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1 Introduction 
 
The cold and remote Arctic has continued to be an inspiring subject of oceanographic 
studies for over a century. Nansen's expedition with the ship Fram during 1893-1896 
produced observational data about the waters in the Arctic Ocean (Nansen, 1902). 
Russian / Soviet floating ice stations have collected data inside the Arctic Ocean year-
round since 1937 (Treshnikov et al., 1977). Later generations of oceanographers have 
continued to make observations, adding details and making corrections to circulation 
schemes of the Arctic Mediterranean (i.e. the Arctic Ocean and Greenland, Iceland and 
Norwegian Seas; Fig. 1) (e.g. Worthington, 1953; Coachman and Barnes, 1963; 
Aagaard, 1981; Rudels et al., 1994; Proshutinsky et al., 2015), and documented changes 
in the water mass properties (e.g. Aagaard et al., 1985; Schlichtholz and Houssais, 
2002; Rudels et al, 2013; Somavilla et al., 2013). Models are used to compensate for the 
spatially and temporally sparse observational data and to help understand the past and 
present processes and changes with an aim to predicting the future (e.g. Karcher et al., 
2012; Spall, 2013; Nummelin et al., 2015). 

Climate change has increased the interest in the Arctic Ocean, not just from a 
scientific point of view but also from an economic one. A northern sea-route could be 
utilized, and natural resources exploited, in a less ice-covered Arctic. In societal terms, 
predictions of future environmental changes are of great assistance in preparing for 
change, or for trying to mitigate the changes through political decision-making. In order 
to predict the future, the present system needs to be understood. The oceans act as a 
buffer for the changes in the concentration of the greenhouse gas carbon dioxide (e.g. 
Tanhua et al., 2009), but their buffering capacity has limits and the oceans are at the 
same time undergoing changes, e.g. acidifying (Orr et al., 2005). Another important 
greenhouse gas methane is being released from the subsea permafrost in the warming 
Arctic shelves (Shakhova et al., 2014). The Arctic Ocean sea ice has been observed to 
have declined in the past few decades in its coverage, thickness and volume (Kwok et 
al., 2009; Stroeve et al., 2014). As the highly reflective sea ice and snow cover is 
diminishing and more dark ocean surface is exposed, more sunlight is absorbed, 
warming the surface waters and amplifying the warming effect further (e.g. Holland et 
al., 2012). The Arctic Ocean is predicted to be nearly ice-free during summertime 
within the next couple of decades (Overland and Wang, 2013). Understanding how the 
Arctic Ocean and its sensitive ecosystems function, from planktonic scales (Arrigo et 
al., 2008) to marine mammals (e.g. Bromaghin et al., 2015), will help to minimize the 
damages inflicted on them by human activity in a changing Arctic environment. An 
improved understanding of the Arctic Ocean is also important from a commercial point 
of view for e.g. helping to secure safe navigation and operations (Stephenson et al., 
2013). 
The Arctic Ocean and the thermohaline circulation influence the north-European 
climate (Serreze et al., 2006; Srokosz et al., 2012). The thermohaline circulation brings 
warm and saline waters from lower latitudes, where the high salinity is created by 
evaporation exceeding precipitation, to higher latitudes. The waters cool and due to their 
increasing density then sink, mix, and return southward along the ocean floor, 
ventilating and renewing the deep waters of the oceans (Rahmstorf, 2006; Dickson et 
al., 2008). About 7.4 ± 1.1 Sv (1 Sv = 106 m3/s) of the saline and warm Atlantic Water 
(AW) flow north-eastward and enter the Nordic Seas (Greenland, Iceland and 
Norwegian seas) across the Greenland-Scotland Ridge with a maximum sill depth of  
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Figure 1: Bathymetric map of the Arctic Ocean and the Nordic Seas. See list of Abbreviations 
for the description of the acronyms. Modified from paper III, originally adapted from 
Encyclopedia of Ocean Sciences, 2nd ed., 2008. 
 
slightly over 800 m, with some additional flow over continental shelf areas (Jónsson 
and Valdimarsson, 2012; Berx et al., 2013; Hansen et al., 2015) (Fig.2). Part of the AW 
takes part in the formation of Arctic Intermediate water (AIW) in the Nordic Seas 
through convection (e.g. Swift and Aagaard, 1981), and leaves the Nordic Seas as dense 
overflow waters (Dickson et al., 2008); a part enters the Arctic Ocean through the 
Barents Sea (e.g. Ingvaldsen et al., 2004) and the Fram Strait (e.g. Rudels, 1987), and a 
further part of AW recirculates in the Fram Strait (e.g. Bourke et al., 1988; Manley, 
1995). 

The Fram Strait branch of AW that continues into the Arctic Ocean loses a large 
amount of heat just north of Svalbard, in an area called Whaler's Bay (Wiig et al., 
2007), to ice melt and to the atmosphere (Rudels et al., 1999; Tetzlaff et al., 2014) and 
continues along the continental slope to the east. The Barents Sea branch is cooled and 
freshened in the Barents Sea and enters the deep Arctic Ocean via the St. Anna Trough 
north of the Kara Sea (Rudels et al., 1994; Dmitrenko et al., 2015). Both branches 
circulate the Arctic Ocean basins anticlockwise (Rudels et al., 1999). The surface waters 
in the Arctic Ocean have low salinity, from about 24 to 34 psu, due to ice melt, river 
runoff and Pacific inflow (e.g. Rudels et al., 1996). The upper part of AW is diluted by 
ice melt and cooled in the Nansen Basin to freezing temperature. It becomes the Arctic 
Ocean lower halocline water at about 200 m depth as it continues eastward and is  
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Figure 2: Arctic Ocean and Nordic Seas surface circulation. See list of Abbreviations for the 
description of the acronyms. From paper III, originally adapted from Encyclopedia of Ocean 
Sciences, 2nd ed., 2008. 
 
overrun by less dense shelf water (Rudels 1996; Karcher and Oberhuber, 2002; Rudels 
et al., 2004; 2005) (Fig. 3). The Arctic Ocean upper halocline is formed by Pacific 
waters (Jones and Anderson, 1986). Part of the AW recirculates in the Nansen and 
Amundsen basins and a smaller part continues along the continental slope into the 
Canadian basin (Rudels et al., 2001; 2013 ). The Fram Strait branch is mostly limited to 
the Nansen Basin (Rudels et al., 2013). In the Canadian Basin the warm and saline AW 
is still seen in the temperature and salinity diagrams (θS diagrams) as a temperature 
maximum, with the lower halocline water originating in the Nansen Basin as a 
temperature minimum above it and intermediate water originating from the Barents Sea 
as a cold and fresh layer below it (Fig. 4, from paper III, Fig. 7). The Arctic Ocean deep 
waters are modified slowly and take 200-300 years to ventilate (Tanhua et al., 2009). 

The exchanges between the Arctic Ocean and the rest of the oceans take place 
through: the Bering Strait, with a flow into the Arctic Ocean of 0.4-1.2 Sv (1 Sv = 106 

m3/s) of strong seasonal variability (Woodgate et al., 2005) and an increasing trend of 
0.03 ± 0.2 Sv / year (Woodgate et al., 2012); the Canadian Arctic Archipelago (CAA), 
with a net export out of the Arctic estimated as 1.6 ± 0.2 Sv through the Davis Strait and 
with an additional outflow of about 0.1 Sv through a narrow Fury and Hecla Strait 
(Curry et al., 2014); the Barents Sea Opening, with 2.3-3.3 Sv into the Arctic (the most 
recent estimates are from the higher end), of which 0.8-1.8 Sv is estimated to be carried  
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Figure 3. Potential temperature (θ) and salinity (S) profiles and a θS diagram from the 
Greenland Sea (gray), eastern Fram Strait (brown), and Arctic Ocean: Nansen (red), Amundsen 
(green) and Canada (purple) basins in 2013. 
 

 
Figure 4: θS diagram of the Chinare 2008 cruise on XueLong section N located on the western 
side of Chukchi Borderland. The arrow points out the lower halocline water originating from the 
Nansen Basin. AW is seen as a temperature maximum close to 1 °C. From paper III, Figure 7. 
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by the Norwegian Coastal Current (NCC) (Skagseth et al., 2011, Smedsrud, et al., 2013; 
Rudels et al., 2015); and the Fram Strait, with a net flow out of the Arctic (e.g. Fahrbach 
et al., 2001; Schauer et al., 2004; Fieg et al., 2010), and which is the only deep passage 
between the Arctic Ocean and the rest of the oceans. When considering the water 
budget of the Arctic Ocean, river runoff and precipitation minus evaporation need to be 
taken into account. Serreze et al. (2006) estimated the freshwater input to the Arctic 
Ocean from the rivers and precipitation at 0.15-0.20 Sv. The amount of meltwater from 
glaciers inside the Arctic Ocean equals to about 5% of the river runoff and is not 
significant (Carmack et al., 2015). (Fig 5). 

Heat transport can be estimated for a region if the mass transport is balanced. 
Volume or mass transports through a section often are imbalanced, and the estimated 
heat transport will depend on the temperature scale and becomes arbitrary (e.g. Schauer 
and Beszczynska-Möller, 2009). The whole Arctic Ocean or all its entrances need to be 
covered synoptically to be able to estimate the heat transport at any of the entrances. 
Such an attempt was made by Tsubouchi et al. (2012) from 2005 summer data. They 
obtained a heat flux for the Arctic Ocean of 189 ± 26 TW (lost to the atmosphere), with 
close to half carried through the Barents Sea Opening and a quarter through the Fram 
Strait. The mass transport in the Arctic Ocean transport computations is often not 
balanced. Heat and freshwater transports have then been estimated relative to a 
reference temperature and salinity. The often used mean temperature and salinity of the 
Arctic Ocean, -0.1 °C and 34.80 respectively, have been estimated from rather sparse 
and early data, but also other more local reference values have been used (e.g. Aagaard 
and Greisman, 1975; Aagaard and Carmack 1989; Schauer and Beszczynska-Möller, 
2009; Rabe et al., 2009; 2013). 

This work focuses on the exchanges through the Fram Strait estimated from a 
geostrophic method, and on the changes in the water masses present. In the Fram Strait 
a northward flow is present in the east carried by the West Spitsbergen Current (WSC) 
and a southward flow in the west carried by the East Greenland Current (EGC) (e.g. 
Aagaard et al., 1973; Foldvik et al., 1988) (Fig. 2). The net volume transport in the 
Fram Strait is southward. Waters with properties from the Arctic Ocean as well as 
waters with properties from the Nordic Seas are found in the strait. They are modified 
en route to the Fram Strait, but also interact within the strait (von Appen et al., 2015). 
Brine rejection due to ice formation causes dense water to cascade over the continental 
shelves; occasionally such dense and saline water is present in the eastern part of the 
Fram Strait (Rudels et al., 2005; Skogseth et al., 2005). The bottom features in the Fram 
Strait are variable, with the deepest parts close to 2600 m, and partly direct the flow 
(Jakobsson et al., 2012; von Appen et al., 2015). Both baroclinic and barotropic eddies 
are present in the strait (e.g. Teigen et al., 2011). 

Most of the ship-borne observations in the Arctic and sub-Arctic waters are from 
summer. The volume transport, as well as its variations, has been estimated from a 
mooring array of current meters in the Fram Strait maintained regularly since 1997, and 
although a winter maximum has been found in the WSC, no clear trend for the net 
volume through the whole strait has been found (Fahrbach et al., 2001; Schauer et al., 
2004; Schauer and Beszczynska-Möller, 2009; Fieg et al., 2010). However, de Steur et 
al. (2014) find a seasonal signal in the EGC with summer minimum and winter 
maximum, as well as a reduction in variability, after the mooring array's location has 
been altered in 2002 from 79 °N to 78 °50 'N. This seasonality is also reflected in the 
net volume transport until 2006, but after that gets less clear (see Schauer and 
Beszczynska-Möller, 2009, Fig. 5). 
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Figure 5: Map of the Arctic Mediterranean with the net volume fluxes at the entrances of the 
Arctic Ocean. Positive values = net inflow to the Arctic Ocean, negative values = net outflow 
from the Arctic Ocean. Modified from paper I based on values by various authors presented in 
the Introduction and Conclusions. 
 

Several estimates have been given for the Fram Strait heat and freshwater 
transports relative to reference temperatures and salinities. A way of avoiding the 
problematics involved with this is to form a closed, balanced, box. Often synoptic data 
are not available for the whole Arctic or its entrances, and a closed box cannot be 
formed. In this work two smaller closed areas in the vicinity of the Fram Strait are 
formed and the heat loss from them is then estimated. Ice and freshwater are transported 
southward through the Fram Strait by less than or about 100 mSv each (e.g. Vinje, 
2001; Kwok et al., 2004; Dickson et al., 2007; Rabe et al., 2013; Carmack et al., 2015). 
Estimates for the liquid freshwater transports are here computed based on the 
geostrophic method. 
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2 Goals of the study 
 
The primary goal of this study is to estimate the transports through the Fram Strait from 
geostrophic computations (Table 1). There are other estimates for this, both from 
observations and models. These values will mostly provide a summertime minimum 
and add to the ensemble of estimates. The volume transports when put together with 
estimates made at the other Arctic Ocean entrances, i.e. the Barents Sea Opening, the 
Bering Strait and the CAA, contribute to the formulation of a volume budget for the 
Arctic Ocean. In paper V two zonal hydrographic sections, one in the Fram Strait and 
the other in the Greenland Sea, are combined to study the exchanges between the 
Nordic Seas and the Arctic Ocean. The transport estimates are adjusted with drift 
estimates based on Argo floats. 

Besides the amount of water transported through the Fram Strait, the water mass 
properties are also studied. Three decades of observations provide an opportunity to 
study the changes in the properties. The warming of the deep waters noted by e.g. 
Budéus et al. (1998) in the Greenland Sea, Langehaug and Falck (2012) in the Fram 
Strait and Rudels et al. (2013) in the Arctic Ocean is present. The intermediate waters 
originate from open ocean convection in the Nordic seas (AIW) and from slope 
convection related to brine release on the shelves inside the Arctic Ocean (upper Polar 
Deep Water, uPDW). The intermediate waters of the two origins present in the Fram 
Strait are distinguished in paper II using the excess amount of transient tracer sulphur 
hexafluoride (SF6), and their proportions are estimated for 2002. 

Not all of the northward flow in the Fram Strait continues into the Arctic Ocean, 
but a part of it recirculates south-westward. Estimates for the amount of AW 
recirculation exist from the 1980s, but an update to those estimates from newer data is 
in order considering the changes in the water mass properties and possibly also in the 
circulation. 

A significant amount of the oceanic heat transport into the Arctic Ocean is 
carried by the AW (e.g. Rudels, 1987). An attempt is made in paper I to estimate the 
heat flux through the Fram Strait relative to the annually varying mean temperature of 
the southward flow (flow out of the Arctic Ocean). This choice would then give the 
largest transport of heat through the strait as the cold outflow is larger than the warmer 
inflow to the Arctic Ocean. Without balancing the other entrances to the Arctic Ocean 
the results are still rather arbitrary. Another goal is therefore set to estimate the heat loss 
north of the Fram Strait (paper IV) and later in paper V inside a quasi-closed area 
between the Fram Strait and the Greenland Sea that can be computed without the results 
affected by the choice of a reference temperature. 

The amount of freshwater, in liquid form, leaving the Arctic Ocean through the 
Fram Strait is also estimated. It is less sensitive to the choice of reference salinity than 
the heat transport to reference temperature and a net transport (southward) of freshwater 
can be estimated as well as the gain / loss inside an area bound by two hydrographic 
sections and slopes to the east and west. 
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Table 1: Goals of the study. FS = Fram Strait, GS = Greenland Sea. 

Goal \ 
Estimated in 

Paper I Paper II Paper III Paper IV Paper V 

Volume 
transports 
from 
geostrophy 
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section in FS 

Single 
section north 
of FS 

Single 
sections in 
FS and 
double in and 
north of FS 

Double 
sections in 
and north of 
FS 

Double 
sections in 
FS and GS 

Water mass 
properties and 
volume 
transports 

Whole water 
column 

Whole water 
column with 
focus on 
intermediate 
waters 

Mostly 
intermediate 
waters 

Whole water 
column with 
focus on AW 

Whole water 
column 

Recirculation Not 
computed 

Not directly 
computed 

Not 
discussed 

Computed 
from 
meridional 
and zonal 
sections 
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Computed 

Heat and 
freshwater 
transports 

Relative to 
varying 
reference 
values 
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computed 
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3 Theory 
 

3.1 Forces and motions in the ocean 
 
According to Newton's second law of motion a non-zero external force acting on a 
system changes the motion of the system directly proportionally to the force and in its 
direction 
 

maF           (1) 
 
where F is the force, m is mass and a is acceleration. 

Forces in the ocean can be divided in two classes, ones that cause motion, and 
ones that result from motion. The primary forces causing motion in the ocean are 
gravitation, wind stress (tangential i.e. friction, or normal i.e. pressure), atmospheric 
pressure, and seismic. The secondary forces resulting from motion are the Coriolis force 
and friction. The Coriolis force is an apparent force caused by Earth's rotation, which 
acts perpendicular to the velocity of a moving body on the surface of the Earth (Pond 
and Pickard, 1983). The forces per unit mass thus giving the acceleration term a can be 
written as an equation of motion (e.g. Pond and Pickard, 1983) 
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where ρ is density, p is pressure, Ω is the angular velocity of the Earth (7.292·10-5 

rad/s), V is velocity, g is acceleration due to gravity (about 9.8 m/s2) and Fo  are the 
other forces present. Pond and Pickard (1983) also present equation (2) written for x 
(eastward), y (northward), and z (vertical, negative downward) terms 
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where u and v are the horizontal, and w the vertical velocity components, and φ is 
latitude. 

3.2 Geostrophic currents 
 
The word geostrophic derives from Greek, meaning 'earth turned'. Geostrophic currents 
result from the balance in the water mass between the pressure and Coriolis terms in 
equation (3). A steady state is assumed. The vertical terms are small and left out 
following Pond and Pickard (1983) to obtain: 
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where ug and vg are the horizontal components of geostrophic velocity. The equation for 
the z direction can be written as  
 

dzgp   .         (5) 
 
and forms the hydrostatic equation (Pond and Pickard, 1983). 
The term 
 


 1
  

 
that is the inverse of density is called specific volume. The difference between the in 
situ specific volume and the specific volume of seawater at the same pressure with S = 
35 and T = 0 °C is called specific volume anomaly: 
 

   ppTS ,0,35,,   . 
        

Velocities are computed between two hydrographic stations at distance dx apart, 
solving the vg from equation (4) (Pond and Pickard, 1983). The direction of the flow is 
from high to low pressure, and turned to the right (in the northern hemisphere) by the 
Coriolis force. Absolute velocities cannot be obtained, but a velocity profile relative to a 
constant value (traditionally a zero level, other values can be used if information is 
available from, for example, current meters) is obtained between the two stations 
perpendicular to the line connecting the stations. 
 

3.3 Ekman velocities 
 
The wind stress τ over the ocean makes the surface water move, causing Ekman 
transports in the upper layer of the ocean. The wind-forced movement diminishes with 
depth and veers to the right, reaching down a few tens of meters in a spiral-like manner 
called the Ekman spiral. Taking the horizontal equations of motion in equation (3), with 
the small vertical terms removed, and setting the last term to consist of surface friction 
gives (e.g. Pond and Pickard, 1983): 
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With the steady state assumed and the geostrophic part (equation 4) removed, the 
Ekman velocities are given by: 
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where vE and uE are horizontal Ekman velocity components. Integrating vertically over 
depth gives the Ekman transport. 

Over the sea bottom similar Ekman spiral currents are created by friction, but in 
the opposite direction than at the surface. 
 

3.4 Volume, heat and freshwater transports 
 
The transports of volume, heat and freshwater or salt in the ocean can be estimated if 
the velocities, as well as the temperature and salinity properties of the water, are known. 
The volume transport through a section in the ocean is computed, after velocities have 
first been solved, from the equation: 
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where N is the number of stations in the section, dh is the pressure step the hydrographic 
values are averaged for, H is the number of pressure layers dh in a station half i, l is half 
of the width between every two neighbouring hydrographic stations, geostrophic 
velocity is computed between the two stations, and L and R stand for the left and right 
sides of a CTD station (Fig. 6). 

