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Abstract
The major flux of freshwater from the Arctic Ocean to the convective regions in the Nordic Seas and the
Northern North Atlantic is linked to the shelf branches of the East Greenland Current. This flux is partitioned
into a solid (ice) and a liquid phase. Time series measurements of the liquid component are hard to obtain
since the seasonally varying ice cover prevents the use of standard moored instrumentation in the near surface
gradient layers where most of the freshwater transport takes place. Using 40m-polyethylene tubes to pro-
tect sensors and buoyancy in the upper portion of the moorings and employing a bottom-mounted acoustic
Doppler current profiler have yielded the first time series of upper layer temperatures, salinities and currents
for a location at the outer East Greenland shelf at 74◦N. The observed seasonal variability suggests the dom-
inance of local warming/cooling and melting/freezing rather than advective processes. Estimates of liquid
freshwater transport yield a mean of 869 km3/a, whereas the total freshwater transport amounts to a value
between 1250 to 1750 km3/a.
Zusammenfassung
Der Transport von Süßwasser aus dem Arktischen Ozean in die konvektiven Wirbel der Grönland-, Island-
und Labradorsee erfolgt im Ostgrönlandstrom. Er besteht aus zeitlich veränderlichen Anteilen in fester (Eis)
und flüssiger Form. Zeitreihenmessungen des flüssigen Süßwasseranteiles sind schwierig zu erhalten, da
die saisonal veränderliche Eisbedeckung des Ostgrönlandstromes den Einsatz verankerter Sensoren in Ober-
flächennähe, dort wo sich der stärkste vertikale Gradient des Salzgehaltes befindet, sehr risikoreich macht.
Durch die Verwendung von 40 m langen Polyäthylenrohren, in denen die Temperatur- und Salzgehaltssen-
soren sowie die Auftriebselemente des oberen Teiles der Verankerungskette untergebracht wurden, konn-
ten erstmals 3-jährige Zeitreihen (2000–2003) der Schichtung des Ostgrönlandstromes auf dem ostgrönlän-
dischen Schelf bei 74◦N erhalten werden. Die für Transportabschätzungen notwendigen Strömungsmessun-
gen wurden durch den Einsatz eines am Grund verankerten, akustischen Doppler-Profilstrommessers gewon-
nen (2001–2002). Die beobachteten Jahresgänge von Temperatur und Salzgehalt werden durch lokale Erwär-
mung/Abkühlung bzw. Schmelzen/Gefrieren dominiert. Der flüssige Süßwassertransport für den Zeitraum
2001–2002 ergab sich zu 869 km3/a, die Werte für den gesamten Süßwassertransport lagen im Bereich 1250
bis 1750 km3/a.

1 Introduction

Freshwater export from the Arctic particularly affects
stratification in the convective regions of the Northern
North Atlantic and hence the Atlantic meridional over-
turning circulation.. For the Nordic Seas sector the ex-
port is facilitated by the polar components of the East
Greenland Current (EGC), i.e. the Sea Ice, the Polar Sur-
face Water and the Polar Intermediate Water (RUDELS et
al., 2002). There is a definite gap in our knowledge about
the partitioning of the freshwater flux into its solid and
its liquid component along the path of the EGC from the
Fram Strait to south of the Denmark Strait. Filling this
gap is important since the processes and the time scales
of freshwater supply to the sensitive convective gyres of
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the Greenland and the Iceland Seas are different for solid
and liquid sources. Reliable data are needed since the
last decades have seen important changes in the contri-
bution of freshwater to the Nordic Seas watermass struc-
ture: There is the decadal freshening of the upper and in-
termediate waters and the related overflows (DICKSON

et al., 2002; HANSEN et al., 2001), and there is the en-
hanced eastward penetration of freshwater within the
Jan Mayen and the East Icelandic Currents into the
Norwegian and the Lofoten Basins (BLINDHEIM et al.,
2000).

The freshwater transport by ice through Fram Strait
is sufficiently well measured and modeled. Transport
values were estimated from Arctic water balances and
local time series of ice thickness from upward look-
ing sonars in combination with satellite measurements
of ice speed and lateral ice extent. They range be-
tween 2360 and 2850 km3/a (RUDELS, 1987; AA-
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Figure 1: Map of the Greenland Shelf with mooring (circle=tube moorings, star=ADCP) and CTD (crosses) locations. Topographic con-

tours are at every 50 m from 0 to 500 m and at 1000, 2000 and 3000 m.

