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Abstract. The Northeast Greenland shelf is a region currently considered to be an annual net sink of carbon dioxide (CO2)

from the atmosphere. Water from the Northeast Greenland shelf is advected to the formation regions of North Atlantic Deep

Water and therefore any carbon uptake may be stored for ocean thermohaline circulation timescales. We present the most

extensive study of carbon chemistry on the Northeast Greenland shelf to date made possible by opportunistic sampling due to

a sudden decrease in sea ice concentration in late August and September 2017. These are the first full-depth measurements of5

total alkalinity and dissolved inorganic carbon at latitudes between 75 and 79 ◦N with additional data collected in the region

of the Northeast Water Polynya and outside Young Sund. We find that surface mixed layer concentrations are variable and

for many stations higher than the interpolated atmospheric concentration for the region during the sampling period. Below

the surface mixed layer, CO2 concentrations increase linearly with decreasing apparent oxygen utilisation. The mixed layer

deepens during the study period which is associated with apparent changes in CO2 uptake. The Northeast Greenland shelf is10

a hydrologically complex region with many processes influencing the carbonate system at smaller scales than our sampling

density. The scatter in the dataset are more than mere outliers and their lack of relationship to any measured variable indicates

a strong influence of currently undescribed process(es) or variable(s) at the sampled scales. These data were collected during a

time of radically low sea ice concentrations for the region and may be an indication of future conditions. Since they indicate the

potential of the region to act as a seasonal source of CO2 to the atmosphere this may modify our current estimate of the region15

as a strong annual net sink relatively protected from the immediate influence of atmospheric warming and climate change.

1 Introduction

The Arctic Ocean and adjecent continental shelves are changing rapidly under the influence of climate change (????). The

Northeast Greenland shelf is an Arctic outflow shelf (??) and one of the two gateways (the other the Canadian Arctic Archipelago)

through which water from the Arctic Ocean is transported southward into the North Atlantic Ocean (?). Together with the along-20

slope East Greenland Current (EGC), the shelf acts as a gateway through which water from the Arctic Ocean can be advected

to the Greenland Sea, the Irminger Sea, and the Labrador Sea, regions that are crucial to the Atlantic Meridional Overturning

Circulation through the formation of intermediate and deep water masses (?). This means that any carbon stored in the region

1



may be retained in the global oceans on the timescales of the thermohaline circulation (??). The consensus is that the North-

east Greenland shelf has been a net annual carbon sink like other Arctic shelf regions, though this appears to be changing in25

response to changing conditions. The initial determination of the region as a sink was made through interpolation studies (?),

Self Organising Maps (SOM, ?), and temporally and/or spatially limited observations using various methods, most focused

on the Northeast Water Polynya or the near-coastal regions and fjords (????). Recent studies have indicated the potential for

the region to become corrosive in terms of aragonite saturaton (?) and highlight the difference between the carbon system on

the eastern side of Greenland versus the west in terms of the relationship between carbon chemistry and depth (??). The latter30

is far more pronounced in western than eastern shelf areas and may be related to differences in their respective hydrography.

Higher benthic production nearer to the shelf edge may be indicative of stronger primary productivity in this area, though the

shelf is considered to be oligotrophic and the previously strong benthic-pelaic
::::::::::::
benthic-pelagic coupling in the region may be

weakening (?). Due to high sea ice cover during all seasons the shelf is challenging to access, making it difficult to consistently

measure all the parameters required to determine the conditions and processes influencing dissolved CO2 concentrations.35

The northern North Atlantic and the Greenland Sea are more accessible and studies in these regions receiving water from the

Northeast Greenland shelf and EGC (e.g. ?, ?) show that waters sourced from the Arctic remain undersaturated in dissolved

CO2 while Atlantic waters can act as a weak seasonal source. Water from the North Atlantic that might be entrained into the

EGC also tends to be undersaturated (??), but has rapidly increasing concentrations, particularly in Autumn below latitudes of

78 ◦N when concentrations are at or near that of the atmosphere.40

The uptake of CO2 gas from the atmosphere in the northern North Atlantic (>50 ◦N) is partially driven by the cooling of

warm water at the surface during northward transport which increases gas solubility, including CO2. High stratification and

primary productivity in summer combined with deep convective mixing in winter enable the exposure of a more water to the

atmosphere which further facilitates uptake. The Arctic Ocean carbon system is less well understood due to low (spatial and

temporal) sampling densities though the Eurasian Basin uptake of anthropogenic CO2 is thought to be increasing (?). There45

are also additional processes at play in northern latitudes that influence CO2 gas exchange, affecting both the solubility and

biological pumps in the region such as the sea ice related processes of brine expulsion and sea ice melting, and the input of