In order to estimate the heat transport for the Arctic Ocean, a mass balance is 
required. There have been attempts (Tsubouchi et al., 2012) at closing the budget for the 
Arctic Ocean, but mostly the transports have been estimated using a reference 
temperature, resulting in a quantity sometimes referred to as relative heat transport 
(Losch et al., 2005) 
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where c is the specific heat capacity of water (in this work taken to be a constant 4000 
Jkg-1K-1) and θ is potential temperature at 0 dbar pressure and θRef is the reference 
temperature. The velocities are computed between the stations whereas the temperature 
and salinity values are obtained at the stations. The velocities are assumed constant 
between the two stations and the hydrographic properties are assumed to extend on both 
sides of the station to halfway between it and the neighbouring stations on either side 
(Fig. 6). 
The choice of a reference salinity for freshwater estimates is less sensitive and 
freshwater transports can be computed from 
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where Sij is salinity and SRef is the reference salinity. 
 

 
Figure 6: Schematic of CTD stations, θ and S properties, geostrophic velocities and Jacobsen 
and Jensen (J-J) extension. H is the number of thickness layers dh and l is half of the width 
between two neighbouring CTD stations. 
 

3.5 Water mass properties and changes 
 
Waters of different origin can be distinguished based on their temperature and salinity 
properties (Nansen, 1902; Helland-Hansen, 1918; Sverdrup et al., 1942; Mamayev, 
1975; Emery and Meincke, 1986). Other additional parameters, e.g. oxygen, phosphate, 
nitrate, silicate (Jones and Anderson, 2008; Tanhua et al., 2009) or transient tracers such 
as chlorofluorocarbons (CFCs) or sulphur hexafluoride (SF6) of anthropogenic origin 
can also be used (Bönisch and Schlosser,1995; Watson et al., 1999). 

The properties of the water masses can be used to trace them to their areas of 
formation and thus information about the ocean circulation can be obtained. The 
observed changes in the water masses are a combination of changes undergone in the 
area of formation of the water mass, i.e. warming due to atmospheric warming, and of 
changes undergone by the water mass along the way. Distinguishing between the two 
can be difficult. Using tracers can be useful for following circulation patterns and for 
distinguishing water masses of different origin (e.g. Karcher et al., 2012). 
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Water masses represented in a θS diagram inside a triangle can be separated into 
fractions between 0 and 1 of source water whose temperature and salinity properties are 
located at the vertices of the triangle (Mamayev, 1975) (Fig. 7). Heat conduction and 
diffusion, and advection are not included in the triangle computations. The fractions f 
are solved from equations: 
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The water masses in the Fram Strait and in the Nordic seas are shortly described 

in the methods section 5.7.  

 
Figure 7: An example of water mass triangles. All the (Si,θi) values inside a triangle can be 
expressed with fractions of the potential temperature and salinity values at the vertices (equation 
11). From paper V, Figure 4. 
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4 Observations 
 

4.1 Hydrographic data 
 
The core of this work is based on hydrographic observations made onboard research 
vessels with profiling CTD (Conductivity, Temperature, Depth / pressure) instruments. 
The CTD system typically involves an underwater unit with sensors, a frame that the 
underwater unit and water sampler are attached to, a winch and a cable used for 
lowering the CTD to the sea, a deck unit, and related software. Salinity, the amount of 
dissolved salts in the water, is computed from conductivity, temperature and pressure. 
The data are processed using coefficients from factory / laboratory calibration and 
salinities obtained from the water samples, and analysed with a salinometer. Missing or 
erroneous near surface values are extrapolated to the surface using constant values. The 
largest error spikes in salinity are removed. 

Observations from the Fram Strait and its vicinity as well as from the Greenland 
Sea are used to study water mass properties and to estimate transports of volume, heat 
and freshwater. The transports are computed through sections consisting of CTD 
stations (Table 2). This allows for forming rather long time series with better horizontal 
and vertical resolution than from the current meter moorings present at the strait. Eddies 
can still pass the section without being fully recognized if they are only observed in one 
station due to sparse station spacing. Helland-Hansen (1918) pointed out already in 
1904 how the removal of a single station from between two others may entirely alter the 
appearance of the section. The temporal resolution from hydrographic sections is worse 
(usually once a year) and biased due to most observations being from summertime 
(Schauer and Beszczynska-Möller, 2009, Fig. 5; de Steur et al., 2014). 

In paper I 16 hydrographic sections from 1980-2005 are obtained in the Fram 
Strait along about 79 °N, reaching from the Greenland shelf to the slope west of 
Spitsbergen. In papers II and IV two hydrographic sections at latitudes between 81 °18 
'N and 82 °20 'N from IB Oden are combined to reach from north of Svalbard to the 
Greenland shelf. In papers III (preliminary results) and IV, additional hydrographic 
sections north of the 79 °N section in the Fram Strait are available for the years 1984, 
1997 and 2004, from which the highest latitude in 2004 at about 83 °N, can be 
combined with the 79 °N section. In paper IV a meridional section at 0 °E has been 
taken for the years 1997, 2001 and 2003. In paper V two hydrographic sections, one 
across the Fram Strait at about 79 °N and the other at 75 °N in the Greenland Sea are 
combined for years 1999-2002, 2004, 2005, 2008 and 2010 (Figs. 8, 9). 

Auxiliary CTD data are used for studying the water mass properties from the 
late 1970s to 2013 varyingly from the Greenland Sea, the Fram Strait and the 
Norwegian Sea, and from the Arctic Ocean in paper V. Data from the Arctic Ocean 
taken by MV XueLong in 2008 are studied in paper III. Most data available are from 
summertime (June to September). 
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Table2. Cruises and years for full sections discussed in the included papers. 

Ship Year Number of 
FS stations 

Number of 
GS stations 

Number of 
northern 
stations 

Paper 

IB Ymer 1980 20 - - I, III 
RV Lance 1983 23 - - I, III 
RV Lance 1984 20 - 27 I, III, IV 
RV Polarstern 1988 18 - - I, III 
RV Polarstern 1993 17 - - I, III 
RV Lance 1997 18 - - I, III, IV 
RV Polarstern  1997 -  24 IV 
RV Polarstern 1998 34 - - I, III 
RV Polarstern 1999 34-38 60 - I, III, V 
RV Polarstern 2000 36 57 - I, III, V 
RV Lance 2000 31-35 - - I, III, V 
RV Polarstern 2001 39 - - I, III, V 
RV Polarstern 2002 72-73 - - I, III, V 
IB Oden 2002 - - 21 II, III 
RV Polarstern 2003 50 - - I, III 
RV Lance 2003 32 - - I, III 
RV Polarstern 2004 49-51 55 35 I, III, IV, V 
RV Polarstern 2005 74-76 56 - I, III, V 
RV Polarstern 2008 58 52 - V 
RV Polarstern 2010 79 62 - V 

 
Figure 8: Section / station locations. The standard sections in the Fram Strait at about 79 °N and 
in the Greenland Sea at 75 °N vary in length annually, the maximum coverages are shown. All 
northern sections and their years are shown. 
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Figure 9b: Salinity sections for 2004. Northern, Fram Strait and Greenland Sea sections. From 
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4.2 ADCP data 
 
The currents in the ocean can be measured directly using an Acoustic Doppler Current 
Profiler (ADCP). The CTD frame on IB Oden in 2002 was equipped with dual (upward 
and downward looking) 300-kHZz RDI Workhorse ADCPs. On the two northern 
sections in papers II and IV the currents were measured using this lowered ADCP 
(lADCP). Vessel-mounted ADCP data from a narrow band 150 kHz ADCP from RD 
instruments are available from RV Polarstern in 2004 reaching from 25 m to a 
maximum depth of 425 m. Both lADCP and vessel-mounted ADCP data were 
processed and subsequently detided by subtracting tidal velocities obtained from a high-
resolution barotropic inverse tidal model (Padman and Erofeeva, 2004). 
 

4.3 Argo data 
 
Argo is a pilot program of the Global Ocean Observing System. Close to 4000 Argo 
floats are currently drifting with the ocean currents worldwide. The Argo floats are set 
to float at a fixed pressure and are equipped with sensors (to obtain at least temperature, 
salinity and pressure) to measure profiles every 10 days between a maximum depth of 
2000 dbar and the surface. Most of the floats used in this study had a parking depth of 
1000 dbar where they float with the currents. Argo data are collected and made freely 
available by the international Argo program (http://www.argo.net). Argo data are 
available online for the Greenland Sea from 2001 onward and for the Fram Strait from 
2006 onward. 
 

4.4 Tracer data 
 
Transient tracer sulphur hexafluoride (SF6) was released in a mixing experiment in the 
Greenland Sea in 1996 in the intermediate water layer, and spread from the source of 
release with circulation (Watson et al., 1999). It also has an atmospheric, anthropogenic 
origin, mainly industrial. In 2002 SF6 was still present in and near the Greenland Sea in 
concentrations exceeding the anthropogenic background levels. It was sampled on the 
Oden cruise with water sample bottles attached to the CTD frame, its concentration was 
determined with purge-and-trap pre-treatment and electron-capture-detection, and the 
atmospheric concentration was removed to produce an excess SF6 concentration. Excess 
SF6 concentrations between positive values are linearly interpolated to match the CTD 
pressure interval of 1 dbar and linearly extrapolated to go to zero from the deepest and 
shallowest positive values. 
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5 Data analysis methods 
 

5.1 Geostrophic computations 
 
Geostrophic velocities are computed to obtain volume transports through hydrographic 
sections. The geostrophic method assumes a balance with the pressure and Coriolis 
terms in equation (3), and ignores the barotropic, pressure independent component. A 
velocity shear is obtained, but no absolute velocities. Traditionally a level of no motion 
is chosen. Here we start by setting velocity to zero close to the bottom in all cases 
except for paper II, in which a zero value is applied to the surface velocity at the eastern 
section. 
 

5.2 Jacobsen and Jensen extension near bottom 
 
The geostrophic velocities are computed between two neighbouring stations with the 
depths of the station casts often unequal. Some deep transports are therefore missed at 
the deeper station cast of the station pair. The method of Jacobsen and Jensen (1926) is 
used to estimate the velocities at the deeper station at all levels j located below the 
deepest common level of the station pair (where i represent the shallower station and 
i+1 the deeper) by extrapolating the difference in the specific volume anomalies δ 
between the two stations at the level of the bottommost measurement of the shallow 
station to the bottom of the deeper station. The velocity is obtained by dividing the 
anomaly difference Δδi by the distance Li between the stations and by the Coriolis term f 
(f = 2Ωsinφ), and multiplying by a depth-dependent sum. For layers j of thickness dh 
below the shallow station (Fig. 6), we get 
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where j = 1, …, ΔHi/dh and ΔHi is the difference between the bottom depth of the deep 
station and the bottom depth of the shallow station. 

Direct current observations in the Fram Strait have shown a northward flow in 
the WSC at the eastern slope and a southward flow in the EGC at the western slope 
(Aagaard et al., 1973; Fahrbach et al., 2001; Schauer et al., 2004). The velocity on the 
slopes is therefore set to zero at either the bottom of the shallow station cast or at the 
bottom of the deep station cast in order to have the flow in that part that is deeper than 
the maximum depth of the shallow station move northward in the east and southward in 
the west, i.e. in the direction indicated by the direct current observations (see paper IV, 
Fig. 6). 
 

5.3 Constraints and minimization 
 

The transports estimated from geostrophy without knowledge of the actual 
velocities at any depth are improved by setting constraints on the transports and using a 
variational method (Wunsch, 1978; Houssais et al., 1995). In paper I with only one 
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section available the deep transports are assumed constant for years 1980 to 2005 in the 
Fram Strait and a net volume transport of 0.4 Sv southward of deep water with σθ ≥ 
28.06 kg/m3 is required, consisting of volume transports of 0.2 Sv northward and 0.6 Sv 
southward with mean salinities 34.91 and 34.9325 respectively, providing an additional 
constraint for net salt transport. The constraints are mainly applied to ensure that the 
more saline Arctic Ocean waters to the west would flow southward and the less saline 
Nordic Seas waters in the east northward when the kinetic energy in the next step is 
minimized and the flow field solved for the two constraints below the 28.06 kg/m3 
isopycnal. 

In paper II two zonal sections north of the Fram Strait separated by a gap are 
combined for 2002. The velocities are set to zero at the bottom of the western section 
and at the surface of the eastern section. No constraints for the deep part can be set due 
to the gap. An additional constraint is required for the part of the eastern section 
crossing the Sofia Deep allowing no net transport across the Sofia Deep below 700 dbar 
(Figs. 1, 8). 

In papers IV and V two zonal sections are available and conservation constraints 
are formulated on quasi-closed boxes in a way similar to Houssais et al. (1995)  
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where vb(x) is the depth-independent barotropic velocity, vbc(x,z) is the 

baroclinic velocity from the geostrophic computations, R is either S for salt transport, θ 
for heat transport or 1 for volume transport and γ stands for the area of the CTD sections 
on which the constraint is applied. In papers IV and V the boxes are assumed to have no 
sources or sinks and the constraints C become equal to zero.  

The constraints are as follows in paper IV: 1) Salt is conserved in the whole box, 
which allows for freshwater input or output in the area e.g. due to ice melt or formation, 
2) volume, 3) salt and 4) heat are conserved below isopycnal 28.06, i.e. below the 
influence of atmosphere and local convection as well as separated from the Sofia Deep 
east of the Yermak Plateau, and above the Fram Strait sill depth, 5) volume is conserved 
in the northern section below the Fram Strait sill depth, 6) volume is conserved in the 
Sofia Deep below the depth at which waters are not expected to cross between Sofia 
Deep and the Fram Strait proper (See Fig. 8, years 1984-2004 for the section locations). 

In paper IV two additional boxes are formed to estimate the recirculation (See 
paper IV, Fig. 4), where transports are estimated through a meridional section. The 
constraints 2) - 4) are applied. 

The constraints in paper V are 1) salt is conserved in the whole box, 2) volume 
and 3) salt are conserved below the approximate maximum Greenland Sea convection 
depth during the observation period, and above the Fram Strait sill depth, 4) volume is 
conserved in the Greenland Sea below the Fram Strait sill depth. 

The barotropic velocity components vb are computed by minimizing the kinetic 
energy of the barotropic part using the method of Lagrangian multipliers (Lanczos, 
1970; Wunsch, 1978; Stommel and Veronis, 1981). The barotropic reference velocities 
are determined by solving the Moore-Penrose inverse. 
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5.4 Transports from ADCP velocities 
 
Current velocities can be directly measured with ADCP instruments. In the Fram Strait 
an array of moored current meters has been maintained regularly since 1997 by the 
Alfred Wegener Institute from Germany and the Norwegian Polar Institute, providing 
information on the general circulation patterns in the strait and the variability and 
seasonal signals of the currents (Fahrbach et al., 2001; Schauer et al., 2004; Schauer and 
Beszczynska-Möller, 2009; de Steur et al., 2014; von Appen et al., 2015). These data, 
although providing good temporal coverage, are spatially sparse (e.g. Schauer and 
Beszczynska-Möller, 2009, Fig 2). In this study ADCP data measured from onboard 
two research vessels (IB Oden in 2002 and RV Polarstern in 2004) are used. 

LADCP velocities have the same horizontal coverage as the CTD measurements 
and are averaged to 10 m bins from close to the surface to the depth of the station cast 
(paper II). LADCP data are available from the two sections north of the Fram Strait in 
2002 and are used to compute volume transports. A velocity component perpendicular 
to a line connecting the CTD station locations is chosen in order to compare the results 
with those from geostrophy. 

Vessel-mounted ADCP provides current information for the uppermost few 
hundred meters along the cruise-track. These data are used in paper IV to estimate 
transports for the two uppermost water masses: surface water (averaged over 35-55 m) 
and AW (averaged over 155-255) and to compare the results to those from geostrophy. 

 

5.5 Drift derived from Argo floats 
 

Profiling Argo floats are measuring the hydrography and drift in the oceans year-round, 
in the Greenland Sea since 2001. In paper V two sections, one from the Fram Strait at 
79 °N and the other crossing the Greenland Sea at 75 °N, are combined. The drift 
estimated from the Argo floats is used to modify the geostrophic velocities. The flow in 
the Greenland Sea is cyclonic along the rims of the deep basin (e.g. Voet et al., 2010). 
The drift is estimated from Argo floats with parking depths mainly at 1000 dbar and 
some at 1500 dbar, considered to be representative of the drift at 1000 dbar by Voet et 
al. (2010). Argo velocities are estimated from two consequent surface observations: the 
last location before the dive and the first location after the dive. The computed velocity 
is assigned to a midpoint between the two locations. The Argo-based velocities are 
averaged over 1 degree squares at 75 °N latitude. The cyclonic flow is visible as large 
southward velocities in the west and northward velocities in the east. A linear fit is 
found for the Argo float derived velocities at 75 °N and used to modify the geostrophic 
velocities before applying the 4 constraints in paper V. 
 

5.6 Heat and freshwater transports 
 
The heat and freshwater transports through the Fram Strait have an important impact on 
the Arctic climate. With the observations covering the Fram Strait, but not the other 
gateways to the Arctic Ocean, namely the Barents Sea, Bering Strait, and CAA, the 
transports to and from the Arctic Ocean cannot be balanced. The transports of relative 
heat and freshwater are nevertheless computed relative to a reference temperature and 
salinity, but the results are rather arbitrary (Schauer and Beszczynska-Möller, 2009; 
Tsubouchi et al., 2012). 
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In paper I the volume transports are computed through a section located in the 
Fram Strait. The relative heat transport is computed relative to the mean temperature of 
the southward flow and the freshwater transport relative to the mean salinity of the 
northward flow so that the mean southward flow carries no heat and the mean 
northward flow carries no freshwater. The largest possible transports of heat and 
freshwater with the estimated velocities through the strait are obtained. 

Heat loss and freshwater gain are estimated inside a box closed by the 79 °N 
section in the Fram Strait and a northern section (paper IV) or a Greenland Sea section 
at 75 °N (paper V) (Fig. 8). 
 

5.7 Water mass definitions 
 
Waters in the ocean of different origin are traditionally defined using temperature-
salinity curves (e.g. Helland-Hansen, 1918; Mamayev, 1975). Chemical and biological 
observations can also be used for further separation of the water mass origins (e.g. Jones 
and Anderson, 2008). In this work, six water mass classes are defined (Table 3, from 
e.g. paper V, Table A2), separated mainly by isopycnals based on and simplifying the 
classification of Rudels et al. (2005): surface water, AW, dense Atlantic water (dAW), 
intermediate water and deep water layers I (less dense) and II (more dense). In the 
figures and in their interpretation some water masses are divided further, as in Rudels et 
al. (2005): surface water is subdivided into warm and cold surface waters along the 0 °C 
isotherm; AW is divided by the 2 °C isotherm into colder Arctic Atlantic water (AAW) 
that has circulated in the Arctic Mediterranean, and into warmer Atlantic water from the 
south; deep waters are separated according to a salinity of 34.915 into the less dense 
Nordic Seas Deep Water (NDW) and Arctic Ocean derived deep waters: Canadian 
Basin Deep Water (CBDW) in the Deep Water I densities, and Eurasian Basin Deep 
water (EBDW) in the Deep Water II densities (e.g paper I, Figure 13.5). 

The surface water in the Fram Strait and Nordic Seas contains sea ice melt 
water, river runoff and precipitation, AW that has been diluted with them, and 
occasionally water of Pacific origin (e.g. Falck et al., 2005; Rabe et al., 2013; Rudels et 
al., 2013). In this work, any water mass with sufficiently low density is defined as 
surface water. 

In paper IV the amount of AW recirculating in the Fram Strait is estimated from 
the density-based water mass classification for AW, and from the volume transports. 

