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Abstract

The export of dissolved organic carbon (DOC) from the Arctic Ocean is expected to
change due to warming and increased river runoff. Here we present a method to quantify
DOC transport with the East Greenland Current combining synoptic and year-round data
(2009-2018). An algorithm based on quantitative and qualitative aspects of colored dissolved
organic matter (CDOM) was developed to provide DOC estimates. Combined with mooring-
derived monthly Polar Surface Water (PSW) volume transports, we estimate DOC exports for
the period from 2003-2017. For much of the period DOC exports have been reasonably
constant at 46.8 (+ 6.2) Tg yr*, while the reduction in PSW export in recent years has
resulted in lower annual DOC exports (below 39 Tg C yr). We now have a technique to
resolve seasonal and annual fluctuations in Arctic carbon export, offering a significant
improvement over earlier bulk estimates and represents a baseline to detect future change.

Plain language summary

The Arctic Ocean has higher concentrations of dissolved organic carbon (DOC)
compared to the other oceans due to the supply from large Siberian rivers that drain
expansive carbon-rich watersheds. Climate change in the Arctic is altering the supply of river
water and DOC to the Arctic Ocean. This is eventually expected to also be reflected in the
subsequent export of DOC from the Arctic to the North Atlantic via a major gateway, the
Fram Strait. Here we present a new approach to quantify the transport of DOC through the
Fram Strait based on year-round mooring data and spectroscopic measurements of colored
dissolved organic matter (CDOM). We calculate DOC transports using our measurements
over a 10-year period and the results provide a baseline from which to observe future changes
in the Arctic Ocean that were not resolved with earlier estimates based on bulk concentrations
and bulk volume transports.
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1. Introduction

The Arctic Ocean and its drainage basins are experiencing rapid change. Changes in the
cryospheric components, especially sea ice and permafrost, as well as the hydrological cycle
will likely have significant but largely unknown integrated effects on carbon cycling (e.g.,
Parmentier et al., 2017; Vonk & Gustafsson, 2013). The Arctic Ocean receives a
disproportionally large input of dissolved organic carbon (DOC), equating to approximately
15% of global riverine DOC supply to the oceans (Dai et al., 2012), although its volume is
only 1% of the global ocean. Thawing permafrost has the potential to release vast amounts of
carbon from Arctic soils since they contain 50% of global soil carbon (Parmentier et al.,
2017). At the same time, increasing coastal and subsea erosion play an important role as
additional sources of ancient carbon (Vonk et al., 2012) and, further, CO; to the coastal
Arctic (Tanski et al., 2019). Along with that, the shrinking sea ice leads to increase in net
primary production in the Arctic Ocean (Arrigo & van Dijken, 2011), which has direct
implications to the production of marine colored dissolved organic matter (CDOM) (Romera-
Castillo et al., 2010) and further to the microbial food web (Aarnos et al., 2012). This
emphasizes the importance of understanding the cycling and fate of organic carbon in the
Acrctic Ocean.

One significant component of the Arctic carbon budget is the export to the North Atlantic
which acts as a sink for the Arctic Ocean. This flux is estimated to be evenly split between
the East Greenland Current (EGC) in Fram Strait and the transport through the Canadian
Arctic Archipelago (Anderson & Amon, 2015). However, for both export pathways the
existing estimates of carbon transports are crude and based on disparate synoptic DOC
concentrations and estimated mean bulk volume transports reported in the literature. These
existing estimates do not take into account significant spatial gradients in neither DOC or
velocities across the Fram Strait (cf. Granskog et al., 2012) nor seasonal to interannual
variability in volume transports. Resulting DOC export estimates within the EGC range from
30 to 40 Tg C y'* (Amon, 2004; Anderson & Amon, 2015; Opsahl et al., 1999), and are
greatly dependent on the magnitude of the volume transports employed and cannot be used to
detect possible changes in the DOC exports. The estimates for the total riverine input to the
Arctic Ocean also vary significantly, from between 18 to 36 Tg C y* (Amon, 2004;
Anderson, 2002; Anderson & Amon, 2015; Dai et al., 2012; Dittmar & Kattner, 2003; Opsahl
et al., 1999; Raymond et al., 2007; Stein & Macdonald, 2004). Given the large uncertainty in
nearly every component of the Arctic Ocean carbon budget, these estimates need to be better
constrained. This, in combination with improved model representation of relevant
biogeochemical processes, is essential to improve the capacity to forecast future conditions
(Parmentier et al., 2017).