Figure 2: Schematic of the mooring deployment in 2001–2002.

GAARD and CARMACK, 1989; VINJE et al., 1998; and
KWOK and ROTHROCK, 1999). Time series measure-
ments and modeling show a variability up till 60 % of
the annual means, with significant export anomalies in
1967/68 and in the 90´s (VINJE, 2001; HILMER et al.,
1998; KOEBERLE and GERDES, 2003). From sensitiv-
ity experiments the low frequency variability in the wind
forcing is the primary cause for the export variability
(HAEKKINEN, 1999; HAAK et al., 2003).

In contrast to freshwater flux in the solid phase the
liquid fluxes through Fram Strait have so far not been
accessible to time series observations. Therefore num-
bers are mainly available from modeling and are given
as 1600 km3/a with anomalies on the order of 40 %
of the mean (HAAK et al., 2003). AAGARD and CAR-
MACK (1989) give an observation based estimate of
1160 km3/a. Observations on the variability of the parti-
tioning of the freshwater flux between the solid and the
liquid phase are not available for Fram Strait and also
not available for regions further downstream the EGC.
The major reason for this shortcoming was the lack of
adequate instrumentation for time series observations of
currents and salinities throughout the watercolumn in
the seasonally ice covered EGC over the East Green-
land shelf and slope, including the sharp gradient layers
immediately underneath the ice.

In a first attempt to obtain the required data we
moored three instrument packages near the East Green-
land shelf edge at 74◦N (Figs.1 and 2). For measur-
ing temperature and salinity as a function of depth,
TS-recorders were mounted in a 40m-polyetylene tube
which formed the upper buoyant end of a mooring. In
case of contact with deeper reaching ice-keels or ice-
bergs the rugged tube was supposed to be bent over
without damage to the instruments and the bouyancy
inside. For measuring the vertical current-distribution a
bottom-mounted ADCP was deployed using traditional
groundwire-technique. In this contribution we present
TS-time series for the years 2001, 2002 and 2003 which
will allow a first look at the seasonal variability of the
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upper layers of the EGC. ADCP-data are only available
for one year and will allow first measurement-based es-
timates of freshwater flux in the EGC for the period
September 2001 to September 2002.

2 Measurements

Starting in September 2000, trial-moorings were placed
on the east Greenland shelf at about 74◦N to measure the
near surface temperature and salinity stratification (Figs.
1 and 2, Tab. 1). The TS-sensors (Microcats, SBE 37
SM, recording interval 1 hour) were placed inside a 40
m long tube, including the flotation in the form of plas-
tic spheres which fishermen use in trawling-nets. Near
the instruments holes were drilled into the tube to facili-
tate water exchange. The tube was not filled evenly with
flotation, rather we used more flotation in the lower part
to ease tilting in case of ice contact. Due to the large
cross section, the current drag on the tube is larger than
in a normal mooring design and therefore more buoy-
ancy is needed to prevent large vertical displacement due
to strong currents. Calculations of the dynamic behavior
(DEWEY, 1991) of a typical 200 m long mooring with
a 40 m long tube on top gives a vertical displacement
of about 22 m for a 0.5 m/s depth independent velocity
(tube represented by a wire with 22 cm diameter, drag
coefficient of 1.3 and 6.46 kg/m buoyancy). Increasing
the buoyancy to 13 kg/m gives a vertical displacement of
just 7 m. The measured (maximum of about 50 m) and
calculated displacement for the 2001–2002 period show
relatively good agreement. These calculations were pos-
sible because in the second year of deployment (9/2001
to 9/2002) an acoustic Doppler current profiler (ADCP)
was moored on the bottom between the two tube moor-
ings and measured the current in the whole water col-
umn. Pressure was not recorded in the first year of de-
ployment, the following years the upper instrument of
each tube recorded pressure. The pressure at the lower
instrument was calculated from the upper one using the
mooring tilt. Data within 10 dbar pressure bins was aver-
aged into daily values, due to mooring tilt at some days
therefore more depth bins than instruments are available.
The bins around the nominal depths of 20 dbar and 60
dbar have one very few missing daily values. The ADCP
made hourly measurements of the velocity in 11 vertical
bins, covering the whole water column. It was mounted
in a battom frame without releaser. At deployment this
frame was lowered to the bottom with a wire of 300 m
length. This wire was then stretched out on the ground
with a weight at its end. At recovery we dredged for
this wire and used it to recover the ADCP. In the design
of the ADCP-frame the effect of its steel-weight on the
ADCP-compass was underestimated. Therefore, in ad-
dition to correct the compass readings for the local mag-
netic variation using the International Geomagnetic Ref-
erence Field, we also had to account for a considerable