10-11% of global meteoric river water (?). Each of these is characterised by their seasonality (??). The Atlantic Water being

transported north into the Arctic (and into the EGC as part of the return Atlantic Current) is much warmer than it was in

previous decades (?). This increase in heat has been associated with changes in the Arctic halocline which shields sea ice from50

melting from below (?) and is likely to also stimulate heating in the EGC and potentially the Northeast Greenland shelf where

the warm surface water from the return Atlantic Current (RAC) comes in direct contact with sea ice advected from the Arctic

Ocean. Since the RAC is a surface current this energy is directly available for the melting of ice (icebergs, melange, and sea

ice). While the melting of melange and icebergs merely reduces the temperature and freshen the surface water, changing the

gas solubility, melting sea ice can release ikaite (CaCO3 · 6H2O) which facilitates additional CO2 gas dissolution (?). Reduced55

sea ice cover is thought to facilitate primary productivity through enhanced availability of light, providing nutrients are also

available (?) and rates of net primary productivity are thought to be increasing (?) even in the face of increasing stratification

and the associated nutrient limitation (?). The Arctic Ocean surface waters are nutrient limited (?) and the regions of extreme
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nitrate limitation are expanding, though primarily in the Western Arctic (??). As a result of surface water nutrient limitation

primary producers are generally found under sea ice (?), in the sea ice marginal zone, particular where there is upwelling (?),60

or as a ‘deep chlorophyll maximum’ (DCM) below the nitrogen depleted surface layer (? and references therein). Since the

DCM is not directly in contact with the atmosphere the uptake by primary producers is not directly associated with drawdown

from the atmosphere unless the strong stratification is broken and has a chance to equilibrate prior to sea ice freeze up. This

equilibration needs to occur before the produced organic carbon is remineralised and before sea ice cover is extensive enough

to form a barrier between ocean and atmosphere. This dominance of DCM may be a recent development. During the 1990s,65

primary productivity on the northern Northeast Greenland shelf was found near the surface in the Northeast Water Polynya and

the required nutrients were associated with water from beneath the landfast and glacial ice (?). This led to the development

of the ‘seasonal rectification hypothesis’ which describes strong uptake of atmospheric CO2 during the sea ice melt season

by primary producers followed by a season of inhibited autumn CO2 release to the atmosphere by the development of an

extensive sea ice cover (?). Since then, the open water fraction in the region has changed dramatically as has the temperature of70

the Arctic river influenced Polar Water layer (?). In the summer of 2017 the Northeast Greenland shelf experienced a sudden

drop in sea ice cover starting in August 2017 initiating a previously unseen decline in Arctic Ocean sea ice export which

persisted throughout 2018 (?). These ice-free conditions allowed unprecedented access to previously unstudied parts of the

Northeast Greenland shelf (Figure 1 a). The observations for this study were made opportunistically in these suddenly ice-free

waters and may offer some insight into the response of the CO2 system on the Northeast Greenland shelf to an increasingly75

warm and ice-free Arctic.

2 Materials & methods

2.1 Cruise & hydrographical setting

Data for this study was collected during two cruises (DANA2017 and NEGREEN2017). The hydrography of the Northeast

Greenland shelf during these cruises was described in our previous paper (?). To summarize briefly, several water types were80

found to be superimposed on much of the shelf albeit in different ways in different geographical areas. The hydrography is

dominated by freshwater from various Arctic Ocean sources with different total alkalinity (Figure 1a) down to the depths

of the Eurasian Basin Atlantic Water (EBAW) and Return Atlantic Water (RAW) which have similar practical salinities of

respectively 34.8 and 35. The freshwater is primarily sourced from the Russian Shelf (particularly the Laptev Sea) where vast

amounts of riverine freshwater are introduced changing the salinity and surface water geochemical properties.85

