses influences the
distribution, concentrations, and flux of DOC in a variety
of ways.

[4] One very important influence, the large amount of
river water and terrigenous DOM in surface waters of the
Arctic Ocean and the East Greenland Current (EGC), has
been realized in the recent past [Opsahl et al., 1999;
Anderson, 2002], but geographical and temporal variability
are still poorly understood. It is usually necessary to
characterize a sample on the isotopic or molecular level to
determine the origin of DOM. These analyses are very time
consuming, and often require concentration of DOM and
separation from abundant salts prior to analysis (something
which cannot realistically be achieved on a large sample set
typically collected during oceanographic cruises). As an
alternative, electronically detectable fluorescence properties
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of water samples have been used in several studies to
distinguish DOM of different origin [Coble et al., 1990;
Coble, 1996; Parlanti et al., 2000; McKnight et al., 2001],
to monitor estuarine mixing of riverine and marine water
masses [Klinkhammer et al., 1997; De Souza Sierra et al.,
1997; Ferrari and Dowell, 1998; Del Castillo et al., 1999],
and as a proxy for bulk DOC concentration [Laane and
Koole, 1982; Ferrari et al., 1996; Guay et al., 1999]. In this
study we used in situ fluorescence measurements to trace
the distribution and concentration of river water and terrig-
enous DOM in Nordic Seas surface waters.

[s] The distribution and origin of DOC in Nordic Seas
will be discussed in relation to water mass characteristics,
lateral exchanges with neighboring basins, vertical transport
in the convective gyres, and residence times.

2. Materials and Methods
2.1. Sampling

[6] Hydrographic data (salinity and temperature) and
samples for DOC determination were collected during
cruises ARK XIII/3 (August—September 1997) and ARK
XIV/2b (September—October 1998) on FS Polarstern.
Additionally, we obtained in situ fluorescence data during
cruises ARK IX (May—June 1993) along one cross section
at about 79°N and during ARK XIV/2b from sections
between about 65° and 76°N. During ARK XIII/3 four
oceanographic sections (A—D; Figure 1) in the Fram Strait
and one section across the Greenland Sea along the 75°N
latitude (E; Figure 1) were sampled. During ARK XIV/2b
we extended our survey to the south with cross sections at
75°N (F; Figure 1), 71°N (G; Figure 1), two sections
across the Denmark Strait (H + I; Figure 1), a short section
across the Greenland Shelf south of 66°N (J; Figure 1), and
a less frequently sampled section crossing from the Green-
land Basin into the Lofoten Basin in the Norwegian Sea
(Figure 1).

2.2. Principal Water Masses and Currents

[7] The sampling area (Fram Strait, Nordic Seas, and
Denmark Strait) is characterized by several deep basins
(Figure 1) which communicate through lateral exchanges of
water masses characterized by temperature and salinity
(Figure 2 and Table 1). There are two main large-scale
currents in the study area. The first is the Norwegian
Atlantic Current (NAC; Figure 1) which transports warm
and saline Atlantic water masses northward. These Atlantic
Waters (AW) enter the Arctic Ocean through the Fram Strait
(West Spitzbergen Current or WSC) and through the
Barents Sea (Figure 1). Part of the AW recirculates (Return
Atlantic Water, RAW) in the Fram Strait area, while the
major portion of AW enters the polar ocean. After being
modified along its way the “Modified” Atlantic Water
(MAW) exits the Arctic Ocean on the western side of Fram
Strait, where it can be found together with the RAW and the
overlying lighter Polar Waters (PW) in the EGC (Figure 1).
The EGC extends along the entire Greenland coast from
Fram Strait to Denmark Strait and transports also deep
waters stemming from the Arctic due to its barotropic flow
component.

[8] AW is easy to identify because of its high salinity and
temperature (Figure 2). In the WSC it is found between the
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Figure 2. Characteristic temperature and salinity values
for typical water masses observed in the sampling area. PW,
Polar Water; DW, Deep Water; RAW, Return Atlantic
Water; MAW, Modified Atlantic Water; AW, Atlantic Water.
Dotted line represents the freezing points at the different
salinities.

surface and about 600 m depth. RAW and MAW still form a
maximum in temperature and salinity within the EGC (at
roughly 250 m), but since it is often difficult to distinguish
the two water masses we refer to both as RAW in the
following text. The PW above RAW occupies a layer of
100—150 m depth and carries pack ice southward. PW is a
pragmatic term and includes all waters with salinities below
34.0 and temperatures below 0°C (Figure 2). It contains
waters of divers origins, such as river runoff, Eurasian shelf
water, ice and snow meltwaters, and Pacific waters which
mix in the Arctic Ocean to form PW. The deep waters of the
EGC originate in the Canadian Basin (CBDW, core at about
1500 m depth) and in the Eurasian Basin (Eurasian Basin
Deep Water (EBDW), core at about 2000 m depth). Other
identifiable deep water masses in the study area are GSDW
and Norwegian Sea Deep Water (NSDW; Table 1).