In order to provide an appropriate baseline upon which to assess future changes in Arctic
Ocean DOC exports, a more refined approach is required. Here we use measurements from
the Arctic Outflow Observatory in Fram Strait (http://www.npolar.no/framstrait) to quantify
the DOC export with Polar Surface Water (PSW) in the EGC in the ten-year period from
2009 to 2018. Further, our findings allow us to extrapolate the time series to obtain an
estimate of DOC transport since 2003. DOC concentrations were estimated based on
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measurements of the spectral absorption properties of CDOM. DOC export estimates were
then obtained by combining with upper ocean volume transports of PSW in the EGC from
coincident mooring data (de Steur et al., 2018). This approach provides a contemporary
estimate of the DOC transport with the EGC to the North Atlantic and provides a measure of
its seasonal and interannual variability. The results also offer insight into how these estimates
could be improved further with contemporary and future autonomous platforms.

2. Sampling and Methods

The data used here were collected during ten annual cruises in August-September 2009-
2018 across the Fram Strait (including the EGC) at about 78.8 °N by the Norwegian Polar
Institute (cf. Goncalves-Araujo et al., 2016; Granskog et al., 2012). Stations were taken each
year typically at a half or one degree spacing in longitude (Fig. 1). At each station,
conductivity—temperature—depth (CTD) profiles were obtained with a calibrated Seabird
SBE911+ profiler and seawater samples were collected with SBE32 Carousel Water Sampler
equipped with 12 Niskin bottles. Separate water samples for salinity measurement were
drawn from the Niskin bottles immediately after the CTD package was on deck. These
salinity samples were analyzed at sea using a Guildline Portasal salinometer with an accuracy
of 0.003. When needed, the CTD conductivity data were calibrated against bottle salinity
measurements.

Sampling also included CDOM and DOC (same depths as salinity), with sampling
targeting the upper 400 meters (typical target depths were 1, 5, 15, 25, 50, 75, 100, 150, 200,
250 and 400 m). Each year, between 200-430 CDOM samples were collected from the region
with at least 200 stemming from the transect at 78.8 °N, whilst the remainder came from
additional transects on the Greenland Shelf from polar water masses. CDOM absorbance was
measured spectrophotometrically as described in Granskog et al. (2012). In 2009, 2010, 2012,
2014 and 2016 approximately 180-230 samples for DOC analysis were collected each year.
These samples were collected directly into acid-washed high-density polyethylene bottles
(HDPE) and stored frozen. Carbon content in 2009-2012 was quantified using a Shimadzu
TOC-VCPH analyzer after acidification to pH 2 and sparging oxygen. In 2014-2016 it was
measured on an Ol Analytical 1030D TOC analyzer after acidification to pH 2 and sparging
with ultrahigh purity helium. Reproducibility between the two instruments was confirmed to
be <5% with replicate measurements of samples from 2014. The accuracy of quantification
was controlled by analyzing the Hansell seawater DOC consensus reference material (CRM).
These samples were not filtered, and therefore technically represent TOC. For surface waters
(<50 m) plankton and detritus can contribute with particulate organic carbon (POC).
However, a comparison of total and dissolved light attenuation in the region has shown that
the concentration of particulates in the western Fram Strait is very low (Granskog et al.,
2015; Pavlov et al., 2015). This contrasts the situation east of the meridian where northward
flowing surface Atlantic waters have lower background DOC (50-70 uM) and detectable
POC (>5 uM) (Engel et al., 2019; Pavlov et al., 2015).

©2020 American Geophysical Union. All rights reserved.



3. Velocity fields and PSW volume transport estimates

To provide estimates of a synoptic volume transport for a 30 day period in August-
September across the Fram Strait, geostrophic velocities were derived from the CTD
measurements gathered during the annual cruises in the Fram Strait (2009-2018). These were
referenced to a 30-day mean, vertically-averaged velocity obtained from the moored
instruments, which had been corrected for tides. This approach resulted in a velocity field
across the section which could be used to calculate synoptic volume transport and later, once
combined with DOC fields, carbon fluxes. PSW was defined as water with temperature <0 °C
and density <27.7 kg m (Rudels et al., 1999), (see black and dashed contours, respectively,
in Figure 1). Synoptic volume transport of PSW was calculated by integrating transport for
waters with these properties across 8° W to 1° W at 78.8° N.

