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Abstract The Arctic plays a fundamental role in the climate system and shows signifi-

cant sensitivity to anthropogenic climate forcing and the ongoing climate change. Accel-

erated changes in the Arctic are already observed, including elevated air and ocean

temperatures, declines of the summer sea ice extent and sea ice thickness influencing the

albedo and CO2 exchange, melting of the Greenland Ice Sheet and increased thawing of

surrounding permafrost regions. In turn, the hydrological cycle in the high latitude and

Arctic is expected to undergo changes although to date it is challenging to accurately

quantify this. Moreover, changes in the temperature and salinity of surface waters in the

Arctic Ocean and Nordic Seas may also influence the flow of dense water through the

Denmark Strait, which are found to be a precursor for changes in the Atlantic meridional

overturning circulation with a lead time of around 10 years (Hawkins and Sutton in

Geophys Res Lett 35:L11603, 2008). Evidently changes in the Arctic and surrounding seas

have far reaching influences on regional and global environment and climate variability,

thus emphasizing the need for advanced quantitative understanding of the ocean circulation

and transport variability in the high latitude and Arctic Ocean. In this respect, this study

combines in situ hydrographical data, surface drifter data and direct current meter mea-

surements, with coupled sea ice–ocean models, radar altimeter data and the latest GOCE-

based geoid in order to estimate and assess the quality, usefulness and validity of the new

GOCE-derived mean dynamic topography for studies of the ocean circulation and transport

estimates in the Nordic Seas and Arctic Ocean.
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1 Introduction

Changes in the dynamic topography and ocean circulation between the northern Atlantic

Ocean and the Arctic Ocean result from variations in the atmospheric forcing field and

convective overturning combined with changes in freshwater runoff and their pathways, mean

sea level, sea ice deformation and water mass transformation. The ocean circulation in this

region has been subject to investigations since Helland-Hansen and Nansen (1909). In gen-

eral, it can be characterized by four regional circulation regimes and cross-regional exchanges

and volume transports, namely the Northeast Atlantic, the Labrador Sea and Canadian

archipelago, the Nordic and Barents Seas and the Arctic Ocean, as illustrated in Fig. 1.

Accurate knowledge of the ocean transport variability together with understanding of

the water mass transformations within and across these regions is highly needed to quantify

changes in the overturning circulation with acceptable uncertainty. The Atlantic meridional

overturning circulation is, among other factors, influenced by: variations in the upper ocean

and sea ice interaction; ice sheet mass changes and their effect on the regional sea-level

change; changes in freshwater fluxes and pathways; and variability in the large-scale

atmospheric pressure field. For instance, changes in the pathways of the freshwater from

the Eurasian runoff forced by shifts in the Arctic Oscillation can lead to increased trapping

of freshwater in the Arctic Ocean as presented by Morison et al. (2012) that, in turn, may

alter the thermohaline circulation in the sub-Arctic Seas.

Using a new combination of the ice cloud and land elevation satellite (ICESat) laser

altimeter and the gravity recovery and climate experiment (GRACE) satellites, along with

traditional hydrography, Morison et al. (2012) were able to show that the dominant

freshwater changes from 2005 to 2008 were an increase in surface freshwater in the

Canada basin balanced by a decrease in the Eurasian basin. These changes were due to a

cyclonic (anticlockwise) shift in the ocean pathway of the Eurasian runoff forced by

strengthening of the west-to-east Northern Hemisphere atmospheric circulation corre-

sponding to a strengthening of the Arctic Oscillation index. These findings are confirmed in

recent results presented by McPhee (2013) and Koldunov et al. (2013). In addition, the

regional sea level jointly obtained from tide gauges and ERS-1, 2 and Envisat altimeter

satellites together with the gravity field and ocean dynamic topography observations from

GRACE and GOCE have also recently allowed new innovative studies of the climate-

critical mass changes and freshwater flux variations in the high latitude and Arctic Ocean

(e.g., Cheng et al. 2013; Prandi et al. 2012; Henry et al. 2012; Knudsen et al. 2011).

In this paper, a new GOCE-based geoid and mean dynamic topography (MDT) for the

high latitude and Arctic Ocean is obtained, assessed and compared to independent steric

height observations and state-of-the-art MDTs. Furthermore, comparisons of surface

velocity and transport in the Nordic Seas, based on the combination of GOCE gradiometer

gravity estimates and in situ hydrographic data, are done with estimates from several

forced coupled sea ice–ocean models, ocean surface drifter data and direct measurements.