2.3. Measurements

[¢9] Hydrographic data were collected with a SeaBird SBE
911 + CTD system with a pumped TC-duct and duplicate
sensors. Water sampling was performed by a Carousel rosette
sampler equipped with 24 Niskin bottles of 12 1. Calibration
of hydrographic sensors included lab and in situ calibrations,
for the latter a SBE35 deep sea reference thermometer has
been used. Fluorescence was determined with an in situ
backscatter fluorescence probe (Dr. Haardt, Optic & Mikroe-
lektonik, Germany) mounted onto the CTD system. The in
situ probe has fixed excitation (350—460 nm) and emission
(550 nm) wavelengths chosen based on empirical calibra-
tions with terrigenous humic substances. These wavelengths
were found to give the optimal signal-to-noise ratio and
superior resolution relative to specific narrow band excitation
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Table 1. DOC Concentrations in Nordic Seas Water Masses

Water Pot. Temperature, DOC + SD (n),
Mass Depth, m  Salinity, %o °C uM
PW 0-200 <34.70 <0.0 75.8 £ 10.2 (160)
AW 50-600 >34.90 >3.0 582 +49 (54
RAW 50-500 >34.90 >0.0 584 £5.1 (44)
Intermediate 300—1500  <34.92 >—0.5 53.3 £ 3.6 (66)
water
Unspecified 1500-2000 >34.70 <0.0 51.6 £ 3.6 (20)
deep water
CBDW 1500-1800  >34.92 —0.8 to —0.5 472 (1)
EBDW 1800-2500 >34.92 <-0.8 49.8 £ 2.0 (20)
GSDW >2500 34.88-34.90 <-1.0 49.5 £2.0 (22)
NSDW >2000 <34.92 <=0.5 475+ 1.8 (4)

and emission wavelengths (Ex/Em = 340/420 nm) for the
detection of terrigenous DOM. The in situ fluorescence probe
used in this study was specifically designed to collect
fluorescence data during CTD casts allowing real-time data
collection along with other oceanographic parameters,
matching their high spatial resolution.

[10] To determine the response of the in situ fluorometer
to various concentrations of terrigenous DOC (TDOC) and
to use the collected data quantitatively, we conducted
calibration experiments by mixing water from the Russian
rivers, Ob and Yenisei (~650 puM DOC), with AW (salinity
= 35) from Fram Strait. We found a strong linear relation-
ship between the concentration of TDOC and the fluores-
cence signal (Ex: 350—460 nm; Em: 550 nm) of the in situ
probe over a broad range of concentrations (Figure 3a). In
the lower concentration range (Figure 3a, insert), typically
encountered in PW, the relationship (¥ = 0.948) is best
described by the following linear equation:

F(350 — 460/550) = 0.025 x TDOC + 0.364. (1)

The in situ fluorescence measurements were also strongly
related to lignin phenol concentrations determined in
ultrafiltered DOM sampled in PW (Figure 3b) indicating
that the in situ fluorescence probe detects DOM coming
from terrestrial vegetation. The strong positive relationships
between TDOC and the fluorescence signal from the probe
together with detailed chemical information on DOM with
elevated fluorescence values established the probe as a
reliable, fast, and cost efficient solution to estimate the
contribution of riverine or terrigenous DOM in PW. The y
intercepts in Figures 3a and 3b also indicated the presence
of a considerable background fluorescence potentially
coming from marine-derived organic matter, however, the
ultimate source of this fluorescence background is still
unidentified. The background observed during the labora-
tory calibrations (Figure 3a) agreed well with the fluores-
cence background observed in surface waters of the Nordic
Seas which showed little variation throughout the study
area.

[11] Independent of the in situ probe, we used a labora-
tory-based high-resolution fluorescence spectrometer
(QuantaMaster-1; Photon Technology International) [Coble
et al., 1993] to compare fluorescence characteristics of
selected samples from Arctic rivers and the Nordic Seas.
Fluorescence of 0.2 pm filtered water collected from the
rivers Ob (2 September 1999; 0.6 psu), Yenisei (12 Sep-
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tember 2000; 0 psu), Mackenzie (31 July 1999), and the
Nordic Seas was measured in 1 cm quartz cuvettes at 18°C.
The instrument is equipped with a 75-watt xenon short arc
lamp (Ushio Inc., Japan) as light source and monochroma-
tors for both the excitation and emission sides. The river
samples were diluted twofold to threefold with water (Milli-
Q-UV) prior to analysis in order to minimize quenching of
fluorescence by inner filter effects. Excitation/emission
matrices were generated by concatenating 42 individual
emission spectra collected in ratio mode at excitation wave-
lengths between 260 and 465 nm using 5 nm increment
steps. The first emission scan covered the spectral range
from 272 to 492 nm and the last from 477 to 697 nm with
data collected every 1 nm over an interval of 0.5 s. Photo-
multiplier voltage was set to 1000 V and band-pass widths
were 5 nm for excitation and 2 nm for emission, respec-
tively. Individual spectra were corrected for the water
Raman scatter peak. Correction for excitation and emission
characteristics of the instrument [Ewald et al., 1983; Coble
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Figure 3. Relationship between (a) in situ fluorescence
(Ex: 350-460 nm; Em: 550 nm) and the concentration of
TDOC during a calibration experiment (mixing of AW with
water from the Ob and the Yenisei rivers. The insert
focuses on the lower concentration range typically observed
in PW of the EGC. Relationship between (b) in situ
fluorescence (Ex: 350—460 nm; Em: 550 nm) and lignin
phenol concentrations measured in samples from the same
locations.
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et al., 1993] was performed electronically by the software of
the instrument. The fluorescence intensity (Ex/Em = 350/
450 nm) of a standard solution of 1 ppb quinine sulfate in
0.05 M sulfuric acid (measured under sample conditions and
corrected for solvent fluorescence) was used to convert
sample fluorescence to quinine sulfate units (QSU).

[12] DOC samples were collected from Niskin bottles and
filtered through precombusted GFF filters immediately after
sampling. Samples were stored in precombusted sealed
glass ampoules at —20°C until analysis at the home labo-
ratory. DOC was measured using the high-temperature
combustion method and either a Shimadzu TOC 5000
analyzer [Benner and Strom, 1993] or MQ-1001 TOC
Analyzer [Qian and Mopper, 1996] with slight modifica-
tions [Peterson et al., 2003]. To assure quality control we
routinely determined deep-sea DOC standards supplied by
J. Sharp (University of Delaware) or our own from Arctic
Ocean deep water (50.5 pM, calibrated with the standard
supplied by J. Sharp). The standards were used approxi-
mately on every second day of analysis and averaged 47.5 +
0.7 uM C (n = 5) for the Shimadzu TOC 5000, and 45.4 +
1.4 uM C (n = 8) for the MQ-1001 Analyzer. The deep
water standard from the Arctic Ocean had an average DOC
concentration of 51.1 + 2 pM C (n = 27) which was within
the margin of error compared to cross calibration with
Sharp’s deep sea standard. The vast majority of the samples
were measured with the MQ-1001 analyzer. With this
instrument the relative standard deviation at the 80-pM
DOC level was on average 1.6% (n = 200) and 2% at the
50-uM DOC level (n = 309). DOC values were not
corrected for differences between instruments or deviations
from the deep-sea standards.