Measurements from the oceanographic moorings maintained in the Arctic Outflow
Observatory by the Norwegian Polar Institute since 2002 were used to derive estimates of
monthly PSW volume transports for all years. The moorings collect temperature, salinity and
velocity data at 15-minute to hourly intervals at selected depths (de Steur et al., 2018) (Fig.
1). Data gaps (1-2 weeks) arising from servicing the moorings were filled by a linear
interpolation in time. To incorporate realistic stratification in the vertical, the mooring time
series are complemented with CTD hydrography. Extrapolation upward to the surface from
the uppermost moored instrument (at target depth 55 m) and between this level and the next
instrument down (at target depth 250 m) is carried out as follows: levels at 5 m, 25 m, and
155 m are inserted and salinity is determined here from regression of the instrument time
series with a monthly, seasonally varying climatology obtained from all available CTD data
between 1997 and 2018. Thereafter the data are linearly interpolated in the vertical. In the
horizontal, the data between the mooring sites are interpolated at 5 km horizontal distance on
terrain-following contours. As with the synoptic transport estimates explained above, the
monthly volume transports of PSW were calculated by integrating the mooring velocity field
data for water with PSW characteristics, across 8° W to 1° W at 78.8° N. These PSW
transports are based on the same data set used for earlier freshwater transports (FWT) (de
Steur et al., 2018), but now are updated to extend to August 2017.

These two approaches allow us to examine how well scaling up the synoptic volume
transport obtained in later summer fits with the mooring-based annual volume transports. The
latter approach, with continuous measurements taken over the year, should provide a more
accurate annual volume transport estimate. Both approaches offer an improvement on current
estimates as they allow to resolve interannual changes in fluxes.

4. Deriving DOC from CDOM measurements

In order to derive estimates of DOC export across the EGC it is important to have
good spatial and temporal coverage. In our Fram Strait expeditions, DOC data were lacking
in some years, while in other years there was sparse geographical coverage. As a result, we
investigated the relationship between CDOM spectral absorption and DOC concentrations
where these data were available (Fig. 2; Table 1). In regions in close proximity to rivers,
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linear relationships between CDOM absorption at 350 nm, asso, and DOC often can be found
(Goncalves-Araujo et al., 2015; Spencer et al., 2012; Vodacek et al., 1997). Regional
variability in river-influenced coastal margins limits wide application of these simple linear
relationships between DOC and CDOM aaso; thus, the use of coefficients that describe
spectral absorption of CDOM have improved prediction of DOC using two endmembers
(Fichot & Benner, 2011). However, in regions with two or more endmembers of more
comparable DOC concentrations (shelf seas and oceanic waters) these relationships are
difficult to derive (Fig. 2a). Essentially, there might be two pools of similar
concentration/intensity but different ratio of absorption to DOC (carbon specific absorption
coefficient, a*). Earlier work has identified inverse relationships between a* and the spectral
slope coefficient of CDOM absorption between 275-295 nm (Sz7s-205) (Summarized in
Stedmon & Nelson, 2015). For the Fram Strait, we found that the following relationship to
predict DOC concentrations (pDOC) holds:

pDOC = azso x 10", Q)

where n = (C+M*S275.205) (Fig. 2d). We found that C=0.549 and M=0.0709 (RMSE=0.13;
r=0.82; p<0.0001; n=864). This relationship implies that there is a linear correlation between
DOC and azso (Fig. 2b), but that the slope of the relationship (inverse of a*) varies depending
on the exponent of the ultraviolet (UV) spectral slope (S275-205), 1.e., character or source of
DOM (Fig. 2¢). This factor therefore can incorporate the fact that samples with low S75.295,
which often represent terrestrial material (Helms et al., 2008) have a higher a* than aged
marine DOM, which is characterized with higher S275205 and lower a* (Stedmon & Nelson,
2015). Using the relationship shown in Fig. 2d we are able to predict DOC across the strait
for all years based on the CDOM measurements (Fig. 1). This indicates that the algorithm is
capable of capturing variability of DOC in the contrasting marine waters, from Atlantic
waters to Polar Waters, that are present in the Fram Strait (Pavlov et al., 2015). Finally, the
asso and pDOC values were linearly interpolated within the surface layer (0-500 m) across 8
°W to 1 °W over 1 mand 1 km intervals in the vertical and horizontal directions,
respectively.