The new findings and results are presented according to the ocean dynamic topography in

Sect. 2, ocean surface circulation in Sect. 3 and volume transport in Sect. 4. A summary

follows in Sect. 5.
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2 Ocean Dynamic Topography

Measurements of the sea surface height have been routinely obtained from satellite

altimeter missions, such as the TOPEX/POSEIDON (Fu et al. 2001; Shum et al. 2010), in

the last 20 years. Today, the annual mean sea surface (MSS) height derived from altimetry

is known with millimeter accuracy (e.g., Cazenave et al. 2009) in the open ocean. In

addition, knowledge of the marine geoid has drastically improved thanks to satellite

gravity measurements from the NASA GRACE (Maximenko et al. 2009) and ESA GOCE

(Johannessen et al. 2003; Bingham et al. 2011; Knudsen et al. 2011) missions in the last

decade. In turn, the MDT, which is simply the difference between the mean sea surface

height (MSS) and the geoid (G) (both referenced to the same ellipsoid as illustrated in

Fig. 1 General circulation of the Arctic Ocean, Nordic Seas, and North Atlantic. Bottom contours are 1000
and 3000 m outlining the shelves and basins. Red arrows represent Atlantic Waters, which reside in the
surface in the Nordic Seas and submerged in the Arctic Ocean. Blue arrows represent Polar Water, residing
in the surface. The Norwegian Sea comprises the Norwegian Basin, while Lofoten Basin, while the Nordic
Seas are the Norwegian, Iceland and Greenland Seas. Circulation patterns based on AMAP (1998) and
Furevik and Nilsen (2005)
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Fig. 2), can now be determined with new and unprecedented accuracy around &3 cm at

100 km spatial resolution (Bruinsma et al. 2013). In comparison to the use of the reference

geoid obtained from the Earth Gravitational Model 2008 (EGM2008), this yields a factor 2

improvement in the MDT at this spatial resolution. However, this accuracy is not neces-

sarily applicable to the Arctic Ocean and the neighboring sub-Arctic seas due to the

presence of sea ice, lack of Jason altimeter coverage and shorter dominant spatial scales.

The GOCE high-level processing facility (HPF) delivers the level-2 global gravity

model from which geoid heights can be determined (Koop et al. 2007; Bingham et al.

2011). Based on 12 months of GOCE data acquired in the time interval November 01,

2009 to April 14, 2011, three versions of GOCE gravity model are made available: the

direct (DIR) approach; the spacewise (SPW) approach; and the timewise (TW) approach.

More details of these gravity field models can be obtained from Bruinsma et al. (2010) and

Pail et al. (2011). In addition, so-called combination models such as the EIGEN-6C (Förste

et al. 2011) that combines the GOCE data with terrestrial data have been developed. In this

paper, we apply the EIGEN-6C gravity model for the computation of the MDT. The

corresponding geoid is determined in the mean-tide system and relative to a Topex-

ellipsoid. This ensures consistency with the Technical University of Denmark (TUD) MSS

data set referenced to the time period 1993–2009 (Andersen and Knudsen 2009). Sub-

sequent to subtracting the geoid from the MSS, filtering was carried out eliminating the

short wavelength geoid signals, in order to obtain a useful estimate of the MDT. This

filtering was carried out using a 80-km Gaussian filter to preserve the upper bound of the

mesoscale features in the study area. (Note that Knudsen et al. (2011) applied a 140-km

Gaussian filter to determine the global ocean MDT.) In the forthcoming, we refer to this as

the GOCE-based geoid and MDT.

Isolines of constant MDT (MSS-G) are usually considered as a stream function for the

large-scale ocean surface circulation, which the surface geostrophic currents are directed

along. In the Northern Hemisphere (Southern Hemisphere), the flow is clockwise (anti-

clockwise) around the topographic high. The magnitude of the global spatial MDT vari-

ations is around 2–3 meters, which is about two orders of magnitude smaller than the

global spatial changes in the marine geoid and the MSS. This makes the computation of the

MDT and the handling of errors challenging as it is easy to fail to exploit all of the details

in the geoid and the MSS when calculating the MDT because of the need to obtain a

smooth solution. Herein, the separation of the MDT from the MSS and the geoid is carried

out in the space domain, where the MSS is usually represented using processing tools that

are available at the dedicated ESA GOCE User Toolbox (GUT); see Web site http://earth.

esa.int/gut/.