This water is further geochemically modified in the Siberian shelf seas prior to cross-Arctic transport as a result of shallow

bathymetry combined with high winds and extensive polynyas adding a measurable denitrification signal (???) and changing

the isotopic fractionation (?). Finally the surface water masses are advected off of the Siberian continental shelves and entrained

into the Transpolar Drift (TPD). Once entrained into the TPD the annual sea ice freeze-melt cycle will continue to freshen the

surface layer by the export of brine and dilution with meltwater. This process diverts the slope of the surface water from that90

between Atlantic Water and meteoric freshwater toward the sea ice melt end-member in both TA-S and δ18O-S diagrams. A
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Figure 1. (a) Overview of carbon system chemistry and CO2 fugacity (fCO2) samples on the Northeast Greenland shelf. Arrows indicate

known major currents. White indicates the advection of Arctic and Atlantic
::::::
sourced water , including Return Atlantic Water (RAW), Polar

Surface Water (PSW) , and Eurasian Basin or Arctic Atlantic Water (EBAW/AAW).
:::
Red

:::::
arrows

::::::
indicate

::::::
Atlantic

:::::::
sourced

::::
water,

::::::::
including

:::::
Return

::::::
Atlantic

:::::
Water

:::::
(RAW)

:::::
which

::
is

::::::::
transported

:::
by

::
the

:::::
Return

:::::::
Atlantic

::::::
Current

:::::
(RAC)

::::
from

::
the

::::
east

:::
side

::
of

::::
Fram

::::
Strait

::::::
towards

::::::::
Northeast

::::::::
Greenland. Black is the Northeast Greenland Counter current (NEGCC) which transports water west then northward in a counterclockwise

direction directly past the coast, purple is the Greenland Gyre, and orange is the East Greenland Current (EGC) which roughly follows

the continental slope. SOCAT surface water fCO2 measurement coordinates from ?, CARINA full depth carbon chemistry stations from ?.

Numbers 1, 2, and 3 refer to the Northeast Greenland Ice Stream (culminating in 79N glacier or Nioghalvfjerdsbrae and Zachariae Isstrom),

Young Sund, and the Northeast Water Polynya region respectively. (b) Known sources of total alkalinity to the Arctic Ocean highlighting

the source regions of the Transpolar drift (green area with dashed white outline)
::
of

:::
the

::::::::
Transpolar

:::
drift

::::::
(TPD) and the location of the study

area (red rectangle). Sources to the Arctic Ocean include Arctic rivers with variable catchment geology, sea ice and snow melt, and the

Pacific Water coming in through the Bering Strait. River TA values from ?, Pacific from ?, and Atlantic from ?. Sea ice TA is from own

measurements during these cruises ?. Locally, there is an unknown contribution of both sub- and supraglacial sources as well as glacier-fed

rivers. Bathymetry was sourced from IBCAO (?), sea ice extent from OSTIA (?), and ice velocity from QGreenland v2 (?)
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comparison between the Laptev Sea and Northeast Greenland shelf in terms of apparent oxygen utilisation (AOU) against

the nutrients phosphate and silicate, and nitrate to phosphate ratio, confirm the strong link between the Laptev Sea and the

Northeast Greenland Shelf via the TPD. The surface water, located above the maximum Brunt-Väisälä frequency squared

(N2), and above the remnant of the winter mixed layer, is almost entirely depleted in nitrogen (median NO−
3 = 0 µmol/kg).95

Directly below this is a remnant of the winter mixed layer which exists at freezing temperatures and a practical salinity of ~

31.4 psu (σT ~ 25). This is fresher than this inflection point was in previous decades (???). This layer contains, and apparently

traps, the oxygen maximum indicating that it is not actively ventilated during the time when sampling occurred. From the

salinity at the inflection point (and the oxygen maximum), there is a cold halocline layer which follows the freezing line up to

a salinity of 34.0, the Lower Halocline Water. At this point we find another inflection away from the freezing line with a sharp100

temperature increase in temeprature to EBAW at 4 ◦C (S = 34.8) and AW at 6 ◦C (S = 35). The saltiest and warmest Atlantic

Water found is likely sourced from the West-Spitsbergen Current. This water can be found at the surface just off the continental

shelf and can make incursions onto the continental shelf, particularly further south. Surface conditions in terms of sea ice cover

and surface temperature during the three weeks of the two cruises were variable (Figure 2) with warm surface temperatures and

patchy sea ice dominating the first part, after which the sea ice fraction increased, particularly toward the north and north-west105

part of the shelf.