5. Estimation of DOC export with the EGC Polar Surface Water

Annual PSW DOC export with the EGC was estimated using two approaches. For the
first approach, synoptic (August/September) DOC fields across the section were combined
with the synoptic velocity field, then integrated for PSW to result in an estimate of synoptic
DOC export. These data could then be scaled upwards to provide annual DOC export.

The second approach takes advantage of the strong significant correlation we find
between the synoptic PSW DOC transports (derived from absolute geostrophic velocities,
explained above) for August/September with the observed PSW volume transports estimates
from moorings (r=0.97; p<0.0001; Fig. 3a). Here, monthly PSW volume transports in the
EGC derived from the mooring data were then used to estimate monthly PSW DOC
transports (Fig. 3b) based on the relationship shown in Fig. 3a. Those monthly transports
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(Fig. 3b) were then summed up for each respective calendar year to provide the annual PSW
DOC exports (Fig. 3c). This approach provides a more detailed estimate of PSW DOC
transport as it takes into account month-to-month variations in volume transport of PSW in
the EGC (rather than extrapolating August/September conditions across the year). The
additional advantage of this method is that we can estimate the PSW DOC transport for years
where CDOM and DOC were not sampled, thus allowing us to extrapolate the time series of
PSW DOC transport back to 2003 (Fig. 3b and 3c). The resulting annual PSW DOC export
estimates from both approaches are shown in Fig. 3c and Table 1.

The mean southward synoptic PSW volume transports with the EGC varied between
0.29 and 1.34 Sv, and the mean synoptic DOC export with PSW varied from 0.29-1.39 Mg s
! for August/September 2009 to 2018 (Table 1; Fig. 3a). The annual DOC export estimates
based on the synoptic approach varied between 9 and 44 Tg yr (from 2009 to 2018) and
from 27 to 60 Tg yr (between 2003 and 2017) based on the mooring approach (Table 1; Fig.
3c). There was no significant trend observed for the study period considering both approaches
(p>0.05). Yet, the mooring approach shows a progressive decrease in the annual PSW DOC
export starting from 2015. The cumulative DOC export between 2009-2017 amounted to 234
and 390 Tg C for the synoptic and mooring approaches, respectively (Fig. 3c). The
cumulative flux for the whole period, 2003 to 2017, is 656 Tg C. Although the estimated
annual PSW DOC export values span the range of previous bulk estimates (Anderson &
Amon, 2015) (Table 1), there are points to note. The annual estimates based on synoptic
velocities underestimate the PSW DOC fluxes for most years, with exception of 2016 (Fig.
3c). This leads to an underestimation of 40% of the cumulative PSW DOC transport (2009-
2017) compared to the estimates obtained with the mooring approach utilizing year-round
velocity data. The underestimation can be explained by much lower current velocities that
prevail during the period of synoptic sampling (August/September). The expeditions take
place in late summer (Fig. 3b), when the volume transport of the EGC is at its minimum (de
Steur et al., 2014, 2018) due to weak wind forcing at that time of the year. Scaling these
synoptic summer values to annual fluxes therefore results in an underestimation. This is also
the likely reason for the mooring based estimates to be on average higher than previously
reported values (Table 1). The mooring approach captures the seasonal variability of the EGC
in the Fram Strait, which is characterized by strong southward flow in the winter and spring
as well as high intra-annual fluctuations (Fahrbach et al., 2001; de Steur et al., 2014, 2018).
Combined with more accurate representation of frontal regions with large gradients in DOC
and current velocities, this approach provides the best currently available estimate of annual
PSW DOC exports.