magnetic deviation due to mooring frame and weight.
This was done by assuming that the polar waters near the
slope flow southward with their mean barotropic flow
aligning with the direction of the regional scale depth
contours (PROUDMAN, 1953). This direction was cal-
culated by fitting a plane to the local topography (±1◦
in longitude and ±0.5◦ in latitude). Depending on the
topographic data that direction is −115◦ (Etopo2 from
www.ngdc.noaa.gov) or −119◦ (IOC, IHO and BODC,
2003). We use the value of −119◦ and therefore had
to apply a deviation of +29.5 degrees, resulting in a
mean barotropic velocity of –6.8 cm/s northwards and
−14.6 cm/s eastwards. The barotropic eddy kinetic en-
ergy (〈Ū ′ ·Ū ′〉 = 228 cm2/s2) with overbars denoting
vertical and angle brackets temporal means is smaller
than the mean kinetic energy (〈Ū〉 · 〈Ū〉 = 260 cm2/s2).
For the subsequent analysis the data was low pass fil-
tered using a cutoff frequency of 28 hours to exclude
the main tidal signal and averaged into daily means.
This lowered the barotropic eddy kinetic energy to 155
cm2/s2. The direction of the barotropic current is quite
stable, only 67 (42) out of 368 days the direction devi-
ates more than 30 (45) degree from the mean direction.
A smoothed time series of the velocity in the main di-
rection is given in Fig. 4d. During the deployment and
recovery cruises hydrographic sections were done using
a Seabird 911+ CTD. In September 2001 and 2002 al-
most no ice was present at 74◦N, so it was possible to
obtain complete CTD sections for the shelf all the way
to the coast of Greenland (Fig. 3). In September 2000 the
ice edge was situated east of the shelf break. No CTD-
profiles on the shelf are available from that summer.

3 Seasonal cycle

In Fig. 4 a,b and c we present the first 3-year time se-
ries of temperature and salinity for the upper layers of
the outer shelf at 74◦N. During spring and summer the
ice formed in the preceding winter melts and the re-
leased freshwater lowers the salinity of the upper wa-
ter column. The upper waters are also warmed, so that
at the end of summer a relatively warm and fresh sur-
face layer is present. As this layer is of lower density, a
strong density contrast to the layer below inhibits mix-
ing and exchanges between both layers. In autumn de-
creasing temperatures lower the density and ice forma-
tion increases the salinity in the surface layer. Mixing
with the layer below leads to a quite homogeneous wa-
ter column in winter, with temperatures near the freez-
ing point. This cycle is clearly seen in the mooring data.
The good correlation of the upper salinity with the local
ice cover (correlation coefficient between monthly data
= +0.88, and between daily data = +0.84) suggests that
most of the changes are due to local processes of ice for-
mation and melting, and that advection does not play a

http://www.ngdc.noaa.gov
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Figure 3: a) Salinity section over the East Greenland shelf at 74◦N in September 2002. Station positions are given as rhombi at the surface.

b) Vertical mean salinity in different layers from the data in a).

Table 1: Position and instrumentation of the shelf moorings.