In paper II the intermediate layer is divided into AIW and uPDW based on the 
excess SF6 contained in the 2002 data that is present in the AIW originating from the 
Nordic Seas. The AIW forms a salinity minimum, and during the earlier years also a 
temperature minimum near its origins, but separating the two water masses based on the 
temperature and salinity curves in a θS diagram is only possible for the most typical 
profiles close to their origins. 

In paper V a triangle method (Mamayev, 1975) is used to describe the properties 
of the deep water masses in order to distinguish between waters of Arctic Ocean and 
Nordic Seas origins, as the Greenland Sea deep water has gradually become warmer and 
more saline making it impossible to identify the deep waters in the Fram Strait based on 
their salinities only. Three triangles are formed with the following vertices: 1) AIW - 
CBDW - NDW, 2) EBDW - NDW - CBDW, and 3) EBDW - GSDW - NDW, where 
GSDW is the Greenland Sea Deep water (Fig. 7). Water mass values inside the triangles 
can be described as mixtures of the water mass properties found at the vertices, whose 
proportions can be solved from equations (11). 
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Table 3: Water mass definitions from Rudels et al. (2005) and paper I. 

Water masses Density Range  Nordic Seas 
water masses 

Arctic Ocean 
water masses 

Surface water 27.70 warm Surface Water 
(wSW) 

Polar Surface 
Water (PSW) 

Atlantic water 27.7027.97 Atlantic Water 
(AW) 

Arctic Atlantic 
Water (AAW) 

dense Atlantic 
water 

≥27.97 
0.530.444, 
>0 

dense Atlantic 
Water (dAW) 
S &  decreasing 
with depth 

dense Arctic 
Atlantic Water 
(dAAW) 
S increasing,  
decreasing with 
depth. 

Intermediate 
water 

≥27.97, 
0.530.444, 
0 

Arctic Intermediate 
Water (AIW) 
upper S &  
decreasing with 
depth, lower S &  
increasing with 
depth 

upper Polar Deep 
Water (uPDW) 
S increasing,  
decreasing with 
depth.  

Deep Water I 0.5 ≥30.444, 
1.535.142 

Nordic Seas Deep 
Water I (NDWI), 
S<34.915 

Canadian Basin 
Deep Water 
(CBDW) 

Deep Water II 1.5≥35.142 Nordic Seas Deep 
Water II (NDWII), 
S<34.915 

Eurasian Basin 
Deep Water 
(EBDW) 
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6 Results 
 

6.1 Volume transports 
 
Oceanic transports between the Arctic Ocean and the Nordic Seas through the Fram 
Strait are in this work estimated from hydrographic sections taken between 1980 and 
2010 (Table 2, Figs. 8, 9). In paper I the net volume transport obtained from geostrophy 
with constraints applied on deep waters and averaged over 1980 to 2005 (summertime 
snapshots) is 2.5 ± 1.3 Sv southward, with an additional 0.3 Sv over the Greenland 
continental shelf. The obtained mean net transports are balanced with transport 
estimates at the other passages to the Arctic Ocean: Bering Strait, CAA, and the Barents 
Sea Opening, as well as with river runoff and precipitation - evaporation, and the 
volume transport is reduced to 1.7 Sv southward. The northward and southward flows 
range from 5 Sv to almost 15 Sv with an average inflow to the Arctic Ocean of about 6 
Sv and an outflow of about 9 Sv (Fig. 10). In paper I it is estimated that more than 60% 
of the inflow to the Arctic Ocean and 80-90% of the outflow pass through the Fram 
Strait. 

The volume transports are also estimated in papers II, IV and V, and 
preliminarily in paper III similarly to paper IV. In paper II the section is located north of 
the standard 79 °N section and has a gap in the middle. The net volume transport to the 
east of the gap is 3.6 Sv northward and to the west of it 5.1 Sv southward. At the gap the 
transport is roughly estimated at 0.5 Sv northward resulting in a net volume transport 
across the whole section of 1.0 Sv. The transports are also estimated for the 2002 
northern section using lADCP data, resulting in about three times larger northward and 
southward volume transports with a net transport that is close to zero. Errors may be 
due to the gap in the section, to two of the deep stations not reaching deeper than 1200 
dbar, to the step-like bathymetry used to calculate the transports at the slopes or to 
poorly-resolved de-tiding near the Yermak Plateau. 

In papers IV and V quasi-closed boxes are formed and the transports are 
balanced by applying constraints. In paper IV the transports are estimated through 
sections in the Fram Strait and north of it. The net volume transport obtained for four 
years between 1984 and 2004 vary between 2 and 4 Sv averaging at 3.1 Sv, with the 
northward and southward transports about 10 Sv or less (Fig. 10). 

In paper V the transports are estimated through sections in the Fram Strait and 
across the Greenland Sea along 75 °N. The net volume transports are first estimated at 
1.9 ± 1.0 Sv southward, a rather similar result to the estimates in the previous papers. 
When velocities estimated from the Argo floats are used to modify the velocities at 
1000 dbar depth in the Greenland Sea section, the transports are reduced to 0.8 ± 1.5 Sv 
southward. The northward volume transports are in the Greenland Sea section 16 ± 2 Sv 
and southward 17 ± 2 Sv. In the Fram Strait section the volume transports are 10 ± 3 Sv 
northward and 11 ± 3 Sv southward (Fig. 10). Woodgate et al. (1999) estimated the 
southward transport within the EGC at 21 ± 3 Sv through the Greenland Sea section, 
with a minimum of 11 Sv in summer and maximum of 37 Sv in winter, based on current 
meter moorings in 1994-1995. The results obtained in this work are reasonable, 
although geostrophy is expected to underestimate the northward and southward 
transports since the barotropic currents are not appropriately resolved. 

The individual northward and southward volume transports increase toward the 
end of the 1980-2005 period, which is likely due to the denser station spacing in the 
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Figure 10. Volume transports through the Fram Strait. Red northward, blue southward, and 
black net. Solid line 1980-2005 time series with deep constraints, stars: 1984-2004 from quasi-
closed boxes, dashed line: 1999-2010 time series from quasi-closed boxes with Argo 
adjustment, and dotted line: 1999-2010 from quasi-closed boxes without Argo adjustment 
 
later years allowing for more eddies to be at least partially captured. The net volume 
transports between 1980 and 2010 are variable but do not show a trend (Fig. 10). The 
choice of constraints affects the results (see paper IV, Table A1) as does the chosen 
level of no motion, or in the case of a reference velocity e.g. from the Argo floats (paper 
V), level of "known motion". 

The box method in paper V gives a possibility to estimate the deep transport that 
was assumed to be a constant 0.4 Sv southward below the 28.06 isopycnal in paper I for 
the time period 1980-2005. The deep transports in the Fram Strait estimated from the 
Fram Strait - Greenland Sea double sections, with Argo adjustment and 4 constraints 
applied, and with northward transport positive and southward transport negative, are 
shown in Table 4a: 
 
Year V northward [Sv] V southward [Sv] V net [Sv] 
1999 0.89 -0.99 -0.11 
2000 0.86 -0.76 0.09 
2001 1.70 -0.69 1.01 
2002 1.34 -1.99 -0.65 
2004 0.75 -1.29 -0.53 
2005 0.94 -1.34 -0.41 
2008 1.48 -1.14 0.34 
2010 2.09 -2.13 -0.05 
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giving a mean deep volume transport -0.10 ± 0.61 Sv for the time period 1999-2005, 
overlapping with the period in paper I. Excluding 2001, which has a northward net 
volume of about 2 Sv, gives -0.32 ± 0.31 Sv. This is close to the -0.4 Sv used in paper I. 
 
Applying the four constraints but without the Argo adjustment gives Table 4b: 
 
Year V northward [Sv] V southward [Sv] V net [Sv] 
1999 0.71 -0.92 0.21 
2000 0.76 -0.77 -0.01 
2001 1.17 -1.06 0.11 
2002 1.31 -1.88 -0.57 
2004 0.79 -1.15 -0.36 
2005 0.98 -1.30 -0.31 
2008 1.13 -1.26 -0.13 
2010 2.04 -2.15 -0.10 

 
with a mean deep volume transport -0.15 ± 0.30 Sv for the time period 1999-2005. 

The zonal sections in the Fram Strait and in the Greenland Sea are divided into 
4-5 sub-sections: The Svalbard slope; the deep basin divided in two by the Greenwich 
meridian; and the Greenland continental shelf slope. The Greenland shelf, or its eastern 
part, is included as a 5th section part when data are available. The volume transports are 
up to 1 Sv southward over the Greenland continental shelf, but average to about 0.3-0.5 
Sv southward in paper I and 0.4 ± 0.4 Sv southward in paper V. The most consistent 
southward flow is found over the western slope and northward in the WSC over the 
eastern, Svalbard slope. 

 

6.2 Water mass properties 
 
The upper layer water mass properties vary quite significantly depending on which part 
of the Fram Strait or the 75 °N section they are located in, with the coldest, least saline, 
and least dense surface water located in the Greenland continental shelf and slope. In 
the eastern parts of the sections in particular, AW can be found in the surface layer. The 
surface waters in the Fram Strait section are in general colder, less saline, and especially 
in the western slope less dense than at the 75 °N section. The surface waters in the 
section north of the Fram Strait are colder than at the Fram Strait section and tend to 
become less saline as they flow southward to the Fram Strait, reflecting ice melt in 
between sections. 

The Atlantic waters are most saline and warmest in the eastern parts of the Fram 
Strait and the 75 °N section where the net volume flow of AW is northward. The 
warmest and most saline AW is found at the 75 °N section and coldest and least saline 
at the sections north of the Fram Strait. Besides the recirculation in the Fram Strait, part 
of the southward-flowing AW has circulated in the Arctic Ocean and become cooled 
and due to mixing less saline. As this southward flowing AAW (Rudels et al., 2005) 
mixes with the surrounding waters it becomes warmer and more saline in the more 
southern sections (Fig. 9). 

Warm anomalies of AW were first reported to occur in the Fram Strait and 
continue into the Arctic Ocean by Quadfasel et al. (1991). A more recent warm pulse 
took place in 2005-2006 (e.g. Walczowski et al., 2012). During the 1999-2010 time 
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series AW has become about 0.4 °C warmer and 0.005 more saline largely due to the 
mid-2000s warm anomaly. In the earlier 1980-2005 time series, the warm and saline 
AW can also be found in the Fram Strait in 1983 and 1984. The difference between the 
northward- and southward-flowing AW in the Fram Strait varies between 0.0 and 1.0 
°C, being about 0.6-0.7 °C during 1983-1984, otherwise smaller in the 1980s, and with 
the largest differences occurring in the late 1990s.  During the 1999-2010 the difference 
between the northward- and southward-flowing AW in the Fram Strait has diminished 
from 0.4 to 0.1 °C. A likely cause for the reduction in the temperature difference in the 
Fram Strait is the warmer westward recirculation in the Fram Strait in the 2000s 
reported by e.g. Beszczynska-Möller et al. (2012) and de Steur et al. (2014). In the 75 
°N section the temperature difference between northward and southward AW remains at 
about 0.5 °C during 1999-2010. From 1984, 1997, 2002 and 2004 northern sections the 
AW is found to have a difference of 0.1-0.4 °C between the northward and southward 
transports. The difference between the northward-flowing AW in the Fram Strait section 
and the northern section varies between 0.6-0.9 °C. In the southward flow the difference 
shows greater variation, partly due to the different locations of the northern section. The 
northern-most section is from 2004, the difference between the northern section and the 
Fram Strait section then is 1.5 °C, perhaps reflecting the warm recirculation in the Fram 
Strait, but also the presence of more, cooler AAW returning southward. The dAW 
properties show similar variability to that of AW. 

The intermediate waters are separated into AIW and uPDW in paper II based on 
excess SF6 concentrations. The salinity minimum of AIW is created in the Nordic Seas 
by the convection of low-salinity water to the deeper layers. It can be used to 
distinguish AIW from uPDW that has formed within the Arctic Ocean, especially at 
stations close to its formation. Further away from the source the signature becomes 
weaker as the water masses mix with surrounding waters. AIW in the Greenland Sea 
has become warmer and more saline in the 2000s which is reflected in the averaged 
intermediate water properties. 

The intermediate and deep waters have become warmer and more saline during 
the observation period, especially in the Greenland Sea. In the Fram Strait the trend in 
salinity is not clear and there are more fluctuations, especially in the intermediate water 
properties, similar to that found in AW. 

The deep waters have in this work been separated in two density classes, but 
also based on their Arctic Ocean or Greenland Sea origins by a constant salinity 34.915 
(Table 3; Rudels et al., 2005; paper I). Since the salinity of the GSDW has increased 
due to a weakened convection and interaction with the Arctic Ocean deep waters 
(Budéus et al., 1998), this separation is no longer valid, and deep waters have therefore 
also been separated using water mass triangles in paper V (Fig. 7). While the deep 
waters have in general also become warmer during the three decades studied in this 
work, the changes in the Arctic Ocean are much smaller than in the Greenland Sea. The 
intermediate and deep waters in the in the sections north of the Fram Strait are warmer 
and more saline than the corresponding water masses in the Fram Strait section, 
showing a greater influence from the Arctic Ocean deep waters. The deep waters 
continue to be warmer and more saline at the Fram Strait than at the Greenland Sea 
section. The GSDW is warming by about 0.01 °C/year and becoming more saline by 
0.007/year. 

In the central parts of the basins the differences in the water mass properties 
between southward- and northward-flowing waters are small. The water mass properties 
of northward and southward flows are averaged. Small-scale eddy motions can make 
waters with the same properties cross the strait in both directions, also since the 
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geostrophic velocities are computed between two hydrographic stations and the same 
temperature and salinity properties are combined with two different velocities on both 
sides of a CTD station (Fig. 6). 

 

6.3 Volume transports of different water masses 
 
The observed net outflow from the Arctic Ocean through the Fram Strait occurs mainly 
as low salinity and cold surface water, mostly over the Greenland continental slope, and 
as dAW and intermediate waters. The estimated net volume transport on the Greenland 
continental shelf varies from 0.1 to 1.0 Sv southward, partly due to the varying length of 
the sections, and consists mainly of surface water, and some AW. The cold and low 
salinity surface water carried by the EGC continues southward through the Fram Strait 
and is also found at the southern Greenland Sea section (paper V). The net volume 
transport of surface water through both the Fram Strait and Greenland Sea sections are 
of about equal size, 0.6-0.7 Sv southward. 

The northward flow of AW in the eastern parts of the sections is larger than the 
southward flow of the cooler AW. In paper V the net volume transport of AW is 
estimated at 0.9 Sv (0.5-1.8 Sv) northward through the whole width of the 75 °N section 
and 0.7 Sv northward (0.0-1.3 Sv) through the Fram Strait section. In the earlier papers 
the net AW volume transport is estimated at about 0.1 Sv northward with large 
variability. About 1.4 Sv AW and dAW are estimated to flow northward past the section 
north of the Fram Strait in 2002 (paper II). The net volume transports of dAW are about 
0.5-1.0 Sv southward through each of the three section locations. 

The net intermediate water transports are southward and for 1999-2010 about 
0.5 Sv. For the 1980-2005 time series the net volume transport varies between 0.6 to 1.4 
Sv southward being about twice as large as that obtained from the quasi-closed boxes in 
1999-2010 for the overlapping years 1999-2005. The net outflow of the intermediate 
water derives largely from the Barents Sea branch that enters the Arctic Ocean via the 
St. Anna Trough, also some of the southward flowing AW is deriving from the Barents 
Sea branch. The northward transport of AIW originating in the Nordic Seas is estimated 
from 2002 Oden data when excess SF6 is available and can be used to distinguish AIW 
from the uPDW originating in the Arctic Ocean. It is estimated from geostrophic 
computations that 0.8 Sv intermediate water enters the Arctic Ocean across the section, 
of which 70% is AIW based on SF6 concentrations; i.e. 0.5 Sv of AIW would enter the 
Arctic Ocean. 

The bifurcation of the Fram Strait branch at intermediate depths is observed as 
positive excess SF6 concentrations, deriving from the mixing experiment in the 
Greenland Sea, as it flows toward the Arctic Ocean. One branch follows the Yermak 
Plateau along its western flank and the other branch flows northward close to Svalbard 
(Rudels et al., 2000). Both of these branches are assumed to meet north of Svalbard and 
enter the Arctic Ocean (paper II, Figure 1), but whether the western branch northwest of 
the Yermak Plateau first  branches off with part of it following the slopes around the 
Sofia Deep, as suggested in paper II, has not received significant support. 

CBDW flows southward in the western part of the Fram Strait, both over the 
slope and the deep basin. EBDW flows southward in the deep basins, but some 
recirculation of it is also observed as a northward flow in the eastern deep basin. NDW 
flows in both directions in the Fram Strait. On the Svalbard slope and in the deep basins 
its northward flow is larger than the southward. The deep transports in paper I are 
constrained with constant volume and salt transports. These volume transports are also 



 28 

series AW has become about 0.4 °C warmer and 0.005 more saline largely due to the 
mid-2000s warm anomaly. In the earlier 1980-2005 time series, the warm and saline 
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the largest differences occurring in the late 1990s.  During the 1999-2010 the difference 
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has become warmer and more saline in the 2000s which is reflected in the averaged 
intermediate water properties. 
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geostrophic velocities are computed between two hydrographic stations and the same 
temperature and salinity properties are combined with two different velocities on both 
sides of a CTD station (Fig. 6). 
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The observed net outflow from the Arctic Ocean through the Fram Strait occurs mainly 
as low salinity and cold surface water, mostly over the Greenland continental slope, and 
as dAW and intermediate waters. The estimated net volume transport on the Greenland 
continental shelf varies from 0.1 to 1.0 Sv southward, partly due to the varying length of 
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slope and the deep basin. EBDW flows southward in the deep basins, but some 
recirculation of it is also observed as a northward flow in the eastern deep basin. NDW 
flows in both directions in the Fram Strait. On the Svalbard slope and in the deep basins 
its northward flow is larger than the southward. The deep transports in paper I are 
constrained with constant volume and salt transports. These volume transports are also 
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computed from the newer estimates, and the use of 0.4 Sv southward as a deep 
constraint seems reasonable (Table 4). The net volume transports of the deep waters are 
small, partly due to the step-wise bottom topography and the choice of setting the initial 
velocities to zero near bottom. 

The exchange rate of the deep waters between the Fram Strait and the Greenland 
Sea has remained fairly constant over 1999-2010. 
 

6.4 Recirculation 
 
Besides the strong currents on both sides of the Fram Strait, WSC to the east and EGC 
to the west, a substantial amount of recirculation takes place in the strait. Narrow 
barotropic and baroclinic eddies have been found to drift westward along the Fram 
Strait sill (e.g. Teigen et al., 2011). 

The recirculation in the Fram Strait is estimated in paper IV: firstly from two 
zonal sections, as northward volume transport through the 79 °N section minus 
northward volume transport through the northern section attaining 2 Sv for the Atlantic 
waters, and secondly through a meridional section across the Greenwich meridian 
reaching from 78 °N to 80 °N resulting in somewhat less. 

The westward circulation in the Fram Strait can also be observed from the drift 
of the Argo floats with 1000 dbar parking depth (paper V, Figure 2). The Argo data 
located in the vicinity of the Fram Strait are still sparse. Based mainly on the meridional 
sections in paper IV, the recirculation in the Fram Strait is estimated to be strongest 
close to the 79 °N latitude. 

This work as well as previous and later studies (Bourke et al., 1988; Rudels, 
1987; Manley, 1995; de Steur et al., 2014) result in the same estimate that about half of 
the northward-flowing AW in the Fram Strait recirculates back to the south. 
 

6.5 Heat transports 
 
About one quarter of the Arctic Ocean's heat flux is carried through the Fram Strait as 
estimated by Tsubouchi et al. (2012). The heat transport through the Fram Strait derives 
mostly from the warm and saline AW and is in paper I estimated as 25 TW northward 
using a varying reference temperature. The mean of the varying reference temperatures, 
as the average temperature of the flow out of the Arctic Ocean through the strait from 
the observations 1980-2005, is about 0.7 °C. Using the commonly used reference 
temperature -0.1 °C the heat transport reduces to 17 TW. The value obtained from 
current meter moorings is about 40 TW during the study period (Schauer et al., 2004) 
and somewhat less using a stream tube concept to avoid the arbitrary nature of the 
results obtained through an unbalanced section (Schauer and Beszczynska-Möller, 
2009). 