The GOCE-based MDT shape and spatial pattern representing the mean from 1993 to

2009 for the North Atlantic, Nordic Seas and the Arctic Ocean is shown in Fig. 3. The total

MDT elevation range from the high in the Arctic Ocean to the low in the subpolar gyre in

the North Atlantic reaches about 0.9 m. The regional shape of the MDT with the orien-

tation of the dominant slopes in the different sub-domains reveals the presence of the main

circulation pathways in: (1) the subpolar gyre south of Greenland; (2) the inflow of Atlantic

Water, respectively, between Iceland and the Faroe Islands and between the Faroe and

Shetland Islands; (3) the continuous northward flowing Atlantic Water toward the Arctic

Ocean; (4) the southward flowing East Greenland Current (EGC); (5) the Beaufort Gyre;

and (6) the transpolar drift in the Arctic Ocean.

The MDT in the Arctic Ocean may display some characteristic features that are caused

by problems in the data coverage. Both the GOCE data and the altimeter data do not cover

the Arctic Ocean entirely, so within 300–400 km from the pole, the data coverage is
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insufficient to calculate a reliable MDT. Also, the presence of sea ice may hamper the

computation of the MSS and hence the MDT. Though care is taken to avoid erroneous data

some of the data that have been used to calculate the MSS may represent the top of the sea

ice floes rather than the sea surface. In particular, off the coasts of the Canadian Archi-

pelago and northern Greenland the high values of the GOCE MDT may be caused by the

influence of the permanent and thick sea ice cover.

The Arctic Ocean displays an elevation change reaching up to about 0.45 m associated

with the high in the Beaufort Gyre, and with the corresponding dominant orientation of the

slope mostly aligned from Siberia to the northern shores of Greenland. According to Steele

and Ermold (2007), the dynamic height in the Arctic Ocean is predominantly influenced by

salinity. In the Nordic Seas, the general shape of the MDT favors the cyclonic circulation

pattern displaying steepest MDT slopes of 0.4 m/100 km between the Faroe and Shetland

Islands, along the northwest coast of Norway and in the northern part of the EGC. In

comparison, the slope across the Gulf Stream reaches 1 m/100 km. This spatial pattern in

the MDT agrees well with the spatial pattern in the mean steric height derived from

hydrographic data (Nilsen et al. 2008) for the period 1950–2010, respectively, referenced

to 500, 1,000 and 1,500 m as shown in Figs. 4 and 5b.

The steric height calculation is done according to Siegismund et al. (2007), where the

steric height is referenced to a constant density q0 from salinity of 35 and temperature of

0 �C. More information on the concept and application of the steric height is given by

Tomczak and Godfrey (2003). The difference in these height fields primarily reveals the

effect of the vertical distribution of temperature and salinity in the upper 1500 m, pre-

dominantly influenced by the advection and spreading of the Atlantic Water. Apart from

the changes occurring in the Lofoten Basin, the overall structure remains largely

unchanged when the density structures from 1,000 to 1,500 m are included. This suggests

that the baroclinic circulation in the Nordic Seas is driven by the temperature and salinity

structures of the Atlantic Water in the upper 1,000 m.

In the Nordic Seas, the total range in the MDT derived from the combined GOCE and

altimetry data is around 0.50–0.55 m as seen in Fig. 5a. In comparison, the range of the

mean steric height of 0.30 m (Fig. 5b) suggests that there might be a significant contri-

bution to the MDT pattern from the large-scale atmospheric pressure field and the deep

barotropic currents in some of the sub-basins. Siegismund et al. (2007) moreover con-

cluded that the seasonal cycle of the steric height (for the period 1950–1999) is predom-

inantly associated with the temperature variations in agreement with previous studies on

global scale (e.g., Gill and Niiler 1973; Stammer 1997; Mork and Skagseth 2005). By

subtracting the hydrographic-based steric height associated with the baroclinic structure in

Fig. 2 Schematic illustration of
the relationship between the
absolute and mean dynamic
topography (ADT and MDT), the
mean sea surface and the geoid
referenced to the same ellipsoid.
Note the difference between the
instantaneous sea surface and the
MDT
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the water masses from the GOCE-based MDT, an estimate of the barotropic contribution to

the MDT is derived as shown in Fig. 5c. The barotropic contribution contains distinct

elevation changes of about 10 cm having pattern consistent with the known barotropic

cyclonic circulations in the Greenland Sea, the Lofoten Basin and in the Norwegian Sea

(Nøst and Isachsen 2003). Evidence of this cyclonic barotropic circulation in the Nor-

wegian Sea has also been observed from Argo floats in the intermediate waters below the

Norwegian Atlantic Current (Søiland et al. 2008). In summary, the assessment of the

GOCE-derived MDT for the Nordic Seas and the Arctic Ocean is promising.