Name Latitude Longitude Time Depth Instruments
Tube 2 74◦ 01.624 N 15◦ 31.230 W 9/2000-9/2001 358 m Microcat at 41 m and 84 m
Tube 5 74◦ 01.678 N 15◦ 31.303 W 9/2001–9/2002 340 m Microcat at 77 m and 117 m
Tube 6 74◦ 03.956 N 15◦ 45.139 W 9/2001–9/2002 203 m Microcat at 16 m and 56 m
ADCP 74◦ 02.879 N 15◦ 38.113 W 9/2001–9/2002 205 m 11 velocity bins
Tube 9 74◦ 01.656 N 15◦ 31.289 W 9/2002–10/2003 341 m Microcat at 15 m and 55 m

major role. Advection of ice from further away would
also imply the presence of multi-year ice, but during the
years 2000 to 2003 the multi-year ice coverage was only
minor. A higher ice cover means also higher salinities,
and so in summers in which the ice does not completely
melt (e.g. 2000) the salinities are higher than in sum-
mers where almost all ice has melted (e.g. 2001, 2002
and 2003). Ice cover gives only the area and not the ice
volume, but the observed change in the freshwater con-
tent of the water column corresponds to the formation of
about 2 m to 2.5 m of ice, being slightly larger then the
mean thickness of 1.5 to 2 m of the winter ice drift given
by BOURKE and GARRET (1987). Although the mean
features of the seasonal cycle are not influenced by ad-
vection, some advective events are discernible. Pulses of
higher salinity in the lowermost instrument, especially
the one at nominal 120 m in 2001–2002, are most prob-
ably due to onslope-advection of high salinity recirculat-
ing Atlantic Water (rAW). Occasionally higher salinities
are seen in the uppermost instruments as a result from a
tilting of the mooring in a stronger current, which low-
ers the instruments to larger depths with higher salini-
ties. No apparent seasonal cycle is found in the mean
velocity from the bottom till near the surface. Only the
uppermost velocity bin shows a seasonal cycle. The dif-
ference between the mean velocity of the lower bins and
the uppermost velocity bin is small during winter and
larger during summer. Without ice cover the wind forc-

ing of the upper layer is stronger and the density contrast
between surface and deeper parts of the water column
decouples the surface layer from the underlying layers
in summer.

4 The freshwater transport

The freshwater transport (FW) by the EGC is calculated
by integrating the product of velocity (v) and salinity-
anomaly (observed salinity (S) minus a reference salin-
ity (Sre f )) over the current width (from x0 to x1) and
depth (from z0 to z1):

FW (t) =∫ ∫
v(x,y, t)× (S (x,y, t)−Sre f )∂ z∂x

Sre f is a climatological mean value for the water masses
representing the larger scale circulation regime of the
Nordic Seas. Here we apply the commonly used refer-
ence of 34.9 (e.g. AAGAARD and CARMACK, 1989).
For the transport calculation we are using the daily mean
values of the salinity and velocity, thus giving us daily
transport values for the period in which tube and ADCP
data are available (from September 2001 to September
2002). In this period data from two tubes is available.
The upper instrument of one tube was situated deeper
than the lower instrument of the other mooring. The
moorings were placed only 8 km apart and as we have
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Figure 4: Time series from the period 9/2000 to 9/2003 of a) the temperature at the upper (blue, nominal depth 20 m) and lower (red,

nominal depth 60 m) instrument, b) the upper (blue) and lower (red) salinity together with sea ice cover from satellite data (green, 19◦W-
14◦Wand 74.0◦N-74.5◦N, scaled so that 0 % at 30 PSU, 100 % at 32 PSU), c) temperature-salinity data from 4a), b) at the nominal depth of

20 m (+) plotted in temperature/salinity-space, and their 3-year monthly means (red line). Freezing temperature and densities (sigma-theta)

are inserted, d) current speed in direction of the mean barotropic flow (225 degrees). All mooring data are daily averages. The velocities

in d) are low pass filtered with a cutoff period of 28 hours and a 6 days running mean was applied to suppress shorter term barotropic

fluctuations and enhance the baroclinic structure.

Table 2: Estimates of freshwater transport from different data sources.

Velocity data Salinity data Freshwater expl.variance. daily expl.variance
transport 15 days mean

“full” u(z,t) S(z,t) 869 100 % 100 %
“constant” 〈u〉 〈S〉 808 0 % 0 %
“barotropic” u(t) S(t) 804 85 % 92 %
“S-variable” 〈u〉 S(t) 808 16 % 54 %
“U-variable” u(t) 〈S〉 808 55 % 37 %
“baroclinic” 〈u〉(z) 〈S〉(z) 879 0 % 0 %
“total mooring” u(z,t) mooring summer data 1283 – –
“total shelf” u(z,t) CTD summer data 1741 – –

to assume horizontal homogeneity in the transport cal-
culations (see below) we merged them into a single time
series of vertical stratification.