2.2 Sample Analysis

Descriptions for the analysis of the
:
A

:::
full

::::::::::
description

::
of

:::
the

:::::::::::
hydrography

:::::
based

::
on

:::
the

:
Conductivity, Temperature, and Depth

(CTD) instrument data, nutrients, and total alkalinity are included in the methods section of ?. To analyse DIC, seawater

samples were transferred from the CTD Rosette to gas-tight vials (12 mL Exetainer, Labco High Wycombe,UK), poisoned110

with 12 µL solution of saturated HgCl2, and stored in the dark at room temperature until analysis. DIC was measured on a

DIC analyzer (Apollo SciTech, Newark, DE, USA) by acidification of a 0.75 mL subsample with 1 mL 10% H3PO4 (Sigma-

Aldrich, Saint-Louis, MO, USA), and quantification of the released CO2 with a nondispersive infrared CO2 analyzer (LI-COR,

LI-7000, Lincoln, NE, USA). Results were then converted from µmol L−1 to µmol kg−1 based on sample density, which was

estimated from salinity and temperature. An accuracy of ± 2 µmol kg−1 was determined for DIC from routine analysis of115

certified reference material (A.G. Dickson, Scripps Institution of Oceanography, San Diego, CA, USA).

CTD measurements of temperature and salinity were combined with the TA and DIC bottle data to calculate the pCO2 using

the program CO2SYS (?) with the dissociation constants k1 and k2 of ? refitted by ? and the hydrogen sulfite dissociation

constant from ?.

2.3 Mixed layer depth determination120

We estimate the depth of the mixed layer by determining that of the pycnocline through
:::::::::
estimating

:::
the

:::::::::
pycnocline

:::::
from the

determination of the maximum Brunt-Väisälä frequency (N2) (?) for all stations with bottles taken shallower than 120 m depth.

Our previous study
:::
(?) indicated this would be a good proxy since the pycnocline acted as a barrier, trapping dissolved oxygen
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Figure 2. Surface conditions (sea ice fraction and sea surface temperature) on the shelf and average mixed layer depth temperature per station

subdivided into four sampling periods. ESA sea surface temperature and sea ice fraction were obtained from ? (?). Average station mixed

layer depth temperatures are the average temperature for all sampled depths above the maximum Brunt-Väisälä frequency squared (N2)

below it indicating that this water was not ventilated during the period of our study. The maximum N2 was calculated for each

CTD cast individually and depths varied between 1 and 30 m, with shallower depth closer to the coast and further north.125

2.4 Normalisation of carbon chemistry bottle data

The bottle data were normalised by the application to the data of a fitted polynomial. The polynomial captures the effects of both

the sea ice melt and meteopric
:::::::
meteoric freshwater dilution. A full justification, including a comparison with more traditional

normalisation techniques, is provided in the Supplement
:::::
section

::
3

::
of

:::
the

::::::::::
Supplement

:::::::::
associated with this manuscript.
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2.5 Modified Z-score130

Because the mean is heavily influenced by the extreme outliers in these data, parametric methods are not representative. Non-

parametric methods relying on the median are more representative. The modified Z-score is one such method, it relies on the

Mean Absolute Deviation (MAD). Data are marked as outliers when the modified Z-score is larger than a value D. Our choice

of D (1.5) is discussed in
::::::
section

::
4

::
of the Supplement.

3 Results and discussion135

Based on previous studies, the region is expected to act as a sink for atmospheric CO2. Periods of high drawdown are specif-

ically thought to occur when the light returns in spring allowing for autotrophic production during phytoplankton blooms

including under ice blooms (??), and during upwelling events in the marginal ice zone (?). The release of CO2 during the dark

season, when no photosynthesis can occur and the region becomes (net) heterotrophic, is inhibited by extensive sea ice cover

(?). This ice-covered period can be associated with CO2 supersaturation (?). Autumn is a transition period between a summer140

highly stratified environment where light is available and is dominated by sea ice and meteoric freshwater flux, and a winter

environment that is dark, unproductive, and influenced by sea ice growth and brine rejection. In the northern North Atlantic,

autumn is associated with the breakdown of stratification near the surface due to higher wind speeds and storms. This pattern

is repeated in the Greenland Sea where average wind speeds tend to increase during the period of this study (days of year 240

- 256, ?), and August and September are associated with increasing concentrations of dissolved CO2 after a seasonal low in145

July (?).