In papers IV and V quasi-closed boxes are formed and the heat loss in areas 
closed by CTD sections to the north and south and continental shelf slopes to the east 
and west is estimated. The results are nearly independent of the reference values. The 
heat loss from the more southern of these two areas, between the Greenland Sea section 
and the Fram Strait section, is estimated at 9 ± 12 TW from 1999-2010 data. From the 
area north of the Fram Strait the heat loss as averaged over 3-4 years between 1984 and 
2004 is estimated at about 11 TW. 
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6.6 Freshwater transports 
 
The freshwater is carried out of the Arctic Ocean in roughly equal parts of ice and liquid 
water (Carmack et al., 2015). Most of the ice and almost half of the liquid freshwater 
exits the Arctic Ocean via the Fram Strait (Aagaard and Carmack, 1989; Dickson et al., 
2007; Tsubouchi et al., 2012). In this work the liquid freshwater transports are 
estimated. 

The liquid freshwater transports through the Fram Strait occur mostly in the 
surface layer and are mainly due to ice melt, river runoff and water diluted by these 
inputs exiting the Arctic Ocean. Freshwater export as sea ice is about 70-100 mSv 
(Vinje, 2001; Kwok et al., 2004; Carmack et al., 2015). In paper I the freshwater 
transport through to the Fram Strait is estimated as 30-50 mSv southward between 6 °W 
and 9 °E, and as 0.65 mSv when the transport across the Greenland continental shelf is 
included. A significant amount of the freshwater transport takes place over the 
Greenland shelf and is often lacking from the results in paper I due to varying section 
lengths, and to the stations only covering part of the shelf (Fig. 8). The freshwater 
transport is less sensitive to the reference value than heat transport. 

The freshwater transports are also estimated in papers IV and V using a 
reference salinity 34.9 (V), 34.8 (IV) and a mean salinity from the sections forming the 
quasi-closed box (IV). The freshwater transports obtained in paper IV are below 60 
mSv through the 79 °N section and about 20 mSv through the northern section, 
implying that about 40 mSv of the freshwater input between the sections in the 
summertime would be mainly due to ice melt. The precipitation in the area contributes 
to a small degree. The freshwater transports through the Fram Strait section are in paper 
V estimated at 66 ± 9 mSv and through the 75 °N section at 54 ± 20 mSv. This Fram 
Strait value is somewhat smaller than the less than 100 mSv value estimated by e.g. 
Carmack et al. (2015). 



 30 

computed from the newer estimates, and the use of 0.4 Sv southward as a deep 
constraint seems reasonable (Table 4). The net volume transports of the deep waters are 
small, partly due to the step-wise bottom topography and the choice of setting the initial 
velocities to zero near bottom. 

The exchange rate of the deep waters between the Fram Strait and the Greenland 
Sea has remained fairly constant over 1999-2010. 
 

6.4 Recirculation 
 
Besides the strong currents on both sides of the Fram Strait, WSC to the east and EGC 
to the west, a substantial amount of recirculation takes place in the strait. Narrow 
barotropic and baroclinic eddies have been found to drift westward along the Fram 
Strait sill (e.g. Teigen et al., 2011). 

The recirculation in the Fram Strait is estimated in paper IV: firstly from two 
zonal sections, as northward volume transport through the 79 °N section minus 
northward volume transport through the northern section attaining 2 Sv for the Atlantic 
waters, and secondly through a meridional section across the Greenwich meridian 
reaching from 78 °N to 80 °N resulting in somewhat less. 

The westward circulation in the Fram Strait can also be observed from the drift 
of the Argo floats with 1000 dbar parking depth (paper V, Figure 2). The Argo data 
located in the vicinity of the Fram Strait are still sparse. Based mainly on the meridional 
sections in paper IV, the recirculation in the Fram Strait is estimated to be strongest 
close to the 79 °N latitude. 

This work as well as previous and later studies (Bourke et al., 1988; Rudels, 
1987; Manley, 1995; de Steur et al., 2014) result in the same estimate that about half of 
the northward-flowing AW in the Fram Strait recirculates back to the south. 
 

6.5 Heat transports 
 
About one quarter of the Arctic Ocean's heat flux is carried through the Fram Strait as 
estimated by Tsubouchi et al. (2012). The heat transport through the Fram Strait derives 
mostly from the warm and saline AW and is in paper I estimated as 25 TW northward 
using a varying reference temperature. The mean of the varying reference temperatures, 
as the average temperature of the flow out of the Arctic Ocean through the strait from 
the observations 1980-2005, is about 0.7 °C. Using the commonly used reference 
temperature -0.1 °C the heat transport reduces to 17 TW. The value obtained from 
current meter moorings is about 40 TW during the study period (Schauer et al., 2004) 
and somewhat less using a stream tube concept to avoid the arbitrary nature of the 
results obtained through an unbalanced section (Schauer and Beszczynska-Möller, 
2009). 

In papers IV and V quasi-closed boxes are formed and the heat loss in areas 
closed by CTD sections to the north and south and continental shelf slopes to the east 
and west is estimated. The results are nearly independent of the reference values. The 
heat loss from the more southern of these two areas, between the Greenland Sea section 
and the Fram Strait section, is estimated at 9 ± 12 TW from 1999-2010 data. From the 
area north of the Fram Strait the heat loss as averaged over 3-4 years between 1984 and 
2004 is estimated at about 11 TW. 
 

 31 

6.6 Freshwater transports 
 
The freshwater is carried out of the Arctic Ocean in roughly equal parts of ice and liquid 
water (Carmack et al., 2015). Most of the ice and almost half of the liquid freshwater 
exits the Arctic Ocean via the Fram Strait (Aagaard and Carmack, 1989; Dickson et al., 
2007; Tsubouchi et al., 2012). In this work the liquid freshwater transports are 
estimated. 

The liquid freshwater transports through the Fram Strait occur mostly in the 
surface layer and are mainly due to ice melt, river runoff and water diluted by these 
inputs exiting the Arctic Ocean. Freshwater export as sea ice is about 70-100 mSv 
(Vinje, 2001; Kwok et al., 2004; Carmack et al., 2015). In paper I the freshwater 
transport through to the Fram Strait is estimated as 30-50 mSv southward between 6 °W 
and 9 °E, and as 0.65 mSv when the transport across the Greenland continental shelf is 
included. A significant amount of the freshwater transport takes place over the 
Greenland shelf and is often lacking from the results in paper I due to varying section 
lengths, and to the stations only covering part of the shelf (Fig. 8). The freshwater 
transport is less sensitive to the reference value than heat transport. 

The freshwater transports are also estimated in papers IV and V using a 
reference salinity 34.9 (V), 34.8 (IV) and a mean salinity from the sections forming the 
quasi-closed box (IV). The freshwater transports obtained in paper IV are below 60 
mSv through the 79 °N section and about 20 mSv through the northern section, 
implying that about 40 mSv of the freshwater input between the sections in the 
summertime would be mainly due to ice melt. The precipitation in the area contributes 
to a small degree. The freshwater transports through the Fram Strait section are in paper 
V estimated at 66 ± 9 mSv and through the 75 °N section at 54 ± 20 mSv. This Fram 
Strait value is somewhat smaller than the less than 100 mSv value estimated by e.g. 
Carmack et al. (2015). 



 32 

7 Conclusions 
 

7.1 Volume transports 
 
The net volume transports through the Fram Strait estimated in this work based on 
hydrography with varying sets of constraints applied range from 4.6 Sv to the south in 
1998 with constraints set on the deep waters (paper I) to 2.4 Sv northward from quasi-
closed boxes between the Fram Strait and the Greenland Sea and using the velocity 
information from the Argo floats in 2001 (paper V, Fig. 3). The net volume transports 
averaged for 1980-2005 are 2.5 Sv + 0.3 Sv southward (paper I), or 1.7 Sv from budget 
considerations, 3.1 Sv southward averaged from 4 years of data from quasi-closed 
boxes between 1984-2004 (paper IV) and 0.8 ± 1.5 Sv southward for 1999-2010 (paper 
V) (Fig. 10). The net volume transports in the Fram Strait have been continuously 
monitored from current meter moorings since 1997. The transports are highly variable, 
albeit with a decrease in variability since 2001 when the mooring location was moved 
from 79 °N to 78 °50 'N (de Steur et al., 2014). The northward and southward volume 
transports (monthly means) vary between slightly over 5 Sv to over 20 Sv in both 
directions and the net volume  for 1997-2005 is 1.75 ± 5.01 Sv (Fieg et al., 2010), and 
for 1999-2010 2.8 ± 3.5 Sv (Schauer and Beszczynska-Möller, 2009, extended 
timeseries). Although a seasonal signal is present in the WSC with a wintertime 
maximum (e.g. Fahrbach et al., 2001; Schauer et al., 2004) and in the EGC at 78 °50 'N 
with a winter maximum and summer minimum (de Steur et al., 2014) no clear seasonal 
signal is found in the net volume transports except between 2002-2005 (Schauer and 
Beszczynska-Möller, 2009, Fig. 5). The estimates presented in this work for the volume 
transports agree well with those obtained from the current meter moorings and from 
models (e.g. Fieg et al., 2010), both for the net and individual northward and southward 
volume transports, partly due to the large variability in the mooring results. The mean 
volume transports based on geostrophic estimates are smaller than the mean volume 
transports estimated from the current meter moorings. The results based on 
hydrographic data offer summertime snapshots and add to the ensemble of estimates for 
the Fram Strait transports. However, aliasing can occur especially during the earlier 
years of data due to sparse station spacing that allows baroclinic and barotropic eddies 
present in the Fram Strait to evade detection.  The Ekman transport is largely ignored in 
this work; in paper IV its effect on the net surface flow is estimated to be small in the 
Fram Strait during the time of observations due to a varying wind field. 

The smallest net volume transports of 0.8 Sv southward are estimated in paper V 
using a linear fit to the Argo data. The small net volume is partly due to having one year 
with high net northward transport; excluding that year, the net transports would be 1.2 
Sv southward. This is better in agreement with other estimates, but still low (Fig. 10). 
Without the Argo adjustment the transports are 1.9 Sv southward, but the AW transport 
reduces from 0.7-0.8 Sv northward to 0.1 Sv northward. Since the AW, having entered 
the Arctic Ocean also through the Barents Sea, mostly returns through the Fram Strait, 
determining which estimate is better would require a more thorough investigation of the 
water mass transformations than is presented in this work, including not just the surface 
water, containing diluted AW, the colder and deeper lying dAW, but also some of the 
intermediate and even deep waters formed in the Arctic Ocean through cascading of 
dense shelf waters. However, the net volume transports obtained in this work for the 
Fram Strait can be judged against volume transport estimates for the other entrances to 
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the Arctic Ocean (Fig. 5). Taking the given error margins and variance in the given 
transport estimates through the other passages, net volume transport through the Fram 
Strait could vary between 0.95 and 3.2 Sv southward and the Arctic Ocean volume 
budget could still be balanced. 

The transports are in this work estimated from hydrographic data using the 
geostrophic method. LADCP data have been used to estimate the transports north of the 
Fram Strait in 2002 and vessel mounted ADCP in 2004. The use of CTD stations for 
estimating the transports instead of current meter moorings in the Fram Strait where an 
array of current meter moorings has been maintained regularly since 1997 is justified 
with their finer spatial resolution than that of current meter moorings. The temporal 
resolution with cruises mainly from the summertime is much worse. The geostrophic 
method cannot determine the barotropic transports, something that in this work is 
compensated for by not allowing the slope currents to flow in a direction other than that 
shown by the current meter moorings (all papers), and by using velocities obtained from 
the Argo floats to adjust the geostrophic velocities (paper V). Using ADCP velocities as 
a level of known motion for the geostrophic velocities has its difficulties since the shape 
of the velocity profiles obtained through direct current measurements differs from that 
obtained through geostrophy, the current meters capturing shorter time scale events than 
geostrophy. The transports are in paper II computed both from the lADCP derived and 
geostrophic velocities, and the lADCP derived northward and southward transports are 
3-4 times higher. Both methods have their shortcomings, e.g. geostrophy lacks a 
representation for the barotropic part and lADCP data contains short term fluctuations, 
making the observations not synoptic. 

The Fram Strait branch can be seen bifurcating based on the location of the 
excess SF6 data, supporting the existing view (e.g. Rudels et al., 2000) that some of it 
flows around the Yermak Plateau and some takes a straighter route into the Arctic 
Ocean. 
 

7.2 Water masses 
 
The Fram Strait is the only deep passage between the Arctic Ocean and the rest of the 
world's oceans. Water masses pass through it as well as recirculate in it. On the eastern 
side, WSC carries warm and saline AW; on the western side EGC carries cold and low-
salinity surface water. The deep waters from the Nordic Seas are transported northward 
and the Arctic Ocean waters southward. They mix with the surrounding waters along 
their way to the Fram Strait, within the Fram Strait (von Appen et al., 2015), and after 
having passed through it.  

The surface layer in the Fram Strait mainly consists of water from river runoff, 
ice melt and diluted AW, precipitation and occasionally Pacific water from the Bering 
Strait (e.g. Rabe et al., 2013). The properties are highly variable, both spatially across 
the strait and temporally, being also affected by climate change. 

The northward-flowing AW varies in its properties and extent. There have been 
warm pulses in the past and a warming trend in the 2000s with a maximum in 2006 
(Beszczynska-Möller et al., 2012, extended time series). The southward-flowing AW is 
less saline and cooler than the northward-flowing, as expected from cooling and mixing 
in the Arctic Mediterranean. 

The AIW properties have changed, and AIW has become warmer and more 
saline at its origins in the Nordic Seas. Of the intermediate waters flowing northward 
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world's oceans. Water masses pass through it as well as recirculate in it. On the eastern 
side, WSC carries warm and saline AW; on the western side EGC carries cold and low-
salinity surface water. The deep waters from the Nordic Seas are transported northward 
and the Arctic Ocean waters southward. They mix with the surrounding waters along 
their way to the Fram Strait, within the Fram Strait (von Appen et al., 2015), and after 
having passed through it.  

The surface layer in the Fram Strait mainly consists of water from river runoff, 
ice melt and diluted AW, precipitation and occasionally Pacific water from the Bering 
Strait (e.g. Rabe et al., 2013). The properties are highly variable, both spatially across 
the strait and temporally, being also affected by climate change. 
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saline at its origins in the Nordic Seas. Of the intermediate waters flowing northward 
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through the Fram Strait 70% was estimated as AIW based on the SF6 concentrations, 
0.5 Sv of AIW would then enter the Arctic Ocean. 

The deep waters in the Arctic Ocean have ventilation times of up to several 
hundreds of years and while their temperatures during these 3 decades of observations 
have risen only slightly and salinities remained about the same, the deep waters in the 
Greenland Sea have undergone drastic changes and continue to become warmer and 
more saline as they interact with the Arctic Ocean derived deep waters, while the 
Greenland Sea convection hardly reaches 2000 dbar thus not ventilating the deep 
waters. The properties of Arctic Ocean- and Nordic Seas-derived deep waters have 
become similar. Future studies will show if and how this will affect the circulation 
patterns in the northern seas together with other factors e.g. expected increase in 
precipitation, but perhaps also in evaporation, and less sea ice. 

7.3 Recirculation 
 
The recirculation in the Fram Strait is estimated using zonal and meridional sections. 
About 2 Sv, approximately half of the AW reaching the Fram Strait is estimated to 
recirculate south-westward in the strait. Other studies are currently giving similar 
estimates for the recirculation based on e.g. moorings (de Steur et al., 2014). 
 

7.4 Heat and freshwater transports 
 
During the 1980-2005 observation period in paper I the salinities of the northward flow 
in the Fram Strait range between 34.8 and 35 and average at 34.92. The mean salinity of 
the southward flow is about 34.8. The freshwater transport relative to the inflow salinity 
ranges between 20 and 100 mSv with the mean at 40 ± 10 mSv. From the 1999-2010 
time series, 66 mSv at the Fram Strait is obtained using a reference salinity of 34.9. The 
results are in the same range but lower than those by Rabe et al. (2013) or Carmack et 
al. (2015). 

Freshwater is gained in the box north of the Fram Strait, but lost from the 
southern box between the Fram Strait and the Greenland Sea, with large variability.  

The heat loss from both the area north of the Fram Strait and south of it, closed 
by CTD sections, was estimated at about 10 TW. This compares well with the estimate 
of heat loss of 12.7 TW by Cisewski et al. (2003) for 1997 between a section in the 
Fram Strait at 79 °40 'N and a section at 75 °N using a constant net volume of 1.6 Sv 
southward and ship mounted ADCPs to adjust geostrophic velocities. 
 

7.5 Future needs 
 
Reports of  climatic changes taking place in the Arctic occur frequently in the news. 
Among them, release of methane, melting permafrost, melting sea ice, and changes in 
weather patterns give cause for alarm. The icy Arctic as we know it appears to be 
vanishing, leaving dark winters and light summers as a poor consolation. The Arctic 
feedback systems are difficult to study and even harder to predict due to their complex 
nature. New measurements are crucial in improving our understanding of the Arctic. 
The Arctic Ocean is becoming more easily accessible and improved observational 
instruments are being developed. In this work, in addition to ship-borne measurements 
and a traditional method of geostrophy, data from Argo floats are used to study the 
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circulation. The Argo floats are profiling floats that also provide information about 
temperature, salinity and possible additional parameters, providing year-round 
information. Most of them only make profiles to 2000 dbar, but they are being 
developed for deeper measurements too, and at present 10 of the nearly 4000 Argo 
floats drifting in the oceans are capable of performing deep profiles down to 6000 dbar. 
A combination of deeper measurements and the ability to collect measurements in ice-
covered waters (or in an ice-free Arctic Ocean), could help bring such understanding. 

For estimations at the Arctic Ocean budgets, all the water transport gateways 
need to be monitored densely and continuously over a longer period of time in order to 
capture data on how the variability at one entrance is reflected at another, and with what 
time lag. This could lead to a balanced picture of the Arctic's oceanographic system. 

Modelling is needed to fill gaps in observational data and in making future 
predictions. Observations are needed to keep track of the changes taking place in the 
northern seas and to improve the model accuracy. Possibly there still are some 
discoveries to be made in the Arctic waters. 

7.6 A short summary 
 
The Fram Strait has been the subject of many studies. The results in this work 
contribute to these efforts. Transports estimated from double sections bring reliability to 
the obtained volume and freshwater transports and allow for estimating the heat loss 
from areas north and south of the Fram Strait. The recirculation of AW is found to be 
similar to that presented in the 1980s. The tracer SF6 allows for distinguishing between 
AIW and uPDW in the Fram Strait and to estimate how much AIW is transported 
through the Fram Strait into the Arctic Ocean. During the study period the properties of 
water masses in the Fram Strait changed and the water mass definition was modified. 
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Corrections 
 
In paper I the following information is missing from Table 13.1: Year 2003, Vessel RV 
Lance, programme ASOF, 21 stations between 6 °W and 9 °E, and 12 stations on the 
shelf. 
 