In view of the promising GOCE-based results presented above, they are also providing a

new opportunity for inter-comparison and validation of coupled sea ice-ocean models and

reanalyses fields. As specified in Table 1, the three models used in this inter-comparison

study include the regional setup of the ATL (MITgcm) model (Serra et al. 2010); the

MICOM model (Sandø et al. 2012); and the HYCOM model (Bleck 2002; Sakov et al.

2012). The models are either forced by the 6 hourly NCEP reanalysis field (ATL and

MICOM) or the ERA Interim field (HYCOM).

Ignoring the offset in the mean MDT, the three coupled sea ice–ocean models in general

reproduce comparable overall spatial structure of the MDT in the Arctic Ocean, the Nordic Seas

and the North Atlantic, notably the high in the Beaufort Gyre and the depressions in the Nordic

Seas and the subpolar gyre (Fig. 6). The model highs in the Beaufort Gyre are circular and

located toward the deep Canadian Basin with decreasing values toward the Eurasian Basin,

providing an elevation difference of 0.5–0.6 m. The MICOM-field, however, has a gyre that

extends into the Eurasian Basin. In comparison, the GOCE-based elevated feature in the

Beaufort Sea is shifted more toward the Canadian Archipelago, while the total elevation

Fig. 3 Mean dynamic topography (MDT) derived from the GOCE gradiometer data (release 3) and
altimetry (from 1993 to 2009) with a spatial resolution of about 100 km. Color bar is in units of meter. The
structures in the North Pacific are not investigated further in this paper. Note that the GOCE data (release 4)
available since March 2013 are more accurate due to more than a doubling in the amount of data
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difference remains the same. This shift in location is in agreement with the recent findings by

Kwok and Morison (2011) and Morison et al. (2012). Overall, the MDT patterns in the model

fields for the Arctic Ocean are in reasonably good agreement with the GOCE-based MDT map.

In the central domain of the Norwegian-Greenland Seas, the suppression of the MDT in the

three models corresponding to the large-scale cyclonic circulation pattern with the northward

flowing Norwegian-North Atlantic Current (NwAC) and the southward flowing EGC is con-

sistent in location. On the other hand the magnitudes and spatial structures of the suppression

differ between the models as well as in comparison with the GOCE-based MDT pattern. The

largest suppression is found in the ATL model with a deviation from the average of -0.6 m in

the northern Greenland Sea being almost twice as large as in the GOCE-based MDT in the same

area. Similar tendencies are seen in the subpolar gyre, although the difference in the minima

between the ATL model and the GOCE-based MDT now is reduced by a factor of 2.

The most prominent discrepancies are the mismatch in the MDT along the Canadian

Archipelago and northern Greenland coast, and the models lack of higher elevations associated

with the spread of AW in the Norwegian Sea, notably around the Vøring Plateau. The former

Fig. 4 Observed mean steric height for the period 1950–2008 for the reference depths a 500 m, b 1,000 m
and c 1,500 m. The color-scale increment is in cm
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might be related to the presence of thicker multiyear sea ice that could influence the estimation

of the MSS and thus the GOCE-based MDT. Kwok and Morrison (2011) did not reveal this

particular high in the MDT confined to the coastal region from IceSAT data. The latter is related

to the topographic steering of the baroclinic western branch of the NwAC (Nilsen and Nilsen

2007), as well as eddy transport of buoyant waters from the slope branch of the NwAC into the

Lofoten Basin (Rossby et al. 2009), which are both challenging to model. Furthermore,

although totally lacking the broadness of the NwAC, the ATL model is the only model with the

doming of the densest waters of the Nordic Seas placed in the correct basin, the Greenland

Basin.

These differences in magnitude and spatial structure of the model and GOCE-based MDTs

imply different strengths and orientations of the slopes in the MDT. In turn, the mean surface

geostrophic currents are expected to have discrepancies that subsequently will lead to differences

in the estimation of the associated transport of water masses. This is further assessed in the next

sections.