The fall of 2017 had exceptionally low sea ice cover for the region (?), allowing unpecedented access to undersampled

regions of the shelf. The parameters which usually explain most of the variability in carbon dioxide fugacity (fCO2) in the

ocean surface are temperature (T), salinity (S), total alkalinity (TA), and dissolved inorganic carbon (DIC). Gas solubility is

expected to increase with decreasing temperature, change with salinity as a result of variable dissociation constants through150

their dependence on ion activities. With increasing TA, the fCO2 is expected to decrease since these are the ions associated with

increasing the ocean buffer capacity (?), and DIC is taken up by autotrophs during primary production and converted to organic

matter. The data collected on the Northeast Greenland shelf in fall of 2017 do not clearly show the patterns expected (Figure

3). The data are scattered and outliers do not follow a discernable pattern with respect to salinity or temperature. Outliers occur

during both cruises, in measurements from both labs, toward high and low TA and DIC concentrations, and at different depths.155

There is no clear correlation between the outliers and any variable measured. We therefore have to surmise that at this time we

are missing a (set of) variable(s) and/or process(es) with which to describe the extreme values in these data, and we do not have

sufficient justification to remove any of the outliers from the dataset. We cannot discard any data without a good reason to flag

it as an outlier, and with this amount of variability in the dataset using linear correlations loses some efficacy. Mean values are

not representative of the data therefore any attempt at statistical analysis necessarily relies on non-parametric techniques such160

as the modified Z-score.
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Figure 3. Carbon dioxide fugacity fCO2 plotted as a function of potential temperature (a), practical salinity (b) normalised DIC (c), nor-

malised TA (c), and with depth for shallower (e) and deeper waters (f). The orange lines in a,b are the best fit line for the median ± 200 fCO2

for each step in controlling variable. The median for steps in salinity is shown as the blue line where values included in the median calculation

(± 200) are bounded by the grey region. Data with orange stroke in a,b and in colour in c,d,e,f are values with a modified Z-score of within D

± 1.5. The red line in (a,b) is the modified Z-score data best fit.
:::
All

:::
data

:::
are

:::::::
coloured

:::::::
according

::
to

:::
the

:::::::
Apparent

::::::
Oxygen

::::::::
Utilization

::::::
(AOU)

:::::::
calculated

::
as

:::
the

::::::::
difference

::::::
between

:::
the

:::::::
TEOS-10

::::::::
calculated

::::::
oxygen

:::::::
solubility

:::
and

::
the

:::::::
observed

::::::
oxygen

::::::::::::
concentrations.
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Figure 4. (a) the change in fCO2 with changes in apparent oxygen utilisation (AOU). (b,c) fCO2 changes with date, coloured respectively

by distance of station to Greenland and the EGC (d) Data in the mixed layer depth (MLD) for each station by date

Using median values of fCO2 for steps of each controlling variable (T, S, etc.) rather than the mean and picking values

for fCO2 between which the correlation is to be made or using an extreme modified Z-score outlier flag (> D=1.5), a linear

relationship can be established for temperature (Figure 3a). The same method fails for salinity (Figure 3b) because the median

fCO2 follows a slightly polynomial shape which means the line is an overestimate compared to the values calculated from165

CO2SYS. The median and inter quartile range (iqr) for the mixed layer depth based on the N2 are 410.49 and 147.58 µatm,

which is above the projected atmospheric value for the region of 395 µatm based on SeaFlux (?) though this is for the entire

time period which may not be representative (Figure 4). If we divide further by time, the period before 10 September has a

median 477.66 with iqr 201.96 µatm and after this date the median goes down to 367.89 with iqr 110.66 µatm. This indicates

a change in conditions, either between the sampling period or the sampling locations where the region turns from a source to a170

sink. For samples taken near the surface, the apparent oxygen utilisation is under 95% indicating either its use in biochemical

processes, or the active ventilation of or mixing with waters with even lower dissolved oxygen concentrations. In case of

the former, this may also be responsible for the some of the higher concentrations in surface layer fCO2 though we have no

additional evidence to show active remineralisation.