In paper IV the equations B1 are incorrect in the appendix B. The Ck should be removed 
or there should be "+" instead of" = -" for all of the constraints (1) – (6)  
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Chapter 13
Constraints on Estimating Mass, Heat 
and Freshwater Transports in the Arctic Ocean: 
An Exercise

Bert Rudels, Marika Marnela, and Patrick Eriksson

13.1 Introduction

The ASOF programme, with its study of the transports between the Arctic Ocean 
and the North Atlantic via the subarctic seas – the Nordic Seas, Baffin Bay and the 
Labrador Sea –, also provides an opportunity to examine the mass (volume), fresh-
water and heat budgets of the Arctic Ocean. The exchanges between the two passages 
between the Arctic Ocean and the Nordic Seas, Fram Strait and the Barents Sea 
opening between Norway and Bear Island, have been measured continuously since 
1997, first in the VEINS programme (Variability of Exchanges in the Northern 
Seas) and then in ASOF and the observations are presently continued within the 
DAMOCLES (Developing Arctic Modelling and Observing Capabilities for Long-
term Environmental Studies) programme. The transports through two of the three 
main channels in the Canadian Arctic Archipelago, the Lancaster Sound and the 
Jones Sound, have been directly measured for a couple of years now (Prinsenberg 
and Hamilton 2005), and the instruments from the first year-long measurements in 
Nares Strait have been brought in. The fluxes through Bering Strait have also been 
studied intensely the last 10–15 years (e.g. Woodgate and Aagaard 2005). The work 
within ASOF has shown that the transports through Fram Strait and through the 
Canadian Arctic Archipelago are those most difficult to determine. The Archipelago 
because of the severe climate, the remoteness of the area and the nearby location of 
the magnetic North Pole, Fram Strait because of its depth, the transports in both 
directions, and the presence of baroclinic and barotropic eddies leading to high 
spatial and temporal variability.

The estimates of the mean transport through Bering Strait obtained since the 
mid-1980s have ranged around 0.8 Sv (1 × 106 m3 s−1), but large seasonal variations 
have been reported, 1.2 Sv in summer and 0.4 Sv in winter (Coachman and Aagaard 
1988; Woodgate and Aagaard 2005). The mean transport of Atlantic water to the 
Arctic Ocean through the Barents Sea opening has been estimated to 1.5 Sv from 
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the observations in VEINS and ASOF, but with large short periodic variations 
(Ingvaldsen et al. 2004a, b). A longer time variation with a period of 3–4 years also 
appears to be present, causing the transport to change from below 1 Sv to slightly 
above 2 Sv (ASOF-N Final Report 2006). In addition to the inflow of Atlantic water 
there is also the contribution from the Norwegian Coastal Current, which amounts to 
0.7 Sv with salinity 34.4 (Aagaard and Carmark 1989 based on Blindheim 1989). 
The Arctic Ocean also receives a freshwater input from runoff and net precipitation 
amounting to 0.15–0.2 Sv (Serreze et al. 2006). Assuming these estimates to be close 
to reality, the total transport through Bering Strait and the Barents Sea and the fresh-
water input, adding up to 3.2 Sv, can be used, together with requirements of mass and 
freshwater balance, to evaluate the transport estimates derived from the observations 
in Fram Strait. The passages and the transports are indicated in Fig. 13.1.

We begin by examining some of the estimates obtained in Fram Strait during 
different phases of the VEINS and ASOF programs and what these transports imply 
for the Arctic Ocean mass and freshwater budgets. In fact, this exercise was provoked 

Fig. 13.1 The four main passages between the Arctic Ocean and the world ocean. The Bering 
Strait inflows are adopted from Woodgate and Aagaard (2005) and the inflows through the Barents 
Sea Opening (BSO) are taken from Ingvaldsen et al. (2004a) Atlantic Water (AW) and Blindheim 
(1989) Norwegian Coastal Current Water (NCCW). For the separation of the BSO inflow into a 
deep inflow via St Anna Trough and a less saline shelf water see discussion in Section 13.6. The 
freshwater is computed relative to 34.92. The river runoff is taken from Dickson et al. (2007). CB 
(Canadian Basin), EB (Eurasian Basin), FJL (Franz Josef Land), MNP (Magnetic North Pole). 
The Lambert equal area projection has been provided by M. Jakobsson
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by the report that observations from the current meter array showed a net northward 
transport persisting for more than 1 year (ASOF-N 2nd Annual Report 2005). Is 
such result compatible with the transports found through the other passages?

Concentrating on the net transport through Fram Strait, presently ignoring the total 
northward and southward fluxes, the long-term mean net transport is southward and 
estimated from the mooring array to be 0.6 Sv (ASOF-N 2nd Annual report 2005). 
(This value was later adjusted to 1.7 Sv (ASOF-N Final report 2006) ). Using 0.6 Sv 
mass conservation demands a mean outflow of 3.2 – 0.6 = 2.6 Sv through the 
Canadian Arctic Archipelago. The commonly cited estimates for the outflow through 
the Canadian Arctic Archipelago range between 1 and 2 Sv converging toward 1.7 Sv 
(e.g. Melling 2000; Prinsenberg and Hamilton 2005). Can the straits in the 
Archipelago sustain a mean outflow of 2.5 Sv? Suppose that this is not the case. There 
is then an imbalance and water is accumulating in the Arctic Ocean at a rate of 1 Sv. 
The area of the Arctic Ocean is, including the shelves, 10 × 1012 m2 and imbalances 
of this order would raise (lower) the sea surface by 25 cm in 1 month. One month is 
then probably the longest period such an imbalance can prevail.

These speculations can be extended further. A net northward flow (inflow) of 
0.4 Sv was estimated from the Fram Strait array in 2002–2003 and this situation 
prevailed for more than 1 year (ASOF-N 2nd Annual Report 2005). This amounts to 
a total inflow of 3.6 Sv, which, to maintain mass balance and assuming an ice export 
of ∼0.1 Sv, requires an outflow of ∼3.5 Sv through the Canadian Arctic Archipelago. 
Only water from the upper 250 m can pass through the straits in the Archipelago, and 
even if there is a net inflow through Fram Strait the East Greenland Current will still 
carry low salinity upper water out of the Arctic Ocean at a rate of ∼1 Sv. This implies 
a total outflow of ∼4.5 Sv of Polar surface water, more than twice the available input 
of low salinity water from Bering Strait, from river runoff, from the Norwegian 
Coastal Current, and from the interaction between sea ice and the Fram Strait 
Atlantic inflow (see below for details). The outflow would reduce a 100 m thick 
upper low salinity layer in the deep basins by 10 m in 1 year. The net inflow through 
Fram Strait was observed during a period, when the Barents Sea inflow was close to 
its maximum (ASOF-N Final Report 2006). A net inflow can therefore not be 
explained by smaller transport through the Barents Sea.

If the upper layer thickness is to be maintained, sea ice must be melted and mixed 
into the entering Atlantic water to re-supply the exported low salinity water. To pro-
duce the 2.5 Sv of additional upper water with salinity 33.2, assuming this to be a 
realistic mean value of the salinity of the outflows in the East Greenland Current and 
through the Archipelago, requires an ice melt rate of 0.12 Sv, taking the Atlantic 
water salinity to be 35. This is of the same order as the present ice export and implies 
that the ice volume over the deep basins (3 × 5 × 1012 m3), using a mean ice thickness 
of 3 m, would be reduced by 20–25% in 1 year. The ice melt would also require that 
40 TW of the heat entering the Arctic Ocean goes to ice melt. This is about equal to 
the heat released by cooling 2.4 Sv of Atlantic water (3 °C) to the freezing point. 
Furthermore, melting sea ice by sensible heat stored in the water column may not be 
possible without also supplying a substantial amount of heat to the atmosphere 
(Rudels et al. 1999a). The required heat input would then be even larger.
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It should be kept in mind that these numbers and scenarios describe possible 
responses of the Arctic Ocean to large perturbations and do not represent the 
present situation in the Arctic Ocean, which is one where about 0.1 Sv liquid fresh-
water is transformed into ice (equal to the ice export). The excessive ice melt is 
needed, if the stratification in the Arctic Ocean basins shall be maintained during a 
major inflow event. A more likely effect is a thinning of the upper layer.

The examples described above show that some questions may still be asked and 
some insight might still be gained by studying basic mass, heat and salt balances. 
To be specific; we shall examine the contributions from Fram Strait to the mass 
(volume), heat and freshwater budgets of the Arctic Ocean using geostrophically 
determined transports through hydrographic sections obtained in Fram Strait 
between 1980 and 2005.

The reasons for using geostrophy instead of the results from the current meter 
array are: (1) Hydrographic observations are easier to work with and to interpret. 
(2) The time series of the hydrographic observations is considerably longer than the 
period of direct current measurements. (3) The spatial resolution on the hydro-
graphic sections is finer than for the current meter array and allows for a better 
identification of water masses. On the other hand, the temporal resolution (about 
once a year) is considerably worse than that of the array. (4) The geostrophic trans-
ports are undetermined with respect to the reference velocity. If the transports do 
not fulfill obvious required budget constraints, it is then possible, and permissible, 
to deduce where an error might reside and also to suggest plausible corrections of 
the computed transports. Such corrections are much more difficult to defend with 
direct current measurements, which, when treated correctly, should give an optimal 
estimate.

In Section 13.2 we discuss the assumptions made when estimating the geos-
trophic transports through Fram Strait (Section 13.2.1) and then determine the 
exchanges of volume (Section 13.2.2). The choice of reference temperature and 
reference salinity is presented in Section 13.3. The distribution of the transports in 
different areas of the strait and the exchanges of different water masses are examined 
in Section 13.4. The mean Θ–S properties of the in- and outflow of the different 
water masses are computed for each crossing, and their variations with time and in 
the different part of the strait are discussed in Section 13.5. The heat transport is 
studied in Section 13.6 and the freshwater transport in Section 13.7. In Section 13.8 
the obtained transports through Fram Strait are used, together with the requirement 
of mass, heat and freshwater balances of the Arctic Ocean, to examine if they lead 
to realistic outflows of mass (volume) and freshwater through both Fram Strait 
and the Canadian Arctic Archipelago. The inflows through Bering Strait (Woodgate 
and Aagaard 2005) and through the Barents Sea opening (Ingvaldsen et al. 2004a, b), 
as well as the river runoff and the net precipitation (Serreze et al. 2006; Dickson 
et al. 2007) are then assumed known (see Fig. 13.1). If not both the freshwater 
balance and the volume balance are acceptable, we will re-examine and adjust the 
geostrophic transport through Fram Strait to establish more realistic balances. The results 
of the study are summarised in Section 13.9.



13.2 Transports

13.2.1 The Geostrophic Calculations

The transports through 16 hydrographic sections taken between 1980 and 2005 are 
determined using the dynamic method. The first section was obtained in 1980 
from the Swedish icebreaker Ymer, and the 1983 and 1984 crossings were made 
by RV Lance on regular Norwegian Polar Institute cruises. The 1988 and 1993 
sections were taken by RV Polarstern on AWI expeditions and from 1997 onwards 
the sections have been obtained within the VEINS and ASOF programs. The sections 
taken in the 1980s used Neil Brown CTDs and the station spacing was generally 
larger than on the sections from 1997 onwards. SeaBird CTDs have been used 
since 1993. The data quality improved significantly between the 1980s and the 
1990s. All sections run along the sill at about 79° N except 1983 which was taken 
along 79° 15 N (over the Molloy Deep). All sections were obtained in late sum-
mer, August–September except 1988 (June) and 1993 (March). For further details 
see Table 13.1.

On the sections the depth at each station is assumed constant halfway to the 
neighboring stations and the temperatures and salinities (1 or 2 db average) 
observed at the station are taken to extend halfway to the neighboring stations. 
Between stations of unequal depth the method of Jacobsen and Jensen (1926) is 
used to estimate the density anomaly correction below the deepest common level. 
Direct current measurements have shown that both the West Spitsbergen Current 
and the East Greenland Current are largely attached to the continental slope and 
follow the isobaths with shallow water to the right. To mimic this behavior within 

Table 13.1 Information on sections and number of stations

Year Vessel Institute/programme Stations 9° E – 6° W Stations shelf

1980 IB Ymer Ymer – 80 15 5
1983 RV Lance NPI 23 –
1984 RV Lance NPI 17 3
1988 RV Polarstern AWI 18 –
1993 RV Polarstern AWI U. Hamburg 17 –
1997 RV Lance VEINS 16 2
1998 RV Polarstern VEINS 20 14
1999 RV Polarstern VEINS 26 8
2000 RV Polarstern VEINS 16 20
2000 RV Lance VEINS 22 9
2001 RV Polarstern AWI 27 12
2002 RV Polarstern AWI 49 23
2003 RV Polarstern ASOF 50 –
2004 RV Polarstern ASOF 42 7
2005 RV Polarstern ASOF 50 24
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the geostrophic framework we set the velocity to zero at the bottom of that station 
of the pair, which results in a flow at the deeper station, below the deepest 
common level, that has the shallower station to the right, looking in the direction 
of the flow.

A variational approach with auxiliary constraints on the deep-water exchanges 
is finally applied to the deep part of the strait. The Arctic Ocean is known as a 
source of dense water, warmer and more saline than the deep-water masses formed 
in the Nordic Seas (the Greenland Sea). We expect the deep-water formation to 
have a relaxation time scale comparable to the ventilation times of the deep basins, 
ranging from about 30 years in the Greenland Sea to perhaps 400 years in the 
Canada Basin. This is long enough to expect a fairly constant, baroclinic exchange 
of the deep waters during the observation period. The increase in temperature and 
salinity observed in the deep waters in the strait, however, suggests that the deep 
transports might be changing during the period. If so, it is ignored.

The circulation in the deeper layers is largely confined to the Arctic Ocean and 
the Nordic Seas and the Arctic Ocean appears at present to be a more active source 
of deep water than the Greenland Sea. We postulate that a production of 0.4 Sv of 
deep water with a mean salinity of 34.9325 takes place in the Arctic Ocean by brine 
rejection on the shelves and subsequent sinking of dense saline plumes down the 
slope, entraining warmer intermediate water on their way to their equilibrium 
density levels (Rudels 1986; Rudels et al. 1994; Jones et al. 1995). The dense water 
production by open convection in the Greenland Sea is assumed strong enough to 
generate an inflow of 0.2 Sv of deep water (σθ ≥ 28.06) with salinity 34.910 from 
the Nordic Seas to the Arctic Ocean. Since we do not expect that any deep water 
advected into the Arctic Ocean to be mixed upward into the overlying layers, this 
implies an outflow of 0.6 Sv with salinity 34.925 through Fram Strait from the 
Arctic Ocean. The volume and salt constraints on the deep exchanges then become 
M = −0.4 × 106 m3 s−1 and S = −13.973 × 106 kg−1. The flow field with the least 
added kinetic energy below the density surface σθ = 28.06, fulfilling these con-
straints, is then determined.

The minimization of the added kinetic energy below the 28.06 isopycnal leads to a 
weak flow field, and the constraints on the deep water exchange are mainly introduced to 
ascertain that the more saline Arctic Ocean deep waters, to the west, leave and the 
Nordic Seas deep waters, mainly located to the east, enter the Arctic Ocean. A stronger 
outflow could be obtained by increasing the net deep water export, and a more intense 
deep circulation would be generated by increasing the salt export while keeping 
the net volume flux. However, the deep exchanges between the Arctic Ocean and the 
Nordic Seas as well as the deep-water production in the two areas are essentially 
unknown and the constraints have therefore been kept small. They force the deep out-
flow to take place in the west and the inflow to the east consistent with the locations 
of the East Greenland Current and the West Spitsbergen Current, but, because of the 
small added barotropic velocities, ∼0.01 m s−1, they do not unduly influence the transports 
in the upper layers, the main concern in this work, which are then essentially geos-
trophic. If reliable estimates of the deep-water productions in the two areas become 
available a more realistic barotropic flow field can be determined.
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13.2.2 Volume Transports

The geostrophic transports are shown in Fig. 13.2, central panel. The total in- and 
outflows range from 5 Sv to almost 15 Sv with an average inflow of ∼6 Sv and an 
outflow close to 9 Sv. This is smaller than the transports obtained from the direct 
current measurements, but not alarmingly so. The net outflow, 2.5 Sv, is, however, 
larger than that reported from the current meter array (e.g. Schauer et al. 2004; 
ASOF-N 2nd annual report 2005; ASOF-N final report 2006). The total in- and 
outflows estimated here include everything that is moving north and south and do 
not discriminate between eddies and more organized exchanges. The slight increase 
in total transports that is noticed in recent years might then be due to the closer station 
spacing on the later sections.

Fig. 13.2 Centre frame: Total in (red), out (blue), and net transports (black) in Sv obtained from 
the geostrophic computations. Upper frames: Mean inflow temperature (red) and mean outflow 
(reference) temperature (blue) and heat transport into the Arctic Ocean (red), the heat export (blue) 
is zero. Lower frames: Mean inflow (reference) salinity (red) and mean outflow salinity (blue) and 
the liquid freshwater export (blue). The freshwater import (red) is zero
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Fram Strait probably contributes more than 60% of the inflow and 80–90% of 
the outflow volumes, if the deep exchanges are included. Although the Barents Sea 
inflow supplies intermediate and deep water to the Arctic Ocean, these dense 
waters are created, by cooling and also by freezing, in the Barents Sea. Similarly a 
small amount of Pacific water is made dense enough on the Chukchi Sea to enter 
the Canada Basin deep water. However, Fram Strait is the only passage that allows 
deep water to enter, and perhaps more important, the only passage that permits an 
outflow of deep water.

13.3 Reference Temperatures and Reference Salinities

To properly assess the Fram Strait contribution to the heat and freshwater balances 
of the Arctic Ocean all in- and outflows have to be accounted for, and a mass balance 
must first be established. Although this is one of the ultimate aims of ASOF, it has, 
as yet, not been accomplished. Without mass balance the heat and freshwater transports 
will depend upon the choice of reference temperature and reference salinity. Often 
these have been set as −0.1 °C and 34.80, taken as representing the mean temperature 
and the mean salinity of the Arctic Ocean (e.g. Aagaard and Greisman 1975; 
Aagaard and Carmack 1989; Simonsen and Haugan 1996; Schauer et al. 2004; 
Serreze et al. 2006). These values were determined in the 1970s, if not earlier, when 
the observational basis for forming such averages was very slim, and the variability 
in space and time of the Arctic Ocean water masses that has become evident during 
the last 10–15 years (e.g. Quadfasel et al. 1991; Polyakov et al. 2005) makes it 
doubtful that values determined 30 years ago can still be used without qualification.

Acknowledging the fact that we do not have, at present, sufficient observations 
from the other passages to formulate a mass balance of the Arctic Ocean, and taking 
into consideration the temporal variations of the Arctic Ocean mean temperature 
and salinity, we here choose a different approach. In view of the overreaching 
importance of the exchanges through Fram Strait we deem it sensible to estimate 
the inflow of heat to the Arctic Ocean and the outflow of freshwater from the Arctic 
Ocean through each section in Fram Strait relative to the mean outflow temperature 
and the mean inflow salinity determined on that section. This implies that no heat 
is transported by the outflowing water and no freshwater is transported by 
the inflowing water through the sections in Fram Strait. It should be noted that 
since the outflow is larger than the inflow, these choices give the largest transports of 
heat and freshwater through Fram Strait, unless reference temperatures, higher than 
the mean outflow temperature, and reference salinities, higher than the mean inflow 
salinity, are used. To compare the results obtained here with other estimates using 
different reference values, the differences in reference values should be multiplied 
with the net volume transport.

This does not eliminate the necessity to close the mass (volume) budget for the 
Arctic Ocean to really determine the fate of the heat entering the Arctic Ocean 
through Fram Strait and to estimate the relative contribution of the momentary 
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export of liquid freshwater through Fram Strait in the Arctic Ocean freshwater 
budget. To use these varying reference salinities and temperatures might therefore 
appear a futile exercise. However, they bring the balances down to simple inflow/
outflow terms, which makes it possible to discuss the mass imbalance, its origin 
and what it can reveal about the redistribution of the heat carried by the entering 
Atlantic water.

Furthermore, by comparing the time series of the heat transport, the reference 
temperature and the inflow and outflow volumes different factors contributing to 
the variability of the heat transport can be assessed. In a similar manner the variability 
of the freshwater export can be related to the variability of the reference salinity and 
the exchanged volumes (Fig. 13.2). These tasks have not been attempted here. 
Before we turn our attention to the heat and freshwater fluxes, we shall further 
discuss the exchange of different water masses through Fram Strait and how the 
transports are distributed in different parts of the strait.