Fig. 5 a MDT derived from combined GOCE and altimetry, b steric height derived from the in situ
hydrographic database where the white areas in the 1,500 m reference steric height (see Fig. 4) are filled
with steric height values representing every 100 m from 1,400 to 500 m, and c difference between (a) and
(b). The color bars represent the height contours in unit of cm. Note the different color ranges
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3 Surface Circulation

With access to the new GOCE-based MDT with unprecedented accuracy, the uncertainties

in mean ocean circulation and transport estimation are expected to improve. The mean

surface geostrophic velocities are computed from the MDT, under the assumption of

geostrophic balance;

us ¼
�g

f
:
oMDT

oy
ð1Þ

vs ¼
g

f
:
oMDT

ox
ð2Þ

where us and vs are components of the surface geostrophic velocity, g is the acceleration

due to gravity, f is the Coriolis parameter, and x and y are the longitudinal and latitudinal

coordinates. The corresponding surface geostrophic current derived from the GOCE MDT

for the Nordic Seas over the period 1993–2009 is shown in Fig. 7 and compared to the

independently derived CNES_CLS09 MDT Rio et al. 2011 and Maximenko et al. 2009

(which both are using a GRACE-based geoid model together with in situ Argo floats and

surface drifter data integrated over the 17-year period from 1992 to 2009), as well as the

climatological mean surface velocities (predominantly based on drifters in the Nordic Seas

from 1991 to 2010) from the surface drifter data (http://www.aoml.noaa.gov/phod/dac/

drifter_climatology.html).

The large-scale cyclonic surface circulation regime is well-reproduced in all three fields.

However, while the strongest mean surface currents of the inflowing Atlantic Water to the

Norwegian Sea reaching nearly 0.20 m/s are derived from the GOCE MDT, the inflow in the

other two surface current fields is clearly weaker with maximum speed not much more than

0.10 m/s. Moreover, it is only the GOCE-based surface geostrophic current that reveals distinct

Table 1 Characterization of the three coupled sea ice–ocean models used for inter-comparison to the
GOCE-derived MDT and mean surface geostrophic current

Model
run

Region Spatial
resolution

Period Vertical grid, # of
layers, forcing

ATL12 Atlantic Ocean north of 33�S
including the Nordic Seas and
the Arctic Ocean. Uses
ETOPO 2-min resolution
bathymetry

*8 km 1948–2009
Hindcast

z-coordinates,
50 levels,
NCEP—6 h

MICOM North of 30�S with Nordic Seas
and Arctic Ocean included.
Uses ETOPO 1 5-min
resolution bathymetry

*15 km 1948–2007
Hindcast

Isopycnal,
35 layers,
NCEP—6 h

HYCOM High latitude- Arctic Ocean.
Uses GEBCO 1-min
resolution bathymetry

*12–16 km 1993–2010
Hindcast

Hybrid
coordinates,

28 layers,
ERA Interim—

6 h

ETOPO 2-min Earth’s relief data set with a grid size of 20 by 20, from NOAA Geophysical Data Center

NCEP relates to US National Centers for Environmental Prediction

GEBCO 1-min Earth’s relief data set with a grid size of 10 by 10, from UNESCO and IOC

ERA relates to European Center for Medium-Range Weather Forecasting Reanalyses
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expressions of cyclonic circulation in the Greenland Basin, Norwegian Basin and Iceland Sea,

as well as the broadening of the NwAC over the Vøring Plateau and in the Lofoten Basin, i.e.,

signs of a proper western (baroclinic) branch of the northward flowing Atlantic Water. From this

inter-comparison and assessment, it is therefore evident that the GOCE-based geoid provides a

reliable representation of the MDT and mean ocean surface circulation in the Nordic Seas.

Evidently, this is further supported by the mean surface circulation pattern derived from the

climatology of the surface drifter data as shown in Fig. 7d.

A comparison of the speed of the GOCE-based mean surface geostrophic currents and

corresponding model-based currents for the Nordic Seas is shown in Fig. 8. In general, it

must be emphasized that the finer spatial model resolution versus GOCE may favor

stronger simulated surface speeds. All models indicate intensified currents at the inflows

from the northeast Atlantic Ocean, and in the boundary (slope) currents of the Nordic Seas.

The ATL model shows a strengthened component of internal circulation in the Nordic

Seas, by very strong currents along all the margins. Regarding the currents over the mid-

ocean ridges and other internal topographic features, it is only the MICOM run that shows

signs of reproducing the level of intensification shown in the GOCE-based speeds, however

only at one location, the Mohn Ridge (as also noticed in Fig. 7d).