3. Results and Discussion
3.1. Distribution of DOC

[13] The horizontal and vertical distribution of DOC in
the 10 cross sections (Figure 4) show locally elevated
surface DOC values over the Greenland Shelf in the Fram
Strait (Figures 4a—4d), and in the Greenland-Island Sea
(Figures 4e—4j). In general, highest DOC concentrations
were found in low-salinity water typically associated with
the EGC surface layer (Figures 4 and 5). Average DOC
concentrations in the upper 100 m ranged from 81 pM C
(60—118 pm C) in the northernmost sections (Figures 4a
and 4b) to 59 pM C (53-68 pM C) in the southernmost
section (Figure 4j) indicating a general decrease of surface
DOC concentrations from the north to the south. Depth
profiles of DOC in the deep basins (>2500 m; Figure 6)
indicate highly variable DOC concentrations in the upper
150 m, except for the Irminger Basin. DOC decreased with
depth in all deep basins to deep water (>1000 m) values
between 45 and 60 pM C with no obvious latitudinal trend
(Figure 6). Highest deep water concentrations were found in
the Boreas Basin (Figure 6b) and lowest concentrations in
the Lofoten Basin of the Norwegian Sea (Figure 6¢).
Compared to average DOC concentrations in ocean surface
(<100 m; 60—90 pM C) and deep waters [>1000 m; 35-45
puM C; Benner, 2002], surface values presented in this study
appear similar to the global average, while average deep
water DOC concentrations are higher than the global
average. The high deep water DOC values reported here
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are consistent with reports of relatively high DOC concen-
trations in the deep basins of the central Arctic Ocean
[Anderson et al., 1994; Bussmann and Kattner, 2000; Amon
and Benner, 2003] and the deep Nordic Seas [Hansell and
Carlson, 1998; Borsheim and Myklestad, 1997; Borsheim,
2000; Amon and Benner, 2003], and appear to be a
characteristic feature of high northern latitude ocean basins.
The higher surface DOC concentrations (>100 pM C)
observed in the northernmost sections (Figures 4a—4c) are
similar to DOC concentrations reported from surface waters
of the central Arctic Ocean [Guay et al., 1999; Bussmann
and Kattner, 2000; Amon and Benner, 2003]. These studies
indicate that the elevated DOC concentrations were in part a
result of abundant river water in Arctic Ocean surface
waters consistent with the low salinities in EGC surface
waters observed here (Figures 5a—5c).

[14] To get a better grasp on the distribution, fluxes, and
origin of DOC we related them to specific water masses
which can be distinguished based on temperature and
salinity limits (Figure 2 and Table 1). As the most promi-
nent water mass, AW is observed in most cross sections
except the northernmost (Figures 5a and 5b) which did not
extend far enough to the east to meet AW. AW flowing into
the central Arctic Ocean can be identified by salinity
(>34.9) in the upper 600 m of the eastern parts of sections
B, C, D, E, and F (Figures 5b—5f). AW entering the Arctic
Ocean through Fram Strait had an average DOC concen-
tration of 60.6 = 5.4 pM C in 1997. In 1998 we sampled
AW further south at 71°N and 75°N with DOC concen-
trations of 57.6 = 4.2 uM C. DOC concentrations in AW
appear to be quite consistent in the different zonal cross
sections with an overall average DOC value of 58.2 uM C
for the Nordic Seas (Table 1) and a similar value (59 uM C)
assigned to AW in the central Arctic Ocean [Bussmann and
Kattner, 2000]. AW was also collected in the Denmark
Strait (Figures 5h and 51) and was characterized by salinities
>35 and average DOC concentrations of 60.1 = 4.9 pM C.

[15] RAW can be identified on the western side of
sections C, D, E, F, and G at a depth between 50 and 500
m (Figures 5¢c—5g). Based on characteristic salinity (>34.9)
and potential temperature (>0°C) limits, RAW had an
average DOC concentration of 58.7 = 5.3 pM C in 1997
(transects north of 75°N) and 56.9 + 3.6 pM C in 1998
(transects south of 75°N) with an overall average concen-
tration of 58.4 uM C (Table 1), closely resembling AW.

[16] Higher concentrations of DOC (>70 pM C) were
generally associated with PW (surface to 75—200 m) in the
EGC with salinities <34.7 and temperatures <0°C (Figures 2
and 5, and Table 1). Minimum salinities of PW in summer
were below 30, and lowest salinities were observed south of
76°N in 1998 (Figures 5f—5j) due to prolonged ice melt and
thaw water runoff from Greenland. The horizontal extension
of PW was between 200 and 300 km, and covered large
portions of the northern Fram Strait (Figures 5b and 5c¢) and
also Denmark Strait (Figures 5h and 5i). The average DOC
concentration in PW was 75.8 £ 10.2 pM C (Table 1).
Again, higher values were detected in 1997 north of 75°N
(81.0 pM DOC) than 1998 south of 76°N (71.2 uM DOC;
Figure 4).

[17] Water masses between 300 and 1500 m that do not
belong to the above-mentioned water masses are referred to
as intermediate water with a salinity <34.92 and a potential



AMON ET AL.: DOC IN THE NORDIC SEAS

14 -6

[w] pdag

00

6

00

2

[w] wdaq

[w] pdaq

[w] pdaq

& & & g 7

g g
[w] ydaq

200

[w] ydaq

] & [ g 7
e s

< 2 28 s ¢
[w] yydaq

50

2.