13.4 Exchanges of Different Water Masses

The obtained estimates do not, so far, say anything about the exchanges of different water 
masses, nor where in the strait the main transports take place. A detailed water mass 
definition for the Arctic Mediterranean Sea has been formulated elsewhere (Rudels 
et al. 2005), but for the transports here we introduce a simplified water mass classi-
fication of 6 water masses, Surface water (SW), Atlantic water (AW), dense 
Atlantic water (dAW), Intermediate water (IW), Deep water I (DWI) and Deep 
water II (DWII) separated mainly by isopycnals but in the case of dAW and IW by 
the 0 °C isotherm (Table 13.2 and the Θ–S diagrams in Fig. 13.5).

The net outflow occurs as surface water and in the dense Atlantic water and the 
intermediate water ranges. It appears reasonable that waters from other passages that 
leave the Arctic Ocean through Fram Strait create net outflows with properties 
that at least partially reflect their initial characteristics. The low salinity of the less 
dense surface outflow (see Fig. 13.5a) reveals that it originates from the part of the 
Barents Sea inflow, mainly comprising Norwegian Coastal Current water, that stays 
on the shelves and incorporates most of the Siberian river runoff. Some ice melt 
might also be present as well as low salinity Pacific water from Bering Strait, 

Table 13.2 Simplified water mass classification

Surface water (SW) σθ < 27.70
Atlantic water (AW) 27.70 ≤ σθ < 27.97
Dense Atlantic water (dAW) 27.97 ≤ σθ, σ0.5

 < 30.444, 0 < θ
Intermediate water (IW) 27.97 ≤ σθ, σ0.5

 < 30.444, θ < 0
Deep water I (DWI) 30.444 ≤ σ

0.5
, σ

1.5
 < 35.142

Deep water II (DWII) 35.142 ≤ σ1.5
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although the Pacific water mainly leaves the Arctic Ocean through the Canadian 
Arctic Archipelago (Jones et al. 2003). The net outflow in the denser, intermediate 
water range largely derives from the part of the Barents Sea inflow that enters the 
deeper Arctic Ocean water column via the St Anna Trough (Fig. 13.3).

The Fram Strait sections are subdivided into five different areas. Four of them, 
the eastern slope, the eastern deep part, the western deep part and the western slope 

Fig. 13.3 Transports in Sv of different water masses based on geostrophic calculations. Inflow 
(red), outflow (blue) and net transport (black)
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are approximately the same for all sections. East and west are separated by the 
Greenwich meridian, and the slopes and deep parts by the 2,200 m isobath. 
The eastern slope area reaches 9° E and the western slope area is taken to extend 

Fig. 13.4 Transports in Sv in different parts of Fram Strait between 6° W and 9° E based on 
geostrophic calculations. The western and eastern slopes extend down to 2,200 m and the eastern 
and western basins are separated by the Greenwich meridian. Inflow (red), outflow (blue) and net 
transport (black). The shelf transports are determined from geostrophic calculations with the 
velocity set to zero at the bottom
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to 6° W. The fifth part is the shelf area west of 6° W, where the extent of the 
observations varies from year to year depending upon ice conditions. Here only 
surface water and occasionally Atlantic water are encountered. The Svalbard shelf 
east of 9° E was only observed twice. The net northward transport was in both cases 
less than 0.1 Sv. The transport here can therefore be ignored. The total northward 
and southward flow and the net transports in each part are shown in Fig. 13.4. The 
most consistent southward flow occurs over the western slope, and the outflow over 
the shelf varies between almost zero and occasionally close to 1 Sv. A net inflow is 
found in the West Spitsbergen Current at the Svalbard slope. The central parts generally 
indicate outflows, the western part more so. However, when an inflow is observed 
in the west, the eastern deep part shows a compensating outflow.

13.5 Variations in Water Mass Properties

So far we have considered in- and outflows but not, in detail, examined the charac-
teristics of the water masses involved in the exchanges. Are the exchanges con-
nected with small-scale eddy motions, which practically make the same water mass 
cross the section in both directions? Is there a systematic recirculation in the strait 
with most of the inflow taking place in one part, the outflow in another? Are there 
large differences between the in- and outflow characteristics, suggesting that the 
water masses have been long enough in the Arctic Ocean for substantial water mass 
transformations to occur? The total transports shown in Fig. 13.4 suggest that at least 
in the two central areas the exchanges largely compensate each other, and a northward 
transport in the west is mirrored by a southward transport in the east and vice versa. 
The East Greenland Current on the western slope consistently shows an outflow, 
while an inflow is concentrated to the West Spitsbergen Current in the east.

We only consider the main part of the strait, from 9° E to 6° W, and presently 
ignore the Greenland shelf, which is occupied mostly by outflowing low salinity 
water. The Θ–S characteristics of the northward and southward flowing water masses 
are determined by dividing the heat and salt transports with the volume (mass) trans-
port in each water mass class. The transports of the different water masses in each 
area are indicated in Θ–S diagrams by bubble plots, where the location of the bubbles 
gives the Θ–S properties and their size indicates the transport. We have here 
included additional water masses in the classification. The surface water (SW) is 
sub-divided into Polar surface water (PSW) and warm Polar surface water 
(PSWw) by the 0 °C isotherm, and the Atlantic water (AW) is separated by the 
2 °C isotherm into the colder Arctic Atlantic water (AAW) present in the Arctic 
Ocean and warmer Atlantic water (AW) from the south, which partly enters the 
Arctic Ocean, partly recirculates in Fram Strait. In the deep water ranges water 
more saline than 34.915 in the DWI class is defined as Canadian Basin Deep 
Water (CBDW) and in the DWII class as Eurasian Basin Deep Water (EBDW), 
while the water less saline than 34.915 in both classes is denoted Nordic Seas 
Deep Water (NDW) (Fig. 13.5).



13 Constraints on Estimating Mass, Heat and Freshwater Transports 327

Because of the widely different potential temperature and salinity ranges of the 
water masses we present the layers separately. The panels show the Θ–S properties 
for the upper, the Atlantic and the dense Atlantic, and the intermediate and deep 
waters respectively in all sub-areas for all years in eight Θ–S diagrams. Two Θ–S 
diagrams are given for each sub-area, since also the in- and outflows are shown 
separately. The years are distinguished by colour coding to indicate the temporal 
variability.

In the upper layers the difference between the areas is very distinct (Fig. 13.5a). 
The cold, low salinity surface water is located over the Greenland continental slope 
and is advected southward by the East Greenland Current. The deep western part is 
also dominated by outflow but the transport of PSW is smaller and the water, 
although still cold, is more saline and warmer than over the slope. In the eastern 
deep part the upper waters are warmer still and more saline. The characteristics of 
the northward flowing water are well clustered, while the southward transports have 
more varying properties. To the east, over the Svalbard slope, warm, saline and 
well-clustered inflows are observed, while the southward flow shows slightly more 
diverse characteristics and are smaller. The transports observed to the east are 
smaller than those to the west, especially the net transports.

The Atlantic waters over the Greenland slope mainly flow southward (Fig. 13.5b) 
and the low temperatures and salinities imply that water from the Atlantic layer in 
the Arctic Ocean here is carried out of the Arctic Ocean by the East Greenland 
Current. The Svalbard slope, by contrast, is dominated by northward flows and the 
Atlantic water is warmer and more saline. The transports here appear to be larger 
than over the Greenland slope.

The dense Atlantic water shows larger Θ–S variations on the Svalbard slope than 
on the Greenland side, where the Θ–S relations are tight except occasional years, 
when the recirculating Atlantic Water from the south extends onto the Greenland 
slope. The transports are northward over the Svalbard slope, southward over the 
Greenland slope and the net transports are fairly equal. The differences in Θ–S properties 
indicate that the Atlantic waters have become cooler and less saline, reflecting the 
mixing, and cooling that the Atlantic water experiences in the Arctic Ocean.

In the central parts the transports are as large as over the Svalbard slope. The range 
of the Θ–S characteristics between the different years found in the central areas is 
wider than at the Svalbard slope. The Atlantic water is slightly colder than over the 
slope and perhaps the western part is colder than the eastern, indicating a weak 
cooling and freshening from east to west. These differences are, however, smaller 
than the annual variability, indicating that the temporal variability over most of the 
strait is larger than the spatial variability across the strait. This suggests that part of 
the water from the West Spitsbergen Current recirculates westward in the strait on 
time-scales of months rather than years. In the deep central parts the inflow and 
outflow are of similar magnitude. The location of the in- and outflows appears to 
shift in time and often a large inflow in the deep western area is balanced by a 
strong outflow in the deep eastern area and the opposite. This is consistent with a 
pattern similar to that seen in the current meter array, where narrow barotropic 
eddies drift westward along the sill (ASOF-N Final report 2006).



Fig. 13.5a Θ–S characteristics and transports in the surface waters for the different parts of Fram 
Strait. The upper four diagrams give, from left to right, the inflow over the western (Greenland) 
slope, the western deep part, the eastern deep part and the eastern (Svalbard) slope. The four lower 
panels give the outflow for the same areas. The different years are colour coded and the size of the 
bubbles indicates the transports. All transports ≤0.05 Sv are shown as the same size

Fig. 13.5b Θ–S characteristics and transports in the Atlantic and dense Atlantic waters for the differ-
ent parts of Fram Strait. The upper four diagrams give, from left to right, the inflow over the western 
(Greenland) slope, the western deep part, the eastern deep part and the eastern (Svalbard) slope. The 
four lower panels give the outflow for the same areas. The different years are colour coded and the 
size of the bubbles indicates the transports. All transports ≤0.05 Sv are shown as the same size
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In the intermediate and deep water ranges a similar but weaker pattern is 
detected (Fig. 13.5c). In the intermediate range outflow dominates over the western 
slope, while in the other parts of the strait the in- and outflow are about equal. 
The southward flows are slightly warmer and more saline, especially over the western 
slope, which agrees with the upper Polar Deep water (uPDW) of the Arctic Ocean 
being warmer and more saline than the Arctic Intermediate Water (AIW) of the 
Nordic seas.

The outflow of CBDW is concentrated to the western part, the western slope and 
the western deep area. Farther to the east the NDW becomes more prominent. 
The NDW dominates the inflows but also the outflows at the Svalbard slope, the 
inflow being stronger. In the deep areas the NSD is more strongly represented in 
the inflow than in the outflow. The inflow occurs mostly in the eastern but is also 
fairly strong in the western deep area. The EBDW is present in the outflow in both 
the eastern and the western deep area. However, it also takes part in the inflow, 
especially in the deep eastern area, suggesting some recirculation. Because of the small 
cross sectional areas the deep transports are comparatively small over the slopes, 
and the strongest deep exchanges occur in the deep areas. This can partly be 
explained by the larger areas, although the existence of strong, barotropic eddies 
could also contribute, adding recirculation to the north–south exchanges. However, 
the deep transports are slightly forced by the volume and mass constraints that have 

Fig. 13.5c Θ–S characteristics and transports in the intermediate and the deep-water masses for 
the different parts of Fram Strait. The upper four diagrams give, from left to right, the inflow over 
the western (Greenland) slope, the western deep part, the eastern deep part and the eastern 
(Svalbard) slope. The four lower panels give the outflow for the same areas. The different years 
are colour coded and the size of the bubbles indicates the transports. All transport ≤0.05 Sv are 
shown as the same size
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been imposed on the deep exchanges and too much should not be read into smaller 
features seen in the transports of the deep waters.

13.6 The Heat Transports

The heat transports, except in 1988, vary between above 35 TW and below 15 TW 
with an average around 25 TW and the mean reference temperature lies around 
0.7 °C. The temperature has risen during recent years and the mean outflow 
temperature for the last 5 years is above 1 °C (Fig. 13.2). The time series is still 
rather short and contains lots of gaps in the early part of the observation period. 
We will therefore here not examine the time variation in transport and reference 
temperatures but concentrate on the mean transports and mean reference temperature. 
We shall especially discuss the net outflow volume and what that discloses about 
the distribution of the heat transported into the Arctic Ocean. For this discussion the 
mean heat transport (25 TW), the mean net volume flux (2.5 Sv) and the mean 
reference temperature (0.7 °C) are sufficient.

The obtained mean heat transport is clearly less than the >40 TW estimated from 
the current meter array using −0.1 °C as reference temperature (ASOF-N Final 
report 2006). If we adjust for the use of different reference temperatures the heat 
transport obtained here should be reduced by c × (0.7−(−0.1) ) × 2.5 × 109 = 8 TW, 
c being the heat capacity of sea water (4,000 J kg−1 K−1). The difference between the 
results from the direct current observations and the geostrophic computations thus 
become larger.

The excess volume leaving the Arctic Ocean through Fram Strait must derive 
from the inflow over the Barents Sea and/or through Bering Strait. The Barents 
Sea inflow partly forms, together with the river runoff, the low salinity shelf water 
that eventually contributes to the low salinity surface water in the Arctic Ocean, 
partly supplies a denser inflow down the St Anna Trough, which cools the Atlantic 
water of the Fram Strait branch and forms the bulk of the underlying intermediate 
water mass, the upper Polar Deep Water (uPDW). The Bering Strait inflow con-
tributes low salinity surface and upper halocline waters, which presently are 
mainly confined to the Canada Basin (Jones et al. 1998). The entire Pacific inflow, 
perhaps excluding the Bering Strait Summer Water, and about half of the Barents 
Sea inflow are eventually cooled to freezing temperatures within the Arctic Ocean. 
The denser St Anna Trough inflow is cooled at least to below zero in the Barents 
Sea and we tentatively set this deep inflow to 1.2 Sv with temperature −0.5 °C.

This is slightly larger than the 0.75 Sv of dense water that Schauer et al. (2002) 
estimated passing between Novaya Zemlya and Franz Josef Land. However, 
Schauer et al. only give the transports with temperature below 0 °C both for the 
dense deep water, 0.75 Sv, and the less dense surface water, 0.75 Sv. To have 
volume balance the rest of the inflow through the Barents Sea opening must either 
pass between Franz Josef Land and Novaya Zemlya with temperatures above 0 °C, 
or enter the Arctic Ocean west of Franz Josef Land and the Kara Sea south of 
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Novaya Zemlya. We have therefore increased the deep inflow estimate given by 
Schauer et al. (2002) from 0.75 Sv to 1.2 Sv and the less dense part from 0.75 Sv to 
1 Sv. The less dense part will eventually be cooled to freezing temperature, and we 
do not expect any high temperatures to be present in the deep inflow and the postu-
lated −0.5 °C should be a reasonable mean temperature for the denser inflow to the 
Arctic Ocean over the Barents Sea. The details of these “known” transports are 
summarized in Fig. 13.1.

The net outflow Y Sv through Fram Strait would then comprise 1.2 Sv of inter-
mediate water with temperature −0.5 °C, since the deep Barents Sea inflow can only 
exit through Fram Strait, and (Y – 1.2) Sv of surface water at the freezing point (the 
seasonal heating of the surface water is ignored). To attain the mean out-
flow temperature – the reference temperature – the temperature of the cold, net 
outflow Y has to be compensated by a comparably warm return flow of Fram Strait 
branch Atlantic water. In a heat balance based on the mean outflow temperature in 
Fram Strait the amount F, F = c × (T

out
 − T

f
) × (Y − 1.2) + c × (T

out
 −(−0.5) ) × 1.2., 

of the inflowing heat has to be used to increase the temperature of the excess vol-
ume Y to the mean outflow temperature T

out
. Again c is the heat capacity of seawa-

ter (4,000 J kg−1 K−1) and T
f
 the freezing temperature (−1.8 °C). Taking the mean 

outflow temperature (0.7 °C) and the mean net outflow volume Y = 2.5 Sv F 
becomes ∼19 TW. If instead all the added water would be upper layer water the heat 
needed to compensate for the outflow becomes 26 TW and if all added water is 
upper Polar Deep water 14 TW is required. If choosing a mean temperature of the 
deeper outflow to 0 °C or −1.0 °C the corresponding heat requirement becomes 17 
TW and 22 TW respectively.

A large heat loss of the inflowing Atlantic water occurs in the area just north of 
Svalbard, the Whalers’ Bay. The heat is lost to ice melt and to the atmosphere, 
and Rudels et al. (1999a) suggested that when ice is melting on warmer water and 
the air temperature is below the freezing temperature of sea water, the heat loss of the 
ocean is distributed in such a way that the ice melt rate is a minimum. With a linear 
equation of state this implies that the fraction, f, of the heat loss that goes to ice melt 
is given by f≈2αL(cβS

A
)−1. S

A
 is the salinity of the underlying water, L (336,000 J 

kg−1) is the latent heat of melting and α and β are the coefficients of heat expansion 
and salt contraction respectively (Rudels et al. 1999a). About one third of the oce-
anic heat loss then goes to ice melt. The ice melt dilutes the upper part of the 
inflowing Atlantic water and creates an upper layer with lower salinity, ∼34.3, 
which in the Nansen Basin is cooled to freezing temperature in winter and homog-
enised down to the Atlantic layer by (mainly) haline convection (Rudels et al. 1996; 
Rudels et al. 2005). Farther to the east this mixed layer is overrun by less saline and 
less dense shelf water and becomes the Fram Strait branch lower halocline (Rudels 
et al. 1996; Rudels et al. 2004).

Untersteiner (1988) estimated the formation of low salinity upper water in 
Whalers’ bay due to ice melt to at least 0.5 Sv. The estimated salinity in the water 
was less than the ∼34.3 normally encountered in the area, and the amount of low 
salinity water created north of Svalbard is probably larger. We shall assume a formation 
rate of 0.7 Sv, and using the difference, ∼5 K, between the entering Atlantic water 
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temperature T
A
 ∼3 °C and the freezing temperature, the amount of inflowing oce-

anic heat lost during the initial formation of the lower halocline water can be esti-
mated from c × (T

A
 − T

f
) × 0.7 × 109 to 14 TW. Here the heat going to ice melt as 

well as that being lost to the atmosphere is accounted for.
The amount of ice melted, I, can be found in two ways. Either by computing the 

dilution of the Atlantic water from salt conservation (0.7 + I) × 34.3 = 0.7 × 35, 
giving I = 0.015 Sv, or by using the expression from Rudels et al. (1999a) (given 
above) for the fraction of heat going to ice melt. With α = 0.6 × 10−4 and β = 8 × 
10−4 f becomes 0.36, and the heat lost to ice melt 0.36 × 14 = 5 TW. This also 
corresponds to a melting rate of 0.015 Sv. By contrast, Untersteiner (1988) deduced 
a much larger melting rate, 0.06 Sv, in Whalers’ Bay, based on ice transport estimates 
by Vinje and Finnekåsa (1986).

These two heat sinks then use most (all) of the heat advected into the Arctic 
Ocean. In some years the heat loss is larger, in some years it is smaller than the heat 
import. This points to a further factor to consider in the Arctic Ocean heat balance, 
the change in temperature in the Atlantic layer in the Arctic Ocean. The higher 
temperatures of the Atlantic layer, first noticed in the early 1990s (Quadfasel et al. 
1991), suggest an increase in heat storage in the Arctic Ocean. The continued studies 
in the Arctic Ocean have shown that this warm inflow pulse lasted perhaps close to 
a decade and gradually spread around the gyres in the different basins. Return flows 
were encountered in the northern Nansen Basin and in the Amundsen Basin 
(Rudels et al. 1999b), along the Lomonosov Ridge (Swift et al. 1997). It was 
observed in the Makarov Basin, first at the Siberian continental slope and at the 
Mendeleyev Ridge (Carmack et al. 1995), and then around the basin, and presently 
it is returning along the Lomonosov Ridge from North America towards Siberia 
(Kikuchi et al. 2005). The pulse also penetrated from the Chukchi Cap into the 
northern Canada Basin (Smethie et al. 2000). The spreading into the southern 
Canada Basin appears to occur differently (Shimada et al. 2004), perhaps through 
interleaving structures (Carmack, 2006) rather than circulating along the continen-
tal slope. Similar ideas have been advanced for the spreading of heat from the 
boundary current into the central Nansen Basin (Carmack et al. 1997; Swift et al. 
1997). For the present discussion the spreading mechanisms are of little 
importance.