Fig. 6 MDT fields referenced to the full-region average: a the HYCOM MDT (free run) from 1993 to 2010,
b the ATL from 1993 to 2009, c the MICOM from 1993 to 2007, and d the GOCE-based MDT from 1993 to
2009. The color bars are in meters. All the fields are interpolated to a 0.25� resolution grid
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For a more detailed study of the seasonal variability induced by the altimetric obser-

vations, the surface slopes and meridional velocities across 75�N are presented in Fig. 9

together with the model-derived fields. The seasonal mean meridional velocities are esti-

mated by replacing MDT in Eq. (2) with absolute dynamic topography (ADT). Note that

ADT is determined as the sum of MDT and monthly mean sea-level anomaly (SLA) data.

The new high-resolution SLA data (obtained from the French CLS-led Sea Level Climate

Change Initiative project funded by ESA) are referenced to the time period 1993–2009 and

hence consistent with the DTU MSS data used in the calculation of GOCE MDT.

The main expected features of the flow toward and from the Fram Strait is revealed by

the mean velocities: the two branch northward flowing West Spitsbergen Current (WSC)

around 8� and 15�E; the strong southbound EGC at 10�W; and some minor, possibly

cyclonic, circulation features around 0�E, likely related to circulation in the Boreas Basin.

Seasonal differences are most pronounced in the WSC. Both branches are strongest in

wintertime, with a near doubling of the easternmost branch, which is due to the general

(wind driven) intensification of the circulation in the region. This is consistent with

velocity retrievals and transport estimates reported by Mork and Skagseth (2005). The

western frontal branch stays relatively strong also during the rest of the year, likely due to

the summertime spread of buoyant surface water from the coast to the front (as seen further

south in the NwAC; Nilsen and Falck 2006), maintaining a steep frontal surface slope.

In comparison, the model-based MDT slopes along 75�N and the corresponding

meridional geostrophic velocities across the same latitude consistently reveal that the ATL

model has the steepest surface slopes and hence the strongest flow field for both the

northward flowing NwAC as well as the southward flowing EGC. Moreover, it is only the

ATL model that reproduces the double peak in the WSC current in agreement with the

mean and seasonal observation-based findings.

4 Volume Transport

By combining the GOCE-derived MDT and altimetric sea-level anomalies (SLA) with the

comprehensive hydrographic database, an estimate of the mean and variable transport of

Atlantic Water entering the Nordic seas is obtained for the period 1993–2011 at a spatial

resolution of 100 km. Using 44 CTD-sections in the Faroe north section normally taken to

represent the Iceland-Faroe Ridge (IFR) inflow (Hansen et al. 2010), 84 CTD-sections for

the Faroe–Shetland Channel (FSC) and 76 CTD-sections taken along the Svinøy section

(see Fig. 8 for locations), the baroclinic velocity structures in the Atlantic Water defined by

salinity values S[35 were estimated across these sections. Combined with the barotropic

velocity values, the absolute velocities are then retrieved, and when these are multiplied by

the area covered by the Atlantic Water, we obtain estimates of the corresponding volume

transports of Atlantic Water across the 3 sections (see Table 2).

From the combination of GOCE, altimetry and hydrography, the mean inflows of

Atlantic Water across the IFR and through the FSC are estimated to approximately 3.5 and

4.1 Sv, respectively (1 Sv = 106 m3 s-1). The former is in very good agreement with

Hansen et al. (2010), but too low compared to Østerhus et al. (2005), while the latter is too

high compared to Østerhus et al. (2005) and too low compared to Sandø et al. (2012). In

comparison, the mean transport of the two branches of Atlantic Water crossing the Svinøy

section, e.g., the Norwegian Atlantic Slope Current (NwASC) and the Norwegian Atlantic

Front Current (NwAFC) is, respectively, 3.9 Sv and 3.0 Sv. The latter value is in

acceptable agreement with previous transport estimates for the NwASC reported by Mork
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and Skagseth (2010); Orvik and Skagseth (2003, 2005); Skagseth et al. (2008); and Orvik

et al. (2001) as documented in Table 2, taking into account the slight differences in the

integration periods. On the other hand, the total combined GOCE-based and hydrographic

transport estimates across the Svinøy section is about 35 % larger than other reported

findings (e.g., 6.9 vs. 5.1 Sv).

In comparison, the mean (1993–2007) transports estimated from the three models across

these sections show quite different values as noticed in Table 2. One explanation for this is

partly related to the definition and choice of layers for the transport estimations. For

instance, Sandø et al. (2012) defines the Atlantic Water (AW) as water in model layers

above the pycnocline (sigma_2 \ 36.9 kg m-3), which is representative of the interface

between inflowing and outflowing waters throughout the integration. In contrast, Berx et al.