The vertical integral
∫ z1
z0 ∂ z is substituted by the sum

∑
z1
z0 ∆z over the ADCP velocity bins (∆z∼ 17.4 m) rang-

ing from the surface (z0 = 0 m) to the bottom (z1 =
193 m) at the ADCP position. The salinity data is lin-
early interpolated onto the respective ADCP depths us-
ing the tube measurements and a linear extrapolation to
the surface. The extrapolation towards the bottom is to-
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Figure 5: Cumulative (from the west) freshwater (solid) and volume

(dashed) transport from geostrophic calculation with a reference ve-

locity of zero at the bottom from the 2002 CTD section along 74◦N.
The easternmost value is the total geostrophic transport on the shelf

and within the EGC. Stars denote the mean freshwater transport es-

timates from the mooring (“full‘”, “total mooring” and “total shelf”;

see Table 2). The circle denotes the mooring volume transport.

wards the deepest summer 2002 CTD salinity value or
to the deepest tube measurements if this value is larger
then the CTD value. The integration depth of 193 m is
quite representative for the whole shelf (see Figs. 1 and
3). Some deeper channels cut into the shelf at 74◦N, but
since they are dead ends, the transports at these deep
levels will be small. As we have only one measure-
ment location we have to assume horizontal homogene-
ity and can substitute the horizontal integral

∫
∂x with a

multiplication by the current width (W= |x1− x0|). We
can make an estimate of the error due to the assump-
tion of homogeneity in salinity using the summer 2002
CTD section which covers the whole shelf. The ver-
tically integrated salinity (0–193 dbar, Fig. 3b) ranges
from 32.80 to 33.77. The difference of the vertically
integrated salinities at the ADCP position (S=33.69)
across the whole shelf (20.5◦W to 15◦W, S= 33.27) cor-
responds to a change of 30 % in (S-Sre f ), and the fresh-
water transport acordingly. As the mean shelf salinity is
lower than the mean salinity at the mooring position, our
transport underestimates the absolute value of the fresh-
water transport.

The representativity of the current measurements is
more uncertain. The shelf at 74◦N is about 150 km wide,
too much to assume horizontal homogeneity in the view
of possible recirculations or gradients in conditions of
a partly ice-covered shelf. From the summer CTD sec-
tions we can calculate only the velocity referenced to an
assumed level of known motion. ADCP sections are also
just snapshots and must be detided, and tidal models are
probably very uncertain in this shallow and remote area.
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Figure 6: Instantaneous (grey bars) and smoothed (15 days run-

ning mean, thick line) freshwater transport in liquid form and the

smoothed total transport as calculated using the mean summer salin-

ity profile from CTD data (dashed thick line). The two horizontal

lines give the respective mean values (869 and 1741).

Altimetry, even if assuming the errors are small enough
to make estimates of the barotropic currents, is also not
possible to use, as up till now no oceanic altimetry sig-
nal can be measured in ice covered areas. Some infor-
mation can be deduced from ice drift data (FOWLER,
2003). At the ADCP position the mean southward ice
drift (4.6 cm/s) is somewhat smaller then the south-
ward barotropic velocity from the ADCP (6.8 cm/s). The
southward ice drift decreases towards the shore, and al-
though ice motion does not depend only on the oceanic
surface currents but also on wind and ice compactness
it is very probable that the oceanic current speed is also
lower towards the coast. Taking the ice drift as proxy
for the barotropic velocity the cumulative volume trans-
port (0–193 m, starting at the coast) is 0.8 Sv at the
ADCP position and 1.3 Sv at 14◦W (1 Sverdrup = 106

m3/s). Similar values are found in the geostrophic esti-
mate from CTD data (Fig. 5). If the ice drift underesti-
mates the barotropic current by the same factor as at the
ADCP position, the transport at 14◦Wwould increase to
1.9 Sv. We choose the relevant width of the EGC such
that the mean total volume transport calculated from the
ADCP data amounts to 1 Sv. This leads to an effective
width of about 32.1 km using the velocity in the main
current direction or of 76.0 km for the north-south com-
ponent. With all the assumptions going into this fixed
current width estimate the errors are large. Certainly fur-
ther direct current measurements are needed to better es-
timate the net transport over the shelf. We also do not
know if the small horizontal variability of the salinity
as seen in the CTD-sections in summer is valid in other
seasons.