The long, warm inflow event was eventually followed by the arrival of colder 
Atlantic water. A comparison between sections taken in Fram Strait 1984 and 1997 
(e.g. Rudels et al. 2000; Rudels 2001) indicate that a cooling and freshening of the 
Atlantic water has taken place. This is perhaps not so obvious in the time series 
from Fram Strait (Fig. 13.2) because of the gaps in the time series between 1984 
and 1997 and because after 1997 the temperature gradually increases, indicating 
that the cold pulse has passed. The presence of colder water was noticed at the 
NABOS moorings north of the Laptev Sea in 2002 (Dmitrenko et al. 2005; 
Polyakov et al. 2005). Another warm pulse was observed around 2000 in Fram 
strait (ASOF-N Final report 2006) and a sudden, strong increase in the Atlantic 
water temperatures was detected at the NABOS moorings in 2004 (Dmitrenko et al. 
2005; Polyakov et al. 2005). Still warmer Atlantic water was observed in Fram 
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Strait in 2004 suggesting the arrival of another warm inflow pulse. This pulse was 
found to partly recirculate in Fram Strait (ASOF-N Final report 2006).

The temperature increase in the Atlantic layer in the Arctic Ocean is uneven. 
Some of the warm Atlantic water has already left the Arctic Ocean and the rest is 
redistributed around the different gyres. Roughly assessing an overall temperature 
increase of 0.3 °C over a 200 m thick Atlantic layer over 15 years, this corresponds 
to a storage rate of 2 TW. Polyakov et al. (2004) estimated the change in heat 
content of the Atlantic layer between 1970s and the late 1990s as 4.3 × 108 J m−2, 
which corresponds to 2.7–3.4 TW, reasonably close to the back of the envelope 
calculation above.

13.7 Freshwater Transports

The freshwater export estimated relative to the inflow salinity has three components, 
the salinity difference between the in- and outflows, and the volume transport, 
which can be separated into two parts: one part corresponding to the inflow volume, 
and a second part representing the net outflow volume. The inflow salinities range 
between 34.8 and 35 but cluster around 34.92. The outflow salinity tends to co-vary 
with the inflow salinity and averages around 34.8 (Fig. 13.2).

As with the heat transport we can consider the freshwater export partly as a dilu-
tion of the inflow, partly as the addition of water from other sources with different 
freshwater content. The freshwater outflow, excluding 1988, ranges between 0.02 
and 0.1 Sv, is highly variable but the mean appears to be somewhere between 0.03 
and 0.05 Sv. Almost all the freshwater export occurs in the surface water, suggesting 
that the Barents Sea inflow, combined with river runoff and ice melt, contributes 
most of the net outflow volume with occasionally some Bering Strait inflow water 
added. The dilution of the upper part of the Fram Strait inflow to 34.3 is mainly due 
to ice melt and creates 0.7 Sv of halocline water (Section 13.6) but only 0.015 Sv. 
of freshwater is added by this process.

The outflowing Arctic Atlantic water (AAW) is, as expected, less saline than the 
inflowing Atlantic water. In fact, the crossover point in a Θ–S diagram, where the 
Arctic Ocean water column changes from being less saline than the entering Nordic 
Seas water column to becoming more saline than the Nordic Seas water column 
occurs close to 0 °C, which, according to our water mass definitions, separates 
dense Atlantic water (dAW) from the intermediate water.

The inflowing deep waters are less saline than the reference salinity and the deep 
inflow will add freshwater to the Arctic Ocean (Fig. 13.5c). This freshwater is 
largely re-exported by the outflowing Arctic Ocean deep and intermediate waters. 
Only if the reference salinity lies between the deep inflow and outflow salinities 
will both deep transports result in a freshwater flux into the Arctic Ocean. The salinity 
anomalies are then small and no large deep freshwater transports take place. The fresh-
water flux below the Atlantic layer is thus small and can safely be ignored.
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In the Arctic Ocean the dilution of the entering Atlantic water occurs by ice melt 
north of Svalbard and perhaps also, but to a much smaller degree, in the entire 
Nansen Basin. A freshening of the Atlantic layer core takes place through convection 
of cold, dense shelf water, reaching the Atlantic layer. This occurs north of Svalbard 
(Rudels et al. 2005) and also at the Barents Sea slope between Svalbard and Franz 
Josef Land (Rudels 1986; Schauer et al. 1997). This freshwater input is restricted 
to the Atlantic layer. For the slope convection to reach deeper the initial salinities 
on the shelf have to be higher than the salinity of the Atlantic water and no fresh-
water is exported to the deeper layers.

The major freshening occurs downstream of the St Anna Trough. Here the 
denser part of the Barents Sea branch inflow joins the boundary current. It forms a 
colder and less saline water column extending from the surface to about 1,200 m. 
It is initially confined to the slope and depresses the deep isopycnals and the denser 
underlying Arctic Ocean deep water (Schauer et al. 1997). The upper part derives 
from the mixed layer in the eastern Barents Sea and the northern Kara Sea. Like the 
mixed layer in the Nansen Basin, it is initially formed by sea ice melting on warm 
Atlantic water (Rudels et al. 2004). The denser part of the inflow eventually mixes 
with the Fram Strait branch, cools and freshens the Atlantic core and creates the 
intermediate salinity minimum observed in the Eurasian Basin (Rudels and 
Friedrich 2000).

Farther to the east the river runoff and the rest of the Barents Sea inflow enter 
the central basins as low salinity shelf water, capping the boundary current and 
reducing its interaction with the sea surface and the ice cover. The mixed layer of 
the Nansen Basin and the boundary current deriving from the Fram Strait branch, 
as well as the mixed layer of the Barents Sea branch, are then covered by less 
saline water, the Polar Mixed Layer (PML), and become halocline waters. The two 
lower halocline waters as well as the Atlantic derived part of the Polar Mixed 
Layer return towards and exit through Fram Strait, although the Barents Sea 
branch halocline water moves along the North American slope and partly passes 
through the Nares Strait, contributing to the deep and bottom waters of Baffin Bay 
(Rudels et al. 2004).

The Bering Strait inflow provides the second largest freshwater source to the 
Arctic Ocean, larger than the net precipitation and almost as large as the river runoff 
(Woodgate and Aagaard 2005; Serreze et al. 2006). It supplies most of the water 
that passes through the straits in the Canadian Arctic Archipelago into the Baffin Bay. 
Pacific water also exits the Arctic Ocean through Fram Strait (Jones et al. 2003) but 
not continuously. Some years Pacific water is absent (Falck et al. 2005). The main 
contributions to the liquid freshwater transport through Fram Strait then come from 
river runoff and from the Barents Sea inflow, mainly the Norwegian Coastal 
Current. Some ice melt is exported in the halocline but this is likely to be a smaller 
part, ∼0.015 Sv, if the same estimates as for the heat transport are used.

A considerable fraction of the Arctic Ocean freshwater export occurs as ice and 
about 90% of the ice export from the Arctic Ocean is estimated to pass through 
Fram Strait (Vowinckel and Orvig 1970). The passages in the Canadian Arctic 
Archipelago are narrow and often blocked by landlocked ice. In the northern 
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Barents Sea the opening between Svalbard and Franz Josef Land usually freezes 
early in fall, and the ice cover prevents the multi-year ice from the Arctic Ocean to 
pass into the Barents Sea. Occasionally it happens, but the sea ice, as well as the 
low salinity water of the East Spitsbergen Current, will be brought northward by 
the West Spitsbergen Current to the Arctic Ocean and are not really exported. 
A problem for the volume balance could therefore arise, if this transport is measured 
and included in the inflow but not accounted for as an outflow. Its contribution 
might be as large as 1 Sv, at least in winter (Rudels et al. 2005).

Freezing extracts freshwater from the surface water and the sea ice comprises river 
runoff from the Siberian shelves as well as water drawn from the Pacific water and 
the runoff from the North American continent. The ice gradually thickens, as it is 
advected towards Fram Strait indicating that freshwater is extracted from the PML in 
the entire Arctic Ocean. It is also likely that the net precipitation on the Arctic Ocean 
mainly falls on the sea ice and ends up in the solid phase, not in the water column.

How the freshwater export is distributed between the liquid and solid phases in 
Fram Strait has, so far, not been determined. Commonly the ice export has been 
assumed the largest, and results from ASOF-N indicate that the ice export in Fram 
Strait could be three times the liquid freshwater export (ASOF-N Final report 
2006). However, tracer studies have suggested that the liquid freshwater export 
could be as large or larger than the ice export (Meredith et al. 2001). The results 
from the geostrophic calculations here indicate large variability in the liquid fresh-
water export, ranging from 0.1 Sv, which is close to the most cited value (0.09 Sv) 
for the ice export, down to 0.01 Sv. The mean value (∼0.04 Sv) is close to that 
obtained by direct measurements in ASOF-N. However, the transport estimates 
given so far are for the standard section between 9° E and 6° W. The transport over 
the Greenland shelf has, because of the different extent of the section during different 
years, to be estimated separately. The transport over the shelf, which only com-
prises low salinity upper waters, is occasionally almost as large as the outflow of 
upper water in the rest of the strait, while in other years it is much weaker (compare 
Figs. 13.3. and 13.4.). Taking the mean of the freshwater transports over the shelf 
from the existing shelf sections (not shown) we get 0.025 Sv, which, added to the 
0.04 Sv obtained for the strait proper, increases the freshwater flux to 0.065 Sv, or 
almost 75% of the ice export.

The reference salinity has been determined only for the deep part of the strait, 
and even if some inflow occurs on the shelf, it mainly involves a recirculation of 
the same low salinity water masses, which derive from passages other than Fram 
Strait. The choice of reference salinity, based on the inflow salinity, would therefore 
be the same, also when the shelf transports are included. The fact the transports 
over the shelf were excluded, when the reference temperature was determined, 
should also not seriously affect the discussion about the heat balance given above. 
The transports over the shelf almost exclusively involve waters from other passages 
than Fram Strait, which have lost their heat to the atmosphere being cooled to freezing 
temperature within the Arctic Ocean. They therefore say more about the fate of the 
heat fluxes through the Bering Strait and the Barents Sea than about the distribution 
of the heat transport through Fram Strait.
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13.8 Updated Fram Strait Exchanges

The obtained freshwater transports can be used, together with external information 
about the freshwater budget, to re-examine the calculated volume transports 
through Fram Strait. A freshwater budget for the Arctic Ocean and for the Nordic 
Seas has recently been compiled by Dickson et al. (2007). Taking the values given 
in Dickson et al. (2007) for runoff, net precipitation, the Bering Strait inflow, the 
inflow through the Barents Sea opening, the export through the Canadian Arctic 
Archipelago, and the ice export, recomputed to the mean reference salinity (34.92) 
applied here, we obtain the transports presented in Table 13.3. The Fram Strait net 
outflow has been increased to 2.8 Sv as compared to 2.5 from Fig. 13.2 to accom-
modate the transport over the shelves. It should also be mentioned that the outflow 
through the Canadian Arctic Archipelago in this estimate is 0.25 Sv lower than the 
most often cited value, 1.7 Sv (Prinsenberg and Hamilton 2005).

The freshwater budget is balanced to within 2%, while the volume budget indi-
cates a large net outflow through Fram Strait. The use of geostrophy underestimates 
the transports, since strong barotropic current will not be adequately accounted for. 
In Fram Strait the exchanges are known to have large barotropic components, in the 
central part of the strait as well as in the two main currents, the West Spitsbergen 
Current and the East Greenland Current. The applied constraints, combined with 
the requirement of minimum added kinetic energy in the deep exchanges, obviously 
cannot reproduce the barotropic transports.

However, the East Greenland Current is more stratified than the West Spitbergen 
Current and likely to be more baroclinic and better represented by the geostrophic 
computations. We therefore hypothesize that the volume imbalance in Fram Strait 
is due solely to underestimation of the inflow volume. By adding 1.1 Sv with the 
mean inflow characteristics to the inflow, we obtain an approximate balance also 
in volume. Since the inflow salinity is the same as the reference salinity this will 
not affect the freshwater balance, which continues to hold.

Table 13.3 Volume fluxes, salinity and freshwater fluxes Black numbers from Dickson et al. 
(2007) red numbers from this work

Contribution Volume (Sv) Salinity Freshwater (mSv)

Runoff 0.1 0 102
Net precipitation 0.065 0 65
Bering Strait 0.8 31.49 79
Barents Sea 2.2 34.84 4
Canadian AA −1.44 32.7 −92
Fram Strait ice export −0.09 4 −88
Fram Strait net outflow and liquid  −2.8 – −65

freshwater export
–  – – –
Net transport −1.17 – −5
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However, the heat transport through the strait, and the distribution of the heat 
within the Arctic Ocean will change. The average difference between the inflow 
temperature (1.6 °C) and the outflow (reference) temperature is 0.9 K. This gives 
0.9 × 1.1 × 109 × 4,000 » 4 TW and the average transport of heat through Fram 
Strait into the Arctic Ocean increases from 25 TW to 29 TW. The net outflow that 
has to be heated to the reference temperature is reduced from 2.5 to 1.7 Sv, and if 
we keep the estimate of 1.2 Sv of intermediate water added by the deep Barents Sea 
inflow at −0.5 °C, only 0.5 Sv of surface water at freezing temperature needs to be 
heated to 0.7 °C. The amount of heat required to warm the net outflow volume then 
becomes 10 TW. The formation of 0.7 Sv. of halocline water still needs 14 TW and 
the heat storage rate remains 2 TW. This leaves 3 TW to be lost to the atmosphere, 
which corresponds to a surface heat transfer of 0.6 W m−2, much less than the 2 W 
m−2 often quoted for the oceanic heat loss to the atmosphere (Maykut and 
Untersteiner 1971; Maykut 1986). The resulting mass, heat and freshwater trans-
ports are summarized in Fig. 13.6.

We may also note that by adding the net outflow of low-density surface water 
to the halocline water, formed by the entering Atlantic water, the export of low 

Fig. 13.6 Volume and freshwater balances for the Arctic Ocean. The outflows through the 
Canadian Arctic Archipelago and the Fram Strait ice export are taken from Dickson et al. (2007), 
while the net outflow, the heat transport and the export of liquid freshwater through Fram Strait 
are based on the discussions in the present work



338 B. Rudels et al.

salinity upper layer water becomes 1.2 Sv. This is 0.2 Sv less than the low salinity 
outflow through the Canadian Arctic Archipelago (Table 13.2). It is somewhat low, 
but about the same as was calculated in Dickson et al. (2007), and the number is 
not unreasonable. The estimate of the rate of halocline water formation is a guess 
and it might be smaller or larger. The surface water fraction provided by the 
Barents Sea could also be larger than the 1 Sv used here. However, it is not possible 
to extract more information from these data without becoming excessively specula-
tive and it is time to stop.

13.9 Summary

Transports of volume, heat and freshwater through Fram Strait have been determined 
from geostrophic velocities computed on sixteen hydrographic sections taken in the 
strait between 1980 and 2005. To find the unknown reference velocities the deep 
water exchanges have been determined, which have the least kinetic energy while 
fulfilling prescribed volume transport and salt transport constraints in the deeper 
layers. The obtained northward and southward transports are smaller than those esti-
mated from the current meter array, while the net southward transport is larger.

The heat and freshwater fluxes through the strait are calculated relative to the 
mean outflow temperature and the mean inflow salinity on each section. 
This choice of reference values removes the northward transport of freshwater and 
the southward transport of heat through the sections, but it leads to varying reference 
temperatures and reference salinities. In this study only the mean reference salinity 
and mean reference temperature over the observation period have been used.

The computed liquid freshwater export, combined with existing estimates of 
other freshwater sources and sinks in the Arctic Ocean (e.g. Serreze et al. 2006; 
Dickson et al. 2007), shows that the freshwater transport in Fram Strait almost fulfils 
the freshwater balance and thus appears realistic. However, there is an imbalance in 
the volume fluxes, and the net volume export through Fram Strait is found to be too 
large. As a remedy we hypothesize that the inflow through Fram Strait is underes-
timated by the geostrophic calculations, and an inflow through Fram Strait, with 
the mean inflow characteristics, is added to establish volume balance in the Arctic 
Ocean.

Since the northward and southward transports in Fram Strait do not balance, a 
unique heat transport through the strait cannot be found. However, the net outflow 
volume can be examined separately. This simplifies the interpretation of the heat 
transport, because most of the water that enters through the other passages is less 
dense surface water that is cooled to freezing point in the Arctic Ocean. The only 
exception is the large fraction of the Barents Sea inflow, which is dense enough to 
supply the intermediate layer. This volume has been set to 1.2 Sv at −0.5 °C. These 
considerations then allow for a discussion of the fate of the heat entering the Arctic 
Ocean through Fram Strait. As long as all inflows and outflows are not successfully 
monitored, such approach should provide some insight on the importance of Fram 
Strait for the Arctic Ocean heat budget.



13 Constraints on Estimating Mass, Heat and Freshwater Transports 339

Much of the barotropic transports that dominate the deep water exchange may be 
associated with barotropic eddies, implying that the deep water exchange between the 
Arctic Ocean and the Nordic Seas is smaller than the direct current observations indicate. 
The geostrophic transports, since they depend upon the density differences between 
the northward and southward flowing waters, can be seen as mirroring the effects of 
the water mass transformation processes active in the Arctic Ocean and in the Nordic 
Seas. This then describes the transport of the water in Θ–S space and thus partly 
represents the oceanic transport having impact on climate. The fact that additional 
constraints are needed to obtain a realistic volume balance for the exchanges between 
the Arctic Ocean and the world ocean shows that the transports through Farm Strait 
are not just caused by the density changes, but are also forced by large-scale wind 
fields and sea level slopes. The variational approach applied here, which minimizes the 
kinetic energy of the exchanges, will remove, or at least diminish, this “external” 
forcing and thus require additional constraints or information on the freshwater and/
or volume transports to become realistic.
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a b s t r a c t

To determine the exchanges between the Nordic Seas and the Arctic Ocean through Fram Strait is one of
the most important aspects, and one of the major challenges, in describing the circulation in the Arctic
Mediterranean Sea. Especially the northward transport of Arctic Intermediate Water (AIW) from the Nor-
dic Seas into the Arctic Ocean is little known. In the two-ship study of the circulation in the Nordic Seas,
Arctic Ocean – 2002, the Swedish icebreaker Oden operated in the ice-covered areas in and north of Fram
Strait and in the western margins of Greenland and Iceland seas, while RV Knorr of Woods Hole worked in
the ice free part of the Nordic Seas. Here two hydrographic sections obtained by Oden, augmented by tra-
cer and velocity measurements with Lowered Acoustic Doppler Current Profiler (LADCP), are examined.
The first section, reaching from the Svalbard shelf across the Yermak Plateau, covers the region north of
Svalbard where inflow to the Arctic Ocean takes place. The second, western, section spans the outflow
area extending from west of the Yermak Plateau onto the Greenland shelf. Geostrophic and LADCP
derived velocities are both used to estimate the exchanges of water masses between the Nordic Seas
and the Arctic Ocean. The geostrophic computations indicate a total flow of 3.6 Sv entering the Arctic
on the eastern section. The southward flow on the western section is found to be 5.1 Sv. The total inflow
to the Arctic Ocean obtained using the LADCP derived velocities is much larger, 13.6 Sv, and the south-
ward transport on the western section is 13.7 Sv, equal to the northward transport north of Svalbard. Sul-
phur hexafluoride (SF6) originating from a tracer release experiment in the Greenland Sea in 1996 has
become a marker for the circulation of AIW. From the geostrophic velocities we obtain 0.5 Sv and from
the LADCP derived velocities 2.8 Sv of AIW flowing into the Arctic. The annual transport of SF6 into the
Arctic Ocean derived from geostrophy is 5 kg/year, which is of the same magnitude as the observed total
annual transport into the North Atlantic, while the LADCP measurements (19 kg/year) imply that it is
substantially larger. Little SF6 was found on the western section, confirming the dominance of the Arctic
Ocean water masses and indicating that the major recirculation in Fram Strait takes place farther to the
south.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The transports of volume, heat and salt between the Nordic Seas,
comprising theGreenland, Iceland andNorwegian seas, and theArc-
tic Ocean are part of the global thermohaline circulation and influ-
ence the climate of the Arctic. The intermediate waters leaving the
Arctic Ocean directly contribute to the overflow and to the global
thermohaline circulation (Mauritzen, 1996a,b; Rudels et al., 1999;

Anderson et al., 1999). Oceanic sensible heat advected into the Arc-
tic Ocean contributes to the heat balance of theArctic andmay affect
the formation rate of sea ice (Martinson and Steele, 2001). The ex-
port of sea ice and low salinity surface water could weaken the con-
vection and deep-water formation and thus the production of
overflow water in the Nordic Seas (e.g. Stigebrandt, 1985).