(2013) simply uses T[3 �C as definition for the AW in their calculation of the transport of

AW across the IFR section. The best agreement between the model and the combined

GOCE-based and hydrographic data is clearly obtained for the ATL simulation with

transport estimates across the IFR and FSC of 3.5 and 4.2 Sv, respectively.

Fig. 7 Mean surface geostrophic velocities shown by vectors superimposed on corresponding mean
dynamic topography (MDT) derived from a GOCE, b CNES_CLS09, c Maximenko et al. (2009), and
d mean surface velocity vectors derived from the climatology of the global surface drifter data. Color scale
indicates the MDT in cm for (a) to (c) and speed in cm/s for (d). Current-vector scale shown in the lower
right corner
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For the Svinøy section, the comparison is, in general, less satisfactory. The HYCOM

model clearly underestimates the observed transport of 5.1 Sv reported by Mork and

Skagseth (2010) as well as the GOCE-based estimate of 6.9 Sv. This is mainly due to a

mis-location of the NwAFC in the HYCOM simulation as seen in Fig. 8a. In contrast, the

MICOM and ATL models, having comparable mean transport estimates in the range of

8.2–8.5 Sv overestimate both the GOCE-based estimate and the transport reported by

Mork and Skagseth (2010). Overall, this large spread in mean transport estimates implies

significant differences in the mean northward advection of heat and salt to the Nordic Seas

and Arctic Ocean. This, in turn, affects both the evaporation–precipitation fluxes and

convective overturning in the Norwegian and Greenland Seas. Further studies are needed

to investigate the accuracies of these transport estimates.

Fig. 8 Inter-comparison of models and GOCE-based mean absolute surface geostrophic velocity from a the
HYCOM model from 1993 to 2010, b the ATL model from 1993 to 2009, c the MICOM model from 1993 to
2007 and d GOCE. The color bars are in cm/s. The three black dotted lines mark the position of the Faroe
north section, the Faroe–Shetland Channel section and the Svinøy section
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Taking benefit of the temporal variability observed in the SLA and hydrographic data,

the mean and seasonal cycle in the transport of the inflowing Atlantic Water for the period

1993–2009 can also be estimated and inter-compared as shown in Fig. 10.

On average, the NwASC contains approximately 57 % (or 3.9 Sv) of the total mean

volume transport across the Svinøy section of about 6.9 Sv. The mean seasonal variability

reveals a pattern with largest transports (9.3 Sv) in winter being 70 % larger than the

summer transport minimum (5.4 Sv). Moreover, the mean seasonal NwASC transport

always exceeds the mean seasonal NwAFC transport, while the latter displays a narrower

range of seasonal variability in the volume transport. This suggests that the seasonal

changes of the transport across the Svinøy section are predominantly controlled by sea-

sonal changes in the transport of the NwASC.

The partitioning of these total transport estimates (both in the mean and seasonal

signals) into the respective barotropic and baroclinic components is shown in Fig. 10b, c

and reveals distinct differences. While the transport in the NwASC is dominated by the

barotropic flow as expected along the shelf break at the Svinøy section, the transport of the

NwAFC, in contrast, is clearly larger in the baroclinic component with the exception of the

autumn period.

These GOCE-based estimates together with high-quality in situ hydrographic data are

providing new and promising abilities to examine the seasonal transport variability (total as

well as barotropic and baroclinic components) across key-selected sections. As such, it is

also providing an important tool for validations of model circulation and transports

between the northeast Atlantic Ocean and the Nordic Seas and Arctic Ocean.

Fig. 9 Climatologies of (a, b) dynamic topography across 75�N and (c, d) corresponding meridional
absolute geostrophic velocities: (a, c) seasonal climatologies from combined GOCE-based MDT and
altimetry and (b, d) comparison of GOCE-based MDT with MDT from ATL12, MICOM and HYCOM.
Note that in (b), each MDT is referenced to its full-region average as defined in Fig. 6
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5 Summary

In combination with in situ hydrographical data, surface drifters and current meter mea-

surements, coupled sea ice—ocean models and the latest GOCE-derived geoid and MDT

(Pail et al. 2011), the paper has investigated the quality, usefulness and validity of the new

GOCE data for studies of the ocean circulation and transports in the Nordic Seas and Arctic

Ocean. Using the GOCE data from release number 3 (based on 12 months of GOCE data in

the time interval 1 November 2009 to 2014 April 2011), the gravity model from the direct

approach yields the computation of the GOCE- based geoid, and jointly with the DTU10

MSS data (based on the integration over the period 1993–2011, Knudsen et al. 2011), the

MDT (MSS-G) representing the same 18-year integration period has been calculated. In

summary, the following key findings and results are highlighted:

1. New knowledge of the shape and spatial pattern of the MDT is derived at a spatial

resolution of around 100 km and with an accuracy of around 4–5 cm which is superior

to previous existing MDTs for this region.