One of the reasons that the relationships between fCO2 and temperature and salinity respectively is unpredictable and highly175

variable is that water types with different histories found on the Northeast Greenland shelf can have similar end-member values

for certain parameters. For example, meteoric freshwater from the longer fjords has had time to heat up before being advected

onto the shelf, with air temperatures in summer as high as 10 to 12 ◦C (?). Atlantic Water (AW) from the return current also

has temperatures of over 4 ◦C and a salinity of 35. Eurasian Basin Atlantic Water (EBAW) i.e. Arctic Atlantic Water that has
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circumnavigated the Eurasian Basin and lost heat is cold but has a salinity of 34.8. This is very close to AW salinity (34.8/35 =180

0.99). The proportionality of the difference in TA between AW is similar to that in salinity, e.g. 0.98 for a EBAW TA of 2274

(?) and an AW TA of 2317 (?) but the 1% difference may be indicative of additional processes rendering TA non-conservative

in this layer, diluted by a large volume. The region is also known for its small diameter (5 - 10 km) but deep penetrating eddies

which offshelf can reach down to over 1000 m (???). With our sampling density which has distances between stations that are

frequently over 30 km such features could create heterogeneous results for neighbouring station locations.185

At depths below the surface mixed layer, as defined by the Brunt-Väisälä frequency squared (N2), the AOU and fCO2

are inversely correlated (Figure 3e). This ranges from the remnant of the winter mixed layer which is supersaturated with

respect to dissolved oxygen, AOU > 100 %, and the median fCO2 is lower than atmospheric values at 383.39 with an iqr of

130.40 µatm, to depths where AOU < 80 % and the fCO2 has a median of 453.32 with an iqr of 119.61 µatm. The maximum

AOU corresponds with higher Chloropyll a fluorescence in the remnant winter mixed layer which indicates that the dissolved190

bioactive gas concentrations in this layer are at least partially driven by the presence of a Deep Chlorophyll Maximum (DCM)

(Figure 4a). While surface conditions were variable during the sampling period in terms of sea ice fraction and temperature

(Figure 2), the region off-shelf, to the east of the EGC, is generally associated with warmer temperatures and higher salinity,

while waters across the shelf itself have colder surface temperatures. Sea ice is most persistent in the north. The first part of the

sampling period had warmer surface temperatures on the shelf itself, especially in the south along the coast . This is associated195

with higher , particularly at higher distances from the Greenland coast and smaller distances to the slope (EGC ).
::::::
(Figure

::::
2a).

::
In

:::::::
addition,

::::
this

:::::
period

::::::
(before

::::
13th

::::::::::
September)

:::
had

:::::
more

:::::::
stations

::::::
further

::::
from

::::
land

::::::
(Figure

:::
4b)

::::
and

:::::
closer

::
to

:::
the

::::
EGC

:::::::
(Figure

:::
4c),

:::
and

::::::::
generally

::::::
exhibit

::::::
higher

:
fCO2:

.

During the sampling period, the surface temperature cools and the sea ice in the north becomes more consolidated
::::::
(Figure

::::::
2b,c,d). The fCO2 during the later period are much lower and trend below atmospheric saturation, potentially indicating a200

seasonal shift (Figure 4b,c). The increasing Mixed Layer Depth (MLD) near the end of the study (Figure 4d) could support this

though this could also be attributable to another process such as the presence of a front.
::
A

::::::::::
comparison

::
of

::::::
mixed

::::
layer

::::::
values

:::::::
ignoring

:::::::
temporal

:::::::::
variability

::
is

:::::::
included

::
in

:::::::
section

:
6
::
of

:::
the

:::::::::::
Supplement.

The algorithms established by ? to determine TA and DIC for the North Atlantic (surface layer) fit our data well for TA,

albeit with a lot of
::::::::::
considerable

:
scatter (Figure 5 a). This is not entirely surprising since the dataset used for the algorithm205

was in part obtained from measurements of the northern part of the Northeast Greenland shelf (?). To determine the best fit

for DIC, they removed values for nearshore waters proximal to riverine meteoric freshwater sources from the dataset due to

those measurements being lower than the algorithmically predicted values. Our measurements are also lower than the values

predicted using their algorithm even though they are not directly near a meteoric freshwater source (Figure 5 b). Similar linear

regressions were fitted by ? and ?. The former do not provide an accurate reflection of our data and the second have a similar210

slope but a lower intercept. The ? equation is therefore the best predictor for TA on the shelf.

The difference between TA and DIC drives much of the fCO2 variability calculated using CO2SYS, and increases (on

average) between the first and second parts of the cruise (Figure 6a,b) as a result of a reduction in DIC. The average TA in
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Figure 5. Measured concentrations of TA (a) and DIC (b) compared to values predicted using the algorithms from ?, ?, and ?. Since NO−
3

concentrations were only available for the last two weeks of the cruise, these are the only data shown for the ? fit in (b)

the mixed layer remains the same throughout the study period. The reduction in mixed layer DIC relative to mixed layer TA is

most pronounced at the lower latitudes in the southernmost transect near Young Sound (Figure 6 c).215

As previously described in ?, the depth-depedence of carbonate chemistry on the Northeast Greenland shelf is non-linear.