00
Distance [km]

2

50

00

00

6

00

4

Distance [km]

00

2



AMON ET AL.: DOC IN THE NORDIC SEAS

temperature >—0.5°C. DOC concentration in these waters
averaged 54.3 + 3.9 uM in the northern sections in 1997 and
52.6 = 3.1 pM in the southern sections in 1998. The overall
average DOC concentration of intermediate water was 53.3
+ 3.6 pM C (Table 1). Deep water masses identified in
Figure 2 have an average DOC concentration of 51.6 + 3.6
pM C with NSDW having slightly lower values (47.5 pM
C) than the others (Table 1). In summary, the distribution of
DOC concentrations (Figures 4 and 6, and Table 1) revealed
two particular features, elevated concentration of DOC in
low-salinity PW leaving the Arctic Ocean in the EGC, and
relatively high concentrations of DOC in all the deep basins.

[18] Prior studies in Arctic Ocean and Nordic Seas
surface waters [Guay et al., 1999; Amon and Benner,
2003] have found a variable but inverse relationship be-
tween DOC and salinity, generally pointing to a freshwater
(river) source of DOM in PW. The relationship between
DOC and salinity observed in the upper 200 m of the EGC
(Figure 7a) also showed the general trend of increasing
DOC concentrations with lower salinity, however, the
correlation was not very strong. The overall weak relation-
ship, and differences between the two sampling periods and
locations indicated the variable contribution of other fresh-
water (rivers and ice ablation) and/or DOM (rivers and
marine phytoplankton) sources. Apparently, the relative
importance of these factors varies greatly with location.
This also explains that in situ fluorescence shows a much
weaker correlation to bulk DOC concentration (Figure 7b)
than to TDOC (Figure 3a). The y intercept in Figure 7b also
indicates considerable fluorescence at zero DOC. This
suggests that at least some of the fluorescence background
is of inorganic nature.

3.2. Distribution of in Situ Fluorescence as an
Indicator of the Origin of DOM in PW

[19] In situ fluorescence data collected at 79°N in 1993
(Figure 8a) and at the sections sampled in 1998 (Figures
8b—8¢) show a pronounced and reproducible pattern. A
well-defined subsurface (50—100 m) fluorescence maxi-
mum observed in all sections from the northern Fram Strait
at 79°N (Figure 8a) to the Denmark Strait at 70°N (Figures
8d and 8e¢) was the most striking feature in the fluorescence
data set. At 79°N (Figure 8a) the fluorescence maximum
was about 300 km away from the coast, while further south
at 75°N and 71°N (Figures 8b and 8c) the core of the
fluorescence was found closer to the Greenland coast,
generally following the pathway of the EGC. In sections
H and I (Figure 1) across the Denmark Strait (Figures 8d
and 8¢) we observed two patches with elevated fluorescence
indicating that the well-defined single core of fluorescence
observed all along the EGC was disintegrating. South of
Denmark Strait in the Irminger Sea (Figure 8f), only a weak
fluorescence maximum was detected in PW close to the
coast. It appears that part of the high-fluorescence PW
recirculated back into the Iceland Sea or drifted into the
open North Atlantic at a depth level close to the surface. In
general, we observed a decrease in the surface fluorescence
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maximum from north (0.84 V at 79°N) to the south (0.48 V
in the Denmark Strait). AW was consistently characterized
by low fluorescence throughout the study area (Figures 8b—
8f). With the relationship between in situ fluorescence and
TDOC (equation (1)), it is possible to roughly calculate the
concentration of TDOC in PW and to estimate TDOC fluxes
from the Arctic Ocean to the North Atlantic. We found that
the concentration of TDOC in PW ranged from 1 to 19 uM
TDOC, which represents between 1.5 and 25% of total
DOC.

[20] The fluorescence maximum in the EGC was associ-
ated with PW of a certain salinity (around 33) and potential
temperature (—2° to —1°C) in all sections from 79°N to
Denmark Strait (Figures 9a—9d). This salinity and temper-
ature range is typical for surface and upper halocline water
in the Arctic Ocean, and is often associated with water
originating in the Pacific Ocean because of its occasionally
high silicate concentrations [Jones et al., 1998]. We suggest
that PW of this salinity (around 33) in Fram Strait also
contains a significant amount of Eurasian river runoff and
that this is responsible for most of the observed fluorescence
signal. This idea is supported by the large export of TDOC
observed in the EGC (3—10 Tg C yr ') [Opsahl et al.,
1999] which cannot be supplied by North American rivers
alone (including Yukon and Anadyr) that annually deliver
<3 Tg C to the Arctic Ocean. Additionally, part of the North
American river discharge is likely channeled through the
Canadian Archipelago. Instead of proposing a new pathway
for Pacific waters we suggest that there is an additional
near-surface water mass in Fram Strait with very similar
temperature-salinity characteristics. We believe that a large
portion of the high fluorescence water observed in PW of
the Fram Strait is formed on the Eurasian shelves from
where it is advected into the central Arctic Ocean and on
toward the Fram Strait via the Transpolar Drift where it
mixes with waters originating in the Pacific Ocean. This is
consistent with a recent study by Falck [2001] who argued
for a 50/50 mix of AW and Pacific water in EGC subsurface
waters resulting in a water mass with a salinity around 33
and high nutrient levels. A possible mechanism to produce
water with high levels of fluorescence at a salinity around
33 would involve mixing of AW and river runoff under the
influence of vertical mixing and sea ice formation on the
Eurasian shelves [4mon, 2003]. The questions as to which
processes are most important for the production of such
water on the Eurasian shelves and where it happens exactly
are not clear at the moment. Nevertheless, the high concen-
trations of terrestrially derived DOM in PW of the EGC can
only be explained by a Eurasian shelf contribution. The fact
that we were able to observe enhanced fluorescence in the
subsurface layer of PW at various latitudes, from 79°N to
65°N, and over several years indicates that the outflow of
terrigenous DOM is a characteristic feature of PW and the
EGC.