The underlying assumption for these estimates is that the relationship between PSW
DOC and volume transport derived from synoptic measurements in August/September from
2009-2018 (Fig. 3a) is representative for the year as a whole. Support for this assumption can
be found in the documented robust correlation between meteoric water and CDOM, in
samples from several years in the western Fram Strait and further south along the east
Greenland shelf (Granskog et al., 2012; Stedmon et al., 2015). Here the meteoric water
contribution in the PSW mostly represents a river water contribution (Dodd et al., 2012). We
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also found that PSW DOC was strongly correlated with derived freshwater transports (FWT,
following de Steur et al., 2018; r=0.94; p<0.0001; Fig. 3a). These correlations reflect the
importance of Arctic rivers as a source of freshwater and DOC to the Arctic Ocean and the
preservation of this riverine signal in surface and halocline waters during passage across the
Arctic basin and to Fram Strait (Amon, 2004; Gongalves-Araujo et al., 2016, 2018; Granskog
etal., 2012; Stedmon et al., 2015). Here we refrain from reporting freshwater fluxes and
report on PSW volume transport instead due to the recently documented large dependency of
FWT estimates on the arbitrary choice of reference salinity (Schauer & Losch, 2019). The
approach we apply here (PSW DOC transport relationship) has the benefit of not being
influenced by changes in the relationship between DOC and salinity across the year which
can occur due to local melting of sea ice.

A likely source of uncertainty for our estimates is the lack of year-round
measurements on the easternmost part of the east Greenland shelf and an appropriate estimate
of net southward volume transports west of the mooring array. While synoptic summer
sections show that there is southward transport of freshwater and hence DOC west of 8°W, it
is unknown how far west it extends, and for how much of the year it persists. A portion of
this southward flow west of 10.6°W (Rabe et al., 2013), may recirculate northward again in
the Norske Through on the Greenland shelf (cf. Granskog et al., 2012), and it may be highly
seasonally variable. Therefore, the DOC transport estimates with PSW in the EGC between
1° and 8°W presented here are likely in the lower range of expected exports. An extension of
the mooring array further across the shelf and including DOM measurements would be
beneficial for refining estimates.

A recent summary of the Arctic DOC budget has shown that it is still unclear if the
Acrctic Ocean is a net source or sink of DOC. The uncertainties associated with the ocean
fluxes in particular are high (Anderson & Amon, 2015). Our results indicate that care should
be taken in estimating annual exports in a dynamic area as Fram Strait. Assuming that
synoptic observations are representative of the whole year can result in misleading results.
Due to the factors discussed above, the mooring approach (using year-round continuous
velocity measurements) provides an improved baseline from which to calculate budgets and
observe change. For the period with overlapping estimates (2009-2017) the coefficient of
variation in the annual DOC flux estimate was 45% for the synoptic approach but reduced to
25% with the mooring approach. Mooring based DOC fluxes were reasonably constant for
the period of 2003-2014 and have decreased slightly in recent years (Fig 3c). The average for
the first twelve years of the time series is 46.8 (+ 6.2) Tg yr* while the last three years fluxes
are below 39 Tg C yr!associated with a reduced PSW volume transport. The trend was not
significantly correlated to regional indices (e.g., Arctic Oscillation and North Atlantic
Oscillation). Ongoing analysis of the ocean transport time series will allow us to evaluate the
process behind it, e. g., changes in regional wind or upstream forcing. Combined with
improved observations at other Arctic gateways this will move toward resolving the net
effects of processes in the Arctic basin on DOC exports.

©2020 American Geophysical Union. All rights reserved.