2. Combined with the steric height estimated from hydrographic data, the pure barotropic

contribution to the MDT shows distinct features in consistence with known deep

barotropic circulations in the Norwegian and Greenland Seas.

3. The new GOCE-based MDT and surface geostrophic currents compare favorably with

existing independent surface velocity calculations derived from combined altimeter

data, in situ observations and gravity field models.

4. The transport estimates, both in the mean and seasonal signals, are also favoring the

combined use of the GOCE-based surface geostrophic current and hydrographic data.

Table 2 Comparison of volume transport estimates from combined GOCE, altimetry and in situ hydrog-
raphy to previous studies as well as estimates from simulation models for the Island-Faroe Ridge (IFR),
Faroe–Shetland Channel (FSC), NwAFC, NwASC in the Svinøy Section and the total Svinøy Section

Source Data Period IFR

[Sv]

FSC

[Sv]

Svinøy [Sv]

NwAFC NwASC Total

The current study GOCE ? Altim. ? hydr. 1993–2011 3.5 4.1 3.0 3.9 6.9

Mork and Skagseth

(2010)

Altim. ? hydr. 1993–2009 1.7 3.4 5.1

Skagseth et al. (2008) Current meter 1995–2006 4.3

Orvik and Skagseth

(2005)

Curr. meters 1995–1999 4.2

Orvik and Skagseth

(2003)

Curr. meters 1998–2000 4.4

Orvik et al. (2001) Curr. meters ? ADCP

? hydr.

1995–1999 3.4 4.2 7.6

Berx et al. (2013) Altm. ? ADCP ? hydro 1995–2009 3.5

Østerhus et al. (2005) Bottom ADCP ? hydr. 1999–2001 3.8 3.8

Hansen et al. (2010) Bottom ADCP ? hydr. 1997–2008 3.5

Sandø et al. (2012) MICOM model 1994–2007 4.7* 4.7

The current study HYCOM model 1993–2007 1.8 1.5 2.0 0.6 2.6

The current study MICOM model 1993–2007 3.5 6.9 3.5 5.0 8.5

The current study ATL model 1993–2007 3.5 4.2 3.5 4.7 8.2

* Only from 1997 to 2007
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5. New understanding of the relationship between the MDT, the mean surface

geostrophic current and the magnitude of the mean ocean volume transport has been

derived for the seasonal variability with regard to the inflow of Atlantic Water to the

Norwegian Sea at the Svinøy section.

6. The NwASC contains approximately 60 % of the total volume flux across the Svinøy

section with a distinct transport maximum in winter (Dec–Jan) and a minimum in

summer (Jun–Aug). This transport is moreover dominated by the barotropic

component.

7. These data and findings are also excellent for assessment and validation of model-

based retrieval of the MDT, the surface geostrophic current and the volume transport

across selected sections and straits.

Overall, the findings add new insight into the ocean circulation and transport between

the northeast Atlantic Ocean and the Arctic Ocean. They are also considered to be highly

valuable for further studies of the regional sea-level change in the Nordic Seas and the

Arctic Ocean, notable via the contribution of steric height and changes in the volume

transport. Consistent use of the GOCE data for assimilation as suggested by Haines et al.

(2011) might also become feasible in near future.

Moreover, as gravity measurements provide an integrated view of the mass variations,

their interpretation in terms of mass transport is inherently multidisciplinary. Satellite

Fig. 10 Mean annual and mean seasonal total volume transport estimates (a), the respective barotropic
components (b) and baroclinic components (c) for the Svinøy section including the NwASC and the
NwAFC for the period 1993–2010 based on combined use of GOCE, altimetry and in situ hydrography data.
The grayscale legend is shown in (a)
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gravimetry (such as combined GRACE and GOCE) is thus a vital component of a mult-

isensor Earth-observing system, which complements and relates observations of different

Earth system constituents in a common and consistent global framework (Panet et al.

2012). Being closely related to changes in sea level, ocean transports, glaciers and ice caps,

future mass change observations from satellites (at a 100 km scale not resolved by GRACE

today) have the potential to significantly advance the ability to monitor seasonal-to annual-

to decadal variability in ocean mass transport.
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