[21] To further confirm that fluorescence can be used to
trace Arctic river DOM in PW of the EGC, we determined
3-D excitation/emission matrices of water samples from Ob,

Figure 4. (opposite) Distribution of DOC (uM) in the upper 250 m of the oceanographic sections at ca. 82°N (a), at 81°N
(b), at ca 79°N (c), at 78°N (d), at 75°N (e + f), at 71°N (g), across the northern Denmark Strait (h), at ca. 66°N across the
Denmark Strait (i), and at ca. 65°N (j). Figures were created with Ocean Data View (available at http:/www.awi-

bremerhaven.de/GEO/ODV).
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Figure 5. Distribution of salinity in the upper 250 m of the oceanographic sections at ca. 82°N (a), at
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at ca. 66°N across the Denmark Strait (i), and at ca. 65°N (j). Figures were created with Ocean Data View
(available at http://www.awi-bremerhaven.de/GEO/ODV).
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Figure 6. DOC depth profiles in (a) the northern Fram Strait (Lena Trough) in 1997, (b) the Boreas
Basin in the northern Greenland Sea in 1997, (c) the central Greenland Sea in 1997, (d) the central
Greenland Sea in 1998, (e) the Lofoten Basin in the Norwegian Sea in 1998, and (f) the Irminger Basin in

1998.

Yenisei, and the Mackenzie as well as from surface waters
inside and outside PW in the EGC, and from one deep water
sample (Figures 10a—10f). The contour plots (corrected for
excitation and emission characteristics of the fluorometer;
Figures 10a—10c) showed fluorescence patterns typical for
riverine DOM with two humic-like fluorescence peaks
[Coble, 1996; Del Castillo et al., 1999]. The position of
these peaks is very similar among the three Arctic rivers
with distinct excitation/emission maxima at 270/455 and
320-325/435—-445 nm for Ob and Yenisei, and a lower but
still identifiable region of elevated signal intensities at an
emission range of 425—440 nm upon excitation at 300—325
nm for Mackenzie, indicating a qualitatively uniform fluo-
rescence signal for TDOM coming from different Arctic
rivers. The wavelengths at which excitation/emission had
their maximum in the PW sample (from section G; Figure 8)
were also very similar to the river maxima (Figure 10d),
only 7-24 times lower in fluorescence intensities. This
indicates that the terrigenous humic-like fluorescence signal
did not change qualitatively during the several years of
transit from the rivers to the EGC [Schlosser et al., 1995a].
Several studies report that riverine fluorescence signals

exhibit a conservative behavior upon mixing with the
marine end-member over a wide salinity range, with no
major qualitative and quantitative changes due to floccula-
tion, biological degradation, or photodegradation [Klink-
hammer et al., 1997; Del Castillo et al., 1999; Clark et al.,
2002]. However, both field studies in lower latitude systems
and laboratory studies have demonstrated that extended
exposure to sunlight can result in substantial photodegra-
dation of terrestrially derived DOM [Amon and Benner,
1996; Vodacek et al., 1997; Chen, 1999; Moran et al., 2000;
Chen et al., 2002]. The qualitative effect of photobleaching
on the fluorescence spectra appears to be modest, with a
blue shift in the excitation/emission maximum of the humic-
like fluorescence peak [Del Castillo et al., 1999; Moran et
al., 2000] that still allows to match source and signal.
Arguments that explain the strong terrestrially derived
fluorescence signal in Fram Strait, far away from their
riverine sources include (1) the intense humic-like fluores-
cence signal of DOC from major Arctic rivers (Figures
10a—10c), (2) the conservative mixing pattern of riverine
DOC on Arctic shelves [Cauwet and Sidorov, 1996; Kéhler
et al., 2003], (3) self-shading of photosensitive molecules
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Figure 7. Relationship between (a) DOC concentrations
and salinity in surface waters of the Nordic Seas during the
cruises in 1997 (north of 75°N) and in 1998 (south of 75°N)
and between (b) DOC concentrations and in situ fluores-
cence (Ex: 350-460 nm; Em: 550 nm) during the 1998

cruise.

due to the high light attenuation in the water column over
the shelf areas, (4) partial protection of photoreactive
dissolved material by sea ice, and (5) low irradiance in
the Arctic on an annual scale. The contour plots of Green-
land Gyre surface water (Figure 10e) and deep sea water
(Figure 10f) represent background fluorescence since they
contain minor amounts of TDOM based on lignin phenol
and stable carbon isotope values [Opsahl et al., 1999]. As
mentioned before it is not known at this point where this
background fluorescence, which is especially pronounced
in deep water, comes from. Elevated humic-like fluores-
cence in deep water samples relative to surface waters was
found in various oceanic regimes (e.g., Sargasso Sea,
Pacific Ocean, eastern Atlantic Ocean) and was attributed
to enhanced photobleaching occurring in surface waters
[Chen and Bada, 1992; Mopper and Schultz, 1993; Deter-
mann et al., 1996; Vodacek et al., 1997]. 1t is noteworthy
that marine water samples expressed additional emission
maxima in the range of 310-334 nm upon excitation at
280 nm (Figures 10d—10f). This type of fluorescence is
indicative for proteinacous material [Coble et al., 1990;
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Mopper and Schultz, 1993; Coble, 1996; Determann et al.,
1998] and is likely derived from biological processes in the
ocean thus indicating a marine source of this chromophoric
material in contrast to the much higher humic-like fluores-
cence observed in the Arctic rivers and in PW.