Whether the surface mixed layer will act as a sink or a source of CO2 with respect to the atmosphere seems to vary though

it is clear that the region is not as strong a sink as previously expected and may be a net source. Increases in freshwater, both

meteoric as well as sea ice melt, are associated with more corrosive surface waters near the coast in the region (?) but this can

be compensated for by high productivity stimulated by nutrient input from local ice melt (??). If this is the case this may be220

another reason for the extreme variability of results we obtained. The mixed layer at the surface on the Northeast Greenland

shelf that is advected in from the Arctic Ocean is already severely nitrogen depleted (?) which impacts opportunities for local

primary producers to exist at the surface away from areas where local features such as eddies or actively melting sea ice

might contribute nutrients to the surface water. Where sea ice melting, glacier melting, or potentially even iceberg fertilisation

contribute nutrients to the surface, primary productivity can be quickly stimulated and the associated removal of DIC would225

allow for increased buffering by the TA and result in a lower fCO2 in these areas. Sea ice and iceberg melt can be patchy and

major continental meteoric freshwater contributions directly onto the shelf happen primarily at the termini of the 79N glacier

and Zachariaea Isstrom, therefore the extent of surface primary productivity influencing the carbon system is likely limited

during the sampling period. The rest of the shelf receives local freshwater input from long fjords where all the nutrients added

in the surface have likely already been fully utilised before they reach the shelf (?). This means that primary productivity is230

necessarily limited to a deep chlorophyll maximum (DCM) below the nitracline. During years of more extensive sea ice cover
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Figure 6. (a) Mixed layer nTA/nDIC with depth for the surface mixed layer. (b) nTA and nDIC respectively by measurement date. Blue line

is TA and orange line DIC best fit between 24 Aug - 10 Sep. Dashed lines are for dates after 10 Sep. (c) nTA against nDIC

primary production may occur closer to the surface and stimulate more direct uptake of CO2 from the atmosphere. Higher

benthic productivity has been observed closer to the EGC which, with strong benthic-pelagic coupling in the region, indicates

higher productivity at the surface near the slope (?) and an associated higher uptake of CO2. In the absence of sea ice melt it

is possible that this is stimulated by along-shelf upwelling or by EGC-associated eddies which are particularly prominent in235

areas where the density of the warm Atlantic and the cool Polar Water are the same (?).

4 Summary

We present the first full depth carbon system observations of the area of the Northeast Greenland shelf between 75 and 79 ◦N,

with additional measurements outside of Young Sund and in the region of the Northeast Water Polynya. Our total alkalinity

(TA) measurements correspond well to the predictive algorithm created by ?, whereas the dissolved inorganic carbon (DIC)240

measurements are lower than predicted by these authors. We find that the shelf does not act as a consistent sink as expected per

the calculated fugacity of carbon dioxide (fCO2) from samples of TA and DIC. Using non-parametric methods due to the large

number of outliers in the dataset, we find that the surface of the region can act as either a sink or source of CO2 with respect to

the atmosphere. The highest uptake is associated with a maximum in apparent oxygen utilisation (AOU) and chlorophyll within
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the remnant of the winter mixed layer where there is both light and nutrient availability. This water is not actively ventilated245

and therefore cannot contribute directly to atmospheric carbon exchange. The middle of the study period saw an apparent

breakdown in stratification based on an increase in mixed layer depth as determined by the maximum Brunt-Väisälä frequency

squared (N2). This was associated with a reduction in surface layer fCO2 to median values below the expected atmospheric

concentration, apparently due to a corresponding reduction in DIC. The many outliers in fCO2, particularly in the surface

mixed layer, are not clearly associated with any known process or measured variable. It is likely that the shelf is characterised250

by influences at smaller scales than the sampling density of this study. August and September 2017 were extraordinary in terms

of low sea ice cover, which was the reason that opportunistic sampling of this previously unsampled area could take place. Our

results may therefore not represent a baseline for the region when ice covered but rather may act as an example of the response

of the region to future increases in oceanic and atmospheric heat and reductions in sea ice.
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