Fig. 6 shows the time series of the freshwater trans-
port in main current direction calculated from the ADCP



Meteorol. Z., 14, 2005 J. Holfort & J. Meincke: Time series of freshwater-transport 709

velocities and the mooring salinities. The temporal mean
amounts to 869 km3/a (or 0.027 Sv). To separate the
main factors leading to the observed freshwater trans-
port, calculations were done also using different com-
binations of temporal means (〈x〉) and vertical means
(x) of the salinity and velocity (Tab.2). For the tempo-
ral mean freshwater transport it suffices to know the
temporal and vertical mean values of the velocity and
salinity, as the “constant” calculation using 〈u〉 and 〈S〉
gives almost the same value as the full calculation. The
“barotropic” calculation also captures most of the tem-
poral variability. A large part of the shorter term vari-
ability is due to the current variability (calculation “U-
variable”) but for the smoothed transport and the main
seasonal signal the variability in the salinity is more im-
portant (calculation “S-variable”). The main features in
the seasonal cycle of the liquid freshwater transport in
Fig. 6 are the low values in winter due to the higher win-
ter salinity and and higher values in summer due to the
lower summer salinities.

Calculations were also done using just the summer
salinity values from the moorings, respective the mean
summer salinity profile from the CTD sections. As in
the summers no ice was present, the summer transport
is equal to the total freshwater transport. With the pres-
ence of ice, we have to add the freshwater transport in
the form of ice to arrive at the total transport. We found
that the seasonal cycle in salinity can be explained quite
well with local formation and melting of ice. This means
the total freshwater content of the water column stays
constant during the year. Assuming, that the ice moves
similarly to the water in the upper water column, we can
estimate the total transport by multiplying the measured
velocities with the mean salinity profile in summer. The
total freshwater transport is about 1250 to 1750 km3/a,
the transport in the form of ice being as large as the
transport in liquid form. Comparing our estimate with
the total fresh water flux trough Fram Strait, our value is
very low and a better fit would be attained using a vol-
ume transport of 2 Sv in the current width calculation.
The seasonal cycle of the ice transport is opposed to the
seasonal cycle of the liquid freshwater transport, with
a maximum in winter and a minimum in summer (and
equal zero during ice free summers). This also corre-
sponds to the seasonal cycle of the ice transport in Fram
Strait (VINJE, 2001), with the difference that in Fram
Strait the summer ice export does not reach a value of
zero due to the year-round presence of ice.

5 Conclusions

We have demonstrated in this paper that time series
of temperature, salinity and currents can successfully
be obtained in the upper layers of the seasonally ice-
covered waters of the East Greenland shelf. These data

were used to estimate the seasonal variability of the liq-
uid fraction of the freshwater transport of the EGC. The
simple instrumentation proved rugged enough to be em-
ployed in future monitoring of the Arctic freshwater ex-
port which is an essential component in all planning
for improved estimates on the global freshwater cycle.
However, a full transport monitoring of the EGC needs
additional steps to be taken:

– In order to gain information on the divergence of
the EGC-freshwater flux, measurement array need to be
maintained between Fram Strait and south of the Den-
mark Strait at those locations, where topography forces
injections of freshwater into the interior of the Nordic
and the Labrador Seas. This information is vital in es-
timating the individual contributions of the convective
gyres to the dense overflows.

– The number of instruments covering individual
sections across the East Greenland shelf and upper slope
has to be large enough to allow reliable interpolation of
the salinity and velocity fields.

– The measurements of liquid freshwater fluxes are
of minor value if not the information on freshwater
fluxes with the ice is available in parallel. Here we ex-
pect major improvements once the thickness of the sea
ice is routinely available from satellites like CryoSat and
IceSat.
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