3.3. DOC Fluxes Between the Arctic Ocean and the
North Atlantic

[22] Since the 1970s a number of studies were devoted to
the estimation of absolute volume transports of water
masses through Fram Strait [4dagaard and Greisman,
1975; Hanzlick, 1983; Foldvik et al., 1988; Mauritzen,
1996a, 1996b; Cisewski, 2001; Fahrbach et al., 2001] and
across the Greenland-Scotland Ridge [Dickson et al., 1990;
Mauritzen, 1996a, 1996b; Hansen and Osterhus, 2000,
Smethie and Fine, 2001]. Although there still exist consid-
erable uncertainties about net transports and their interan-
nual and seasonal variation, together with the concentrations
of DOC presented here, it is possible to estimate ranges of
import and export of DOC to and from the Nordic Seas
(Table 2). In order to simplify the discussion of lateral DOC
transport, we will focus on PW and RAW in the EGC and
AW in the NAC. This is reasonable since our main interest
is not on the internal circulation within the Arctic Mediter-
ranean but rather on the export of DOC out of the Arctic
system into the world ocean. With respect to this, deep
water transport in the Nordic Seas is poorly understood and
less important due to topographic constraints in the south
and was not considered here.

[23] Through Fram Strait the Nordic Seas exchange DOC
with the Arctic Ocean (Table 2). The southward transport in
the EGC can be partitioned in two subfractions, PW (27-49
Tg C yr ') and RAW (53-103 Tg C yr '; Table 2). AW
northward flow with the WSC is on the order of 66—121 Tg
C yr~!' (Table 2), and about half that amount (41—47 Tg C
yr ) of DOC is exported to the Arctic Ocean through the
Barents Sea branch of the NAC (Table 2) corresponding to
the smaller volume flow there [ca. 2 Sv, 1 Sv = 10° m? sfl;
Ingvaldsen et al., 2002]. This would suggest that DOC
exchanges between the Nordic Seas and the central Arctic
Ocean are approximately in balance.

[24] In Denmark Strait the upper 600 m of the EGC
deliver 90—112 Tg C yr~ ' to the North Atlantic (Table 2) of
which 2.4-2.9 Sv [Dickson et al., 1990; Smethie and Fine,
2001] or 50—-60 Tg C yr ' are considered Denmark Strait
Overflow, a precursor of North Atlantic Deep Water
(NADW). Together with overflow water crossing the Ice-
land-Scotland Ridge [2.7 Sv; Dickson et al., 1990] and
assuming a DOC concentration of 55 uM C for overflow
water (Table 2), the Nordic Seas export roughly 146—168
Tg C yr ' to the North Atlantic of which about 117 Tg C
yr ! enter as precursor for NADW. In return, about 8 Sv (1
Sv through Denmark Strait) [Hansen and Osterhus, 2000],
of AW enter the Nordic Seas importing 167—197 Tg C
annually (Table 2). The strong relationship between TDOC
and fluorescence (Figure 3) together with the high resolu-
tion of in situ fluorescence data (Figure 8) allows us to
estimate also the export of TDOC in the EGC. According to
the relationship in equation (1), PW and RAW export about
5 Tg TDOC through Denmark Strait into the North Atlantic
(Table 2). A similar but slightly higher transport value (4.5—
8.1 Tg TDOC yr ') was calculated for the EGC at 75°N
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In situ fluorescence (Ex: 350—460 nm; Em: 550 nm) in the upper 250 m of oceanographic

sections at ca. 79°N in 1993 (a), at 75°N in 1998 (b), at 71°N in 1998 (c), section H across the northern
Denmark Strait in 1998 (d), section I at ca. 66°N across the Denmark Strait in 1998 (e), and section J
south of Denmark Strait in 1998 (f). Figures were created with Ocean Data View (available at http://

www.awi-bremerhaven.de/GEO/ODV).

(Table 2). At the 79°N section from May 1993 (Figure 8a)
higher fluorescence values (>0.8 V) were observed which
would translate to an export of about 11-12 Tg C yr ',
however, without concurrent DOC measurements and prop-
er calibration of the probe for this year this number has to be
viewed with caution. If we assume an annual river discharge
of 23 Tg DOC to the Arctic Ocean [Anderson, 2002] our
TDOC export estimates indicate that 22—51% of this river
carbon is exported from the Arctic Ocean in the EGC. This
estimate is similar to a previous estimate (12—41%) based
on detailed chemical characterization of ultrafiltered DOM
[Opsahl et al., 1999].

[25] We observed considerable amounts of TDOC at
several latitudinal cross sections through the EGC and over
several years, and therefore consider our export estimates
for TDOC to be representative, but at the same time we
realize that sampling was limited to the August to October
period and the relative amount of TDOC (fluorescence)
could change over the course of the year as does the volume
transport [Woodgate et al., 1999]. The variability of TDOC
in the EGC reflects the heterogeneous distribution of river

water within the Arctic Ocean surface [Opsahl et al., 1999;
Amon and Benner, 2003]. The ultimate fate of Arctic river
DOM is not well understood but a recent study by Jones et
al. [2003] traced Pacific water, which we believe has a
strong Arctic river component, deep into the North Atlantic.
The fact that we find significant amounts of DOC derived
from Arctic rivers far away from its source indicates that
this material survived several years of transit through the
Arctic Ocean [Schlosser et al., 1995a]. This is consistent
with our finding that DOM discharged by the two Russian
rivers, Ob and Yenisei, is largely refractory [Kéhler et al.,
2003].