6. Perspectives

The CDOM-DOC model developed here holds promise for developing DOC
estimates from in situ measurements in a wide variety of environments. For example,
spectroscopic nitrate sensors are now readily available and suitable for deployment on
moorings and autonomous profilers in lakes and oceans. These instruments collect ultraviolet
(UV) attenuation spectra to quantify the absorption band by nitrate in the deep UV. The
spectral data used in this paper is collected in the same waveband, so it is likely that the
technology can be adapted to provide reasonable high temporal and spatial resolution DOC
estimates. If combined on existing mooring arrays, and other autonomous platforms in the
Arctic Ocean, it would allow us to further refine estimates of ocean organic carbon transports
between basins and quantify changes, especially with regards to seasonal variability. The path
is paved to improve the carbon transports by with higher temporal resolution in
measurements of CDOM and/or DOC across the EGC, and with technological developments
this may soon be possible. This is particularly relevant for key remote regions undergoing
considerable change such as the Arctic, and this study provides a baseline that can be used to
evaluate future change in carbon transports with the EGC.
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Figure 1. Mean sections of (a) temperature (°C), (b), CDOM absorption at 350 nm (asso, m™), (c)
salinity, (d) predicted DOC (pDOC; uM) and (e) absolute geostrophic velocity (m s*) for the section
presented in the map, where negative values indicate southward velocities (f). Panels show the mean
obtained from averaging the synoptic sections from years 2009 to 2018. The black solid lines depict
the 0 °C isothermal, the dashed lines show the 27.7 kg m isopycnal used to distinguish Polar Surface
Water (PSW). Black diamonds in (e) illustrate target locations and target depths for the moored
instruments, which coincide with oceanographic stations where CTD casts and water sampling were
performed. The map shows the target locations where ocean moorings were deployed from 2003 to
2018. Produced with Ocean Data View (Schlitzer, 2016).
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Figure 2. Relationships between (a) salinity and CDOM absorption, (b) CDOM absorption and DOC,
(c) CDOM absorption and spectral slope and (d) logio(DOC/asso) and Sz7s.295, across the whole Fram
Strait section for years with available DOC data. The relationship in (d) was used to extrapolate DOC
measurements to cover the entire strait for all years.
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Figure 3. (a) Relationship of mean PSW volume transport from moorings (VOL) and
synoptic DOC transport (derived from absolute geostrophic velocities) in the EGC for

August/September 2009-2018 (DOC = VOL x 1.026 — 0.013; r=0.97; p<0.0001). Inset graph
shows the relationship between synoptic DOC transport and freshwater transport with PSW

(FWT; relative to temperature <0 °C and density <27.7 kg m™®) in the EGC for

August/September 2009-2018 (DOC = FWT x 0.018 + 0.08; r=0.94; p<0.0001). (b) Monthly
DOC southward transports with PSW (red) with the EGC estimated using the time series of
VOL based on mooring data and the equation obtained in (a) with the FS cruises indicated
with vertical gray. (c) Annual mean (solid lines) and cumulative (2009-2017; dashed lines)
PSW DOC export in the EGC using monthly VOL as a proxy (red) compared with estimates

based on synoptic sections (black) extrapolated to the whole year.
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Table 1. Summary of observations and estimates in the Fram Strait and PSW in EGC. Mean
(minimum—maximum) values for parameters (DOC, asso, S275.205) measured in the Fram Strait
(spanning the whole Fram Strait). Southward transports of Polar Surface Water (PSW) estimated
within the EGC (1-8 °W; temperature <0 °C and density <27.7 kg m™®). Note that here we present the
mean southward transports for August/September only (for both mooring volume and synoptic DOC)
and the annual DOC export obtained with both synoptic and mooring approaches. Annual mooring
DOC southward transport estimates for 2018 is not available (n/a) since the moorings were serviced in
2019 and data is not yet processed.

Whole Fram Strait

EGC PSW southward transports

Synoptic average (min—max) August/September Annual
DOC asso Sa75-295 Mlgg\r/{lng Sygg%w Synoptic DOC Mgc())r(l:ng
(uM) (m) (um) (V) wagsy | T | (rgyry

812 0.29 285

2009 | 531 142.0) | (0.05-078) | (223-368) | ©?° 0.29 o 4l
92 0.25 28.4

2010 | (358 104.0) | (0.03-086) | (21437 | °& 0.72 23 43
0.26 276

2011 : 005056 | (234361 | 0% 1.04 33 60
816 0.26 275

201201 (443 1905) | (0.05-0.88) | (19.7-35.6) 1.34 1.37 43 47
0.22 28.9

2013 : oot o) | eisasz | O 0.71 22 51
98.7 0.34 273

2014 | (475 2218) | (0.04-0.79) | (23.0-355) | 909 0.67 21 53
0.22 19.7

2015 : oot ode | iises | 05 0.53 17 39
76.2 0.34 26.7

2016 1"(31 5 1985) | (0.10-0.81) | (22.6-33.2) 1.24 1.39 a4 29
0.18 19.6

2017 : 001039 | (05359 0.63 0.69 22 27
0.16 237

2018 : 001034 | 105 31p) | 115 1.05 33 n/a

Mean 26 43

Published range
(Anderson & Amon, 307
2015)
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