[26] If we balance the lateral exchanges of DOC in the
Nordic Seas we end up with a total annual import of 247—
349 Tg C and an export of roughly 243-337 Tg C.
Considering the error associated with these estimates the
import and export fluxes are well balanced. The magnitude
of the lateral DOC exchanges becomes obvious when it is
compared to annual estimates of primary production in the
Greenland (42 Tg C yr ") [Sakshaug, 2003] and Norwegian
Sea (160 Tg C yr ') [Sakshaug, 2003]. Phytoplankton
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Figure 10. Contour plots of fluorescence excitation/emission matrices of water samples from (a) the
Yenisei river (0.0 psu), (b) the Ob river (0.6 psu), (c) the Mackenzie river, (d) the EGC (fluorescence
maximum), (¢) Greenland Sea surface water (outside the fluorescence maximum), (f) Fram Strait deep
water (2500 m). Fluorescence signals were corrected for water Raman peaks and excitation/emission
characteristics of the fluorometer. Isolines represent QSU (1 QSU = 1 ppb quinine sulfate in 0.05 M
sulfuric acid).
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Table 2. DOC and TDOC Fluxes in the Nordic Seas®

AMON ET AL.: DOC IN THE NORDIC SEAS

Section Water Mass DOC, mg1™' TDOC, mg1™' Volume Flow, Sv=10°m’s' DOC Flux, Tg yr ' TDOC Flux, Tg yr "
Fram Strait PW 0.99 £ 0.12 0.21 1.0-1.4 (-) 27.4-49.0 (—) 6.6-9.3
79°-81°N RAW 0.76 + 0.06 0.02 24-4.0 (—-) 53.0-103.4 (—) 1.5-2.5

AW 0.74 £ 0.06 3.1-4.8 (1) 66.4—-121.1 (+)
75°N PW 0.88 £ 0.12 0.07 1.3-2.4(—) 31.2-75.7 (—) 2.9-5.6
RAW 0.71 + 0.05 0.02 2.6-52 (-) 54.1-95.9 (—) 1.6-2.5
AW 0.70 £ 0.05 3.1-34 (1) 63.6-80.5 (+) .
AW® 0.70 + 0.05 ~2.0 (+) 40.9-47.1 (+)
Denmark Strait PW 0.86 +0.12 0.06 ~1.6 (-) 37.3-49.4 (-) ~3.1
64°—66°N RAW 0.66 + 0.06 0.02 ~2.8 (—) 53.0-63.6 (—) ~1.8
AW 0.73 £ 0.05 ~0.9 (+) 19.3-22.1 (+)
Iceland-Scotland  overflow water 0.66° ~2.7 () ~56.2 (—)
Ridge AW 0.72 £ 0.05 ~7.1 (+) 147.8-174.6 (+)

*Volume flux sources: Dickson et al. [1990], Mauritzen [1996a, 1996b], Woodgate et al. [1999], Hansen and Osterhus [2000], Cisewski [2001],
Fahrbach et al. [2001], Smethie and Fine [2001], Ingvaldsen et al. [2002], and U. Schauer (personal communication, 2003).

®Indicates the Barents Sea branch of Atlantic Water.

“Not directly measured in this study; (—) indicates the southward flow, (+) indicates the northward flow. For the volume transport estimates that do not

give a range an error of 10—28% should be assumed.

production in the Nordic Seas is efficiently remineralized
during the summer and fall [Miller et al., 1999] leaving little
particulate organic matter for vertical export [Sauter et al.,
2001]. The large import of DOC from the North Atlantic
(167—197 Tg C yr ) is of the same magnitude as primary
production and potentially supplies large amounts of DOC
to Nordic Seas surface waters for deep convection (see
below). Our samples were collected between September and
October, months after the end of the spring bloom, and we
think that most of the DOC (~60 pM C) found in Nordic
Seas surface waters during the sampling period consists of
refractory DOC and some (~15 pM) semilabile DOC (DOC
which is utilized on timescales of months to a few years) left
over from the productive season and/or DOC imported by
the NAC.

3.4. Elevated Concentrations of DOC in High Northern
Latitude Deep Waters and Vertical DOC Export

[27] DOC concentrations (~50 uM C) in all the deep
water masses sampled in this study were 5—10 pM C higher
than in deep waters of the Atlantic and Pacific Oceans
[Hansell and Carlson, 1998]. Deep water DOC concen-
trations are a function of supply (convection and advection)
and removal (largely by bacterial utilization). Since DOM
sources are associated with surface waters, there needs to be
a somewhat continuous supply of surface DOM to the deep
basins of the Nordic Seas to counteract microbial mineral-
ization of DOM. This happens most likely at the two deep
water formation sites, the Greenland Sea and Iceland Sea
convective gyres [Aagaard et al., 1985]. The deep Norwe-
gian Sea is ventilated by lateral exchanges with Greenland
and Island Sea deep water.

[28] The Greenland Gyre is a relatively well-studied
location for deep water renewal with recent estimates of
vertical transport and flushing times of 0.6 Sv and 20-30
years, respectively [Budeus et al., 1998]. From their long-
term studies in the Greenland Sea, Budeus et al. concluded
that recent deep water renewal in the Greenland Sea is a
stepwise process at a rate of approximately 150 m yr~' but
that deep (>1700 m) convective events were absent during
the last decade. This means that surface water with elevated
DOC concentration is continuously downwelled into the
deep Greenland Sea. Knowing the typical prewinter surface

(<100 m) concentrations of 60.4 pM DOC and the DOC
concentration of 50.3 pM C at 1500 m in the Greenland
Gyre (Figures 5c and 5d) we can roughly estimate the
annual vertical export of DOC (total and semilabile) as well
as DOC mineralization rates in the Greenland Gyre assum-
ing a steady state. With an approximate vertical transport of
0.6 Sv the Greenland convective gyre would produce an
annual DOC export of 13.6 Tg of total DOC or 3.5 Tg of
semilabile DOC, based on concentrations of 60 and 15 pM
DOC, respectively. This compares to a vertical particulate
organic matter flux of 0.3 Tg C yr ' in the Greenland Sea
[Wassmann et al., 2003]. The vertical transport of semilabile
DOC contributes to the sequestration of carbon dioxide and
is of a similar magnitude as a recent estimate (2.4 Tg C
yr~ ') for dissolved inorganic carbon sequestration in the
Greenland Sea [4nderson et al., 2000].

[20] The depth profiles of DOC in the Greenland Gyre
(Figures 5c and 5d) show a gradient from the surface to
about 1500 m depth where the DOC concentration de-
creased from 60 pM DOC to about 50 pM DOC. Below
this depth the DOC concentrations remains fairly constant.
Independent of the complex mechanisms establishing a
variety of ventilation schemes for the upper 1000 m we
estimate that on average it will take between 4 and 9 years
for surface water to be transported to 1500 m, which would
translate to a DOC mineralization rate between 1.1 and 2.5
UM C yr'. The fact that DOC concentrations appear
constant between 1500 and 3500 m (Figures Sc and 5d)
indicates a much lower remineralization rate for DOM with
DOC concentrations below 50 pM C. This is consistent with
a deep water DOC remineralization rate of 0.05 pM C yr ™'
recently given by Hansell and Carlson [1998] for the deep
North Atlantic. This means that in order to sustain a DOC
concentration at about 50 uM C, the renewal of deep waters
in the Nordic Seas needs to happen in a matter of a few
decades rather than centuries.

[30] A similar vertical transport of DOM is necessary to
sustain the relatively high DOC concentrations found in the
Nansen, Amundsen, and Makarov Basins (no data exist for
the deep Canadian Basin) in the central Arctic Ocean
[Anderson et al., 1994; Bussmann and Kattner, 2000; Amon
and Benner, 2003]. Deep water formation in the Arctic
Ocean is less well understood, but increasing evidence
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points to deep water renewal along the continental slopes
[Aagaard et al., 1985; Anderson et al., 1999; Rudels et al.,
2000a] with an estimated volume transport of 1.3-1.9 Sv
[Mauritzen, 1996a, 1996b; Anderson et al., 1999]. The
relatively high DOC concentration (50 puM C) in the deep
Eurasian and Makarov Basins suggest that a similar time-
scale (decades) to the Greenland Gyre estimate is at work.
Decadal timescales for the ventilation of the deep Eurasian
Basin have also been suggested by Ostlund et al. [1987] and
Schlosser et al. [1995b] based on '*C data and other tracers.
Using the above estimates for volume transport and 15 pM
C for the semilabile fraction of DOC, we estimate a vertical
DOC transport of 7.4—10.8 Tg C yr~ ' in the central Arctic
Ocean. Lateral exchanges of deep waters have been shown
to occur between the Eurasian, the Greenland, and the
Norwegian Basins, but typical characteristics (low salinity)
of Nordic Seas deep waters disappear rapidly north of Fram
Strait [Rudels et al., 2000b] indicating that lateral exchange
from GSDW to the EBDW is not the dominating mecha-
nism by which EBDW is ventilated. Patterns in the DOC
concentrations of the deep basins (Table 1) indicate similar
values for the GSDW and EBDW but lower values for
NSDW. Assuming a constant remineralization rate for deep
water DOC this pattern suggests that GSDW and EBDW
receive comparable inputs of DOC by convection, while
NSDW receives DOC by lateral input during which DOC
concentration would decrease. With a volume of 986,600
km® for NSDW and a lateral exchange of about 0.7 Sv
[Bonisch and Schlosser, 1995] it would take about 45 years
to renew NSDW, enough time to remineralize 2—3 pM
DOC based on a 0.05-pM C yr~ ' remineralization rate.

[31] Together, the Arctic Ocean and the Greenland Sea
have a net DOC export between 11 and 15 Tg C yr~' which
is roughly 9-13% of the global vertical DOC export
[Druffel et al., 1992; Hansell, 2002]. Recent studies on
NADW formation estimate that 5.6 Sv of NADW precursor
are crossing the Greenland-Scotland Ridge [Dickson et al.,
1990], gaining in volume by entrainment down the conti-
nental slope to about 10.7 Sv [Dickson et al., 1990], and
together with deep water formation in the Labrador Sea
reaching a total of 17.2 Sv [Smethie and Fine, 2001].
Assuming a concentration of 10 pM C of semilabile DOC
in NADW source waters the annual net DOC export would
be around 21 Tg C for Greenland-Scotland Ridge area. As
much as 36 Tg DOC yr~' could be removed from the ocean
surface for decades to centuries at the deep water formation
sites in the Arctic Ocean, Nordic Seas, and across the
Greenland-Scotland Ridge, excluding the Labrador Sea.
Net DOC export of a similar magnitude (13 Tg DOC
yr~') has recently been suggested for North Pacific Inter-
mediate Water [Hansell et al., 2002].

[32] This study demonstrated that high northern latitude
oceans have a significantly elevated prewinter and deep
water DOC concentration compared to other ocean basins
and that the higher concentrations can be sustained for
decades. We believe that one reason for this is the high
concentration of semilabile DOC in the NAC and downw-
elling of this semilabile DOC at the deep water formation
sites. Changes in DOC concentrations are especially impor-
tant in areas of deep water formation where semilabile DOC
can be removed from the ocean surface for centuries. Most
studies in Southern Ocean deep water formation areas have
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reported very low concentrations of DOC, typically between
38 and 55 pM DOC in surface water and deep water
concentrations between 34 and 46 uM C [Kdhler et al.,
1997; Ogawa et al., 1999; Carlson et al., 2000]. Particu-
larly, the amount of semilabile DOC is thought to be small
in this area [Carlson et al., 2000; Kirchman et al., 2001]. It
will be crucial to learn more about the mechanisms that
determine the concentration of semilabile DOC in order to
constrain the potential of fluctuating DOC concentrations in
the global ocean. The distribution of DOM in the Nordic
Seas and the central Arctic Ocean is largely determined by
the physical oceanography of the region.
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