The main exchanges occur through Fram Strait, the only deep
passage between the Arctic Ocean and the rest of the world oceans
(Fig. 1). More than 90% of the sea ice and half of the liquid freshwa-
ter export from the Arctic Ocean take place through Fram Strait,
the remainder passing through the Canadian Arctic Archipelago
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(Aagaard and Carmack, 1989; Dickson et al., 2007). The Atlantic
water in the West Spitsbergen Current carries the bulk of the oce-
anic sensible heat into the Arctic Ocean, even if the inflow of Atlan-
tic water over the Barents Sea is of comparable magnitude (Rudels,
1987; Blindheim, 1989). In addition to Atlantic water, the West
Spitsbergen Current also transports Arctic Intermediate Water
(AIW) and Nordic Seas deep waters into the Arctic Ocean. The East
Greenland Current (EGC) carries Arctic Atlantic, intermediate and
deep waters as well as cold, low salinity surface water out of the
Arctic Ocean (Rudels, 1987).

Considerable uncertainty still exists about the transports
through Fram Strait, in spite of several years of moored current
measurements and ice transport observations at the sill at 79�N
within the EU VEINS (Variability of Exchanges In the Northern
Seas) and ASOF-N (Arctic and Subarctic Ocean Fluxes) pro-
grammes. This is largely due to the strong recirculation occurring
in the strait and to the presence of both baroclinic and barotropic
eddies, which increase the gross northward and southward flows
across the section but, perhaps, contribute less to the exchanges
of different water masses between the Nordic Seas and the Arctic
Ocean. The northward and southward transports estimated from
the current measurements are large, above 10 Sv, with a net south-
ward transport of 1–2 Sv (1 Sv = 106 m3 s�1). However, large sea-
sonal as well as annual variabilities are found (e.g. Fahrbach
et al., 2001; Schauer et al., 2004).

The water masses of the Arctic Ocean and the Nordic Seas are
distinct and different. The Polar Surface Water (PSW) and the Arc-
tic Atlantic Water (AAW) of the Arctic Ocean are colder and less
saline than the Warm Surface Water (WSW) and the Atlantic

Water (AW) from the Nordic Seas. The Arctic Ocean deep waters,
the Canadian Basin Deep Water (CBDW) and Eurasian Basin Deep
Water (EBDW) on the other hand are warmer and more saline than
the corresponding Nordic Seas Deep Waters (NDW). Here a simpli-
fied version of the water mass classification suggested by Rudels
et al. (2005) is used (see Table 1).

In the intermediate density range the H–S curves of the water
columns from the two areas cross and a separation becomes more
difficult (Fig. 2). In the upper Polar Deep Water (uPDW) of the Arc-
tic Ocean the temperature decreases and the salinity increases
with depth and the uPDW is stably stratified in both temperature
and salinity. The AIW created in the Nordic Seas forms a salinity
minimum, and close to its origin in the Greenland Sea also a tem-
perature minimum, leading to an unstable stratification in salinity
above and an unstable stratification in temperature below the min-
ima. The salinity minimum can be identified in and north of Fram
Strait and serves as a marker for the AIW (Fig. 2 and Table 1). How-
ever, such subtle differences are difficult to take into account when
transports are computed and when the water masses are separated
and identified solely by isopycnals.

The identification of the AIW is presently possible, due to the
tracer release experiment initialized in August 1996 within the
ESOP-2 programme (European Subpolar Ocean Programme) (Wat-
son et al., 1999) when 320 kg of sulphur hexafluoride (SF6) was in-
jected into the Greenland Sea Gyre at the density surface
rh = 28.0492 (r0.5 = 30.4268), approximately within the layer of
the AIW presently being ventilated. The SF6 now serves as a marker
for the AIW (see Olsson et al., 2005a,b; Tanhua et al., 2005a; Mes-
sias et al., 2008). SF6 observations during the Arctic Ocean – 2002

Fig. 1. The circulation of Atlantic and intermediate waters in Fram Strait and in the Nordic Seas and the locations of Oden sections 1 and 2. SAT = St. Anna Trough,
YP = Yermak Plateau.
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expedition, allow for a more reliable and easier method to identify
the AIW and to determine the amount of SF6 from the release
experiment as well as the volume of AIW entering the Arctic
Ocean. The inflow of AIW to the Arctic Ocean has often been
ignored (see e.g. Anderson et al., 1999), when the production of
intermediate water in the Arctic Ocean, the uPDW, has been esti-
mated. This could lead to an overestimate of the uPDW formation
and of the contribution from the Arctic Ocean to the Greenland –
Scotland overflow.

2. Observations

The icebreaker Oden occupied two sections north of Fram Strait
in May 2002, beyond the strong recirculation area (Figs. 1 and 3).
Unfortunately the ice conditions prevented Oden from completing
a single section from Svalbard to Greenland. Section 1, extending
from Nordaustlandet across the Sofia Deep and the northern part
of the Yermak Plateau into the Nansen Basin, had to be given up
northeast of the Yermak Plateau because of heavy ice conditions.
Section 1 consists of 11 stations reaching from 81�N 18�200E to
82�200N 3�E. The western part, Section 2, was continued farther
south, along 81�200–81�300N, from west of the Yermak Plateau
(0�W) onto the Greenland shelf (9�300W) and here includes 10
stations.

The temperature and salinity fields were determined using a
Seabird 911+ CTD mounted on a 24 bottle rosette sampler. In addi-
tion to the pre-cruise and post-cruise calibrations of the sensors at
the Seabird facilities in Seattle salinity samples for calibration were
measured onboard using a Guildline 8400B Autosal. The accuracy

of the salinity observations is 0.003. A comprehensive set of trac-
ers, among others oxygen, nutrients, chlorofluorocarbons (CFCs)
and SF6, was taken. The rosette sampler on Oden was also equipped
with dual (upward and downward looking) 300-kHz RDI Work-
horse ADCPs. The Lowered Acoustic Doppler Current Profiler (LAD-
CP) data were processed using an inverse technique described by
Visbeck (2002) and subsequently detided by subtracting the baro-
tropic tidal velocities obtained from a high-resolution barotropic
inverse tidal model (Padman and Erofeeva, 2004). This however
does not remove the transient motions such as inertial currents
and internal waves. The velocities obtained from the LADCP mea-
surements are used as well as geostrophic velocities derived from
the hydrography to estimate the transports through the different
sections. The results obtained by the two methods are compared.
The geostrophic velocities are computed for every db. The LADCP
velocities are mainly given every 10 m, for one of the deepest sta-
tions every 20 m.

The SF6 in the region has, in addition to the tracer release in the
Greenland Sea, an atmospheric source, whose content mainly
stems from industrial emissions. Since the temporal evolution of
these emissions is documented (Maiss and Brenninkmeijer, 1998)
and the solubility of SF6 in seawater is known (Bullister et al.,
2002), the ocean surface content at a certain time can be calculated
and the compound is useful as an oceanic transient tracer (Law and
Watson, 2001; Tanhua et al., 2004).

To estimate the amount of SF6 from the Greenland Sea tracer re-
lease present in a water parcel, it is necessary to subtract the atmo-
spheric fraction. The atmospheric contribution is determined from
the year the water parcel was at sea surface, or for mixtures, from

Table 1
Water mass classification

Water masses Density range Nordic Seas water masses Arctic Ocean water masses

Upper layer rh < 27.70 warm Surface Water (wSW) Polar Surface Water (PSW)
Atlantic layer 27.70 6 rh < 27.97 Atlantic Water (AW) Arctic Atlantic Water (AAW)
Intermediate

layer I
27.97 6 rh,
r0.5 < 30.444, h > 0

dense Atlantic Water (dAW) S & h decreasing with depth dense Arctic Atlantic Water (dAAW) S increasing, h
decreasing with depth

Intermediate
layer II

27.97 6 rh,
r0.5 < 30.444, h 6 0

Arctic Intermediate Water (AIW) upper S & h decreasing with depth,
lower S & h increasing with depth

upper Polar Deep Water (uPDW) S increasing, h
decreasing with depth

Deep Water I 30.444 6 r0.5,
r1.5 < 35.142

Nordic Seas Deep Water I (NDWI), S < 34.915 Canadian Basin Deep Water (CBDW)

Deep Water II 35.142 6 r1.5 Nordic Seas Deep Water II (NDWII), S < 34.915 Eurasian Basin Deep Water (EBDW)

Fig. 2. H–S-diagrams of water masses. Section 1 in red, section 2 in blue. The easternmost station in section 2 in purple. The (n) and (/) shown in the water mass definitions
indicate the sloping in the H–S diagrams.
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(Aagaard and Carmack, 1989; Dickson et al., 2007). The Atlantic
water in the West Spitsbergen Current carries the bulk of the oce-
anic sensible heat into the Arctic Ocean, even if the inflow of Atlan-
tic water over the Barents Sea is of comparable magnitude (Rudels,
1987; Blindheim, 1989). In addition to Atlantic water, the West
Spitsbergen Current also transports Arctic Intermediate Water
(AIW) and Nordic Seas deep waters into the Arctic Ocean. The East
Greenland Current (EGC) carries Arctic Atlantic, intermediate and
deep waters as well as cold, low salinity surface water out of the
Arctic Ocean (Rudels, 1987).

Considerable uncertainty still exists about the transports
through Fram Strait, in spite of several years of moored current
measurements and ice transport observations at the sill at 79�N
within the EU VEINS (Variability of Exchanges In the Northern
Seas) and ASOF-N (Arctic and Subarctic Ocean Fluxes) pro-
grammes. This is largely due to the strong recirculation occurring
in the strait and to the presence of both baroclinic and barotropic
eddies, which increase the gross northward and southward flows
across the section but, perhaps, contribute less to the exchanges
of different water masses between the Nordic Seas and the Arctic
Ocean. The northward and southward transports estimated from
the current measurements are large, above 10 Sv, with a net south-
ward transport of 1–2 Sv (1 Sv = 106 m3 s�1). However, large sea-
sonal as well as annual variabilities are found (e.g. Fahrbach
et al., 2001; Schauer et al., 2004).

The water masses of the Arctic Ocean and the Nordic Seas are
distinct and different. The Polar Surface Water (PSW) and the Arc-
tic Atlantic Water (AAW) of the Arctic Ocean are colder and less
saline than the Warm Surface Water (WSW) and the Atlantic

Water (AW) from the Nordic Seas. The Arctic Ocean deep waters,
the Canadian Basin Deep Water (CBDW) and Eurasian Basin Deep
Water (EBDW) on the other hand are warmer and more saline than
the corresponding Nordic Seas Deep Waters (NDW). Here a simpli-
fied version of the water mass classification suggested by Rudels
et al. (2005) is used (see Table 1).

In the intermediate density range the H–S curves of the water
columns from the two areas cross and a separation becomes more
difficult (Fig. 2). In the upper Polar Deep Water (uPDW) of the Arc-
tic Ocean the temperature decreases and the salinity increases
with depth and the uPDW is stably stratified in both temperature
and salinity. The AIW created in the Nordic Seas forms a salinity
minimum, and close to its origin in the Greenland Sea also a tem-
perature minimum, leading to an unstable stratification in salinity
above and an unstable stratification in temperature below the min-
ima. The salinity minimum can be identified in and north of Fram
Strait and serves as a marker for the AIW (Fig. 2 and Table 1). How-
ever, such subtle differences are difficult to take into account when
transports are computed and when the water masses are separated
and identified solely by isopycnals.

The identification of the AIW is presently possible, due to the
tracer release experiment initialized in August 1996 within the
ESOP-2 programme (European Subpolar Ocean Programme) (Wat-
son et al., 1999) when 320 kg of sulphur hexafluoride (SF6) was in-
jected into the Greenland Sea Gyre at the density surface
rh = 28.0492 (r0.5 = 30.4268), approximately within the layer of
the AIW presently being ventilated. The SF6 now serves as a marker
for the AIW (see Olsson et al., 2005a,b; Tanhua et al., 2005a; Mes-
sias et al., 2008). SF6 observations during the Arctic Ocean – 2002

Fig. 1. The circulation of Atlantic and intermediate waters in Fram Strait and in the Nordic Seas and the locations of Oden sections 1 and 2. SAT = St. Anna Trough,
YP = Yermak Plateau.
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expedition, allow for a more reliable and easier method to identify
the AIW and to determine the amount of SF6 from the release
experiment as well as the volume of AIW entering the Arctic
Ocean. The inflow of AIW to the Arctic Ocean has often been
ignored (see e.g. Anderson et al., 1999), when the production of
intermediate water in the Arctic Ocean, the uPDW, has been esti-
mated. This could lead to an overestimate of the uPDW formation
and of the contribution from the Arctic Ocean to the Greenland –
Scotland overflow.

2. Observations

The icebreaker Oden occupied two sections north of Fram Strait
in May 2002, beyond the strong recirculation area (Figs. 1 and 3).
Unfortunately the ice conditions prevented Oden from completing
a single section from Svalbard to Greenland. Section 1, extending
from Nordaustlandet across the Sofia Deep and the northern part
of the Yermak Plateau into the Nansen Basin, had to be given up
northeast of the Yermak Plateau because of heavy ice conditions.
Section 1 consists of 11 stations reaching from 81�N 18�200E to
82�200N 3�E. The western part, Section 2, was continued farther
south, along 81�200–81�300N, from west of the Yermak Plateau
(0�W) onto the Greenland shelf (9�300W) and here includes 10
stations.

The temperature and salinity fields were determined using a
Seabird 911+ CTD mounted on a 24 bottle rosette sampler. In addi-
tion to the pre-cruise and post-cruise calibrations of the sensors at
the Seabird facilities in Seattle salinity samples for calibration were
measured onboard using a Guildline 8400B Autosal. The accuracy

of the salinity observations is 0.003. A comprehensive set of trac-
ers, among others oxygen, nutrients, chlorofluorocarbons (CFCs)
and SF6, was taken. The rosette sampler on Oden was also equipped
with dual (upward and downward looking) 300-kHz RDI Work-
horse ADCPs. The Lowered Acoustic Doppler Current Profiler (LAD-
CP) data were processed using an inverse technique described by
Visbeck (2002) and subsequently detided by subtracting the baro-
tropic tidal velocities obtained from a high-resolution barotropic
inverse tidal model (Padman and Erofeeva, 2004). This however
does not remove the transient motions such as inertial currents
and internal waves. The velocities obtained from the LADCP mea-
surements are used as well as geostrophic velocities derived from
the hydrography to estimate the transports through the different
sections. The results obtained by the two methods are compared.
The geostrophic velocities are computed for every db. The LADCP
velocities are mainly given every 10 m, for one of the deepest sta-
tions every 20 m.

The SF6 in the region has, in addition to the tracer release in the
Greenland Sea, an atmospheric source, whose content mainly
stems from industrial emissions. Since the temporal evolution of
these emissions is documented (Maiss and Brenninkmeijer, 1998)
and the solubility of SF6 in seawater is known (Bullister et al.,
2002), the ocean surface content at a certain time can be calculated
and the compound is useful as an oceanic transient tracer (Law and
Watson, 2001; Tanhua et al., 2004).

To estimate the amount of SF6 from the Greenland Sea tracer re-
lease present in a water parcel, it is necessary to subtract the atmo-
spheric fraction. The atmospheric contribution is determined from
the year the water parcel was at sea surface, or for mixtures, from

Table 1
Water mass classification

Water masses Density range Nordic Seas water masses Arctic Ocean water masses

Upper layer rh < 27.70 warm Surface Water (wSW) Polar Surface Water (PSW)
Atlantic layer 27.70 6 rh < 27.97 Atlantic Water (AW) Arctic Atlantic Water (AAW)
Intermediate

layer I
27.97 6 rh,
r0.5 < 30.444, h > 0

dense Atlantic Water (dAW) S & h decreasing with depth dense Arctic Atlantic Water (dAAW) S increasing, h
decreasing with depth

Intermediate
layer II

27.97 6 rh,
r0.5 < 30.444, h 6 0

Arctic Intermediate Water (AIW) upper S & h decreasing with depth,
lower S & h increasing with depth

upper Polar Deep Water (uPDW) S increasing, h
decreasing with depth

Deep Water I 30.444 6 r0.5,
r1.5 < 35.142

Nordic Seas Deep Water I (NDWI), S < 34.915 Canadian Basin Deep Water (CBDW)

Deep Water II 35.142 6 r1.5 Nordic Seas Deep Water II (NDWII), S < 34.915 Eurasian Basin Deep Water (EBDW)

Fig. 2. H–S-diagrams of water masses. Section 1 in red, section 2 in blue. The easternmost station in section 2 in purple. The (n) and (/) shown in the water mass definitions
indicate the sloping in the H–S diagrams.
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the water mass composition, and the ventilation year of each com-
ponent. The fractional water mass composition for each water par-
cel is obtained by a multivariate method (see Jeansson et al., 2008).
A ventilation year is found for each water mass (see Min et al.,
2000; Tanhua et al., 2004) from its concentrations of different CFCs,
which have a temporal evolution in the atmosphere (Walker et al.,
2000) similar to that of SF6. Each ventilation year corresponds to a
specific SF6 concentration and the atmospheric background of SF6
can be computed for each water parcel, and the excess in SF6 con-

centration is the part originating from the tracer release (Fig. 4).
Resulting numbers in the interval ± 0.2 fmol kg�1 are set to zero,
the negative numbers were in this range and it is a realistic uncer-
tainty for the estimates although it in total will give lower SF6
transports. Further discussions are given by Olsson et al. (2005a)
where a similar approach was used to estimate background levels
of SF6. Uncertainties in the water mass composition method are
discussed by Jeansson et al. (2008) and by Tanhua et al. (2005b).
The CFC and SF6 concentrations were determined by gas chroma-

Fig. 3. Potential temperature, salinity and density on sections 1 and 2.
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tography with purge-and-trap pre-treatment and electron-capture
detection. The analytical methods and performance are described
elsewhere (Tanhua et al., 2004; Jeansson et al., 2008).

3. Transport computations

The transports are first determined by geostrophic calculations
from hydrographic data based on an assumed balance between the
Coriolis force and the pressure force. The velocities are determined
between station pairs, and for each station two velocities are ob-
tained, one for the right-hand side and the other for the left-hand
side. The geostrophic velocities only give the shear, not the abso-
lute velocities, and a level of zero velocity must be chosen with
some care. North of Svalbard AW moving northeast encounters
the sea ice drifting to southwest. The open water north of Svalbard,
the Whalers’ Bay, remains fairly constant in size and position,
growing and contracting in response to the seasons. This suggests
an approximate balance between the two surface velocities, and
the velocity on the eastern section (1) is therefore set to zero at
the surface. Furthermore, because of the bathymetric constraint
no net transport is allowed in the Sofia Deep below 700 m. On
the western section (2) the velocity is set to zero at the bottom.
On the Greenland slope the flow is expected to have southward
velocities associated with the EGC. However, the LADCP derived
bottom velocities at the stations located on the slope of section 2
show no clear barotropic signal, but vary between 5 cm s�1 south-
ward and 5 cm s�1 northward and we cannot add a constant value
to the shear obtained from the geostrophic calculations. For two
(out of three) of the deep stations on section 2 the LADCP velocities
at the bottom are close to 0 cm s�1. On section 2 the two eastern-
most stations only extended to 1200 m and the velocities are as-
sumed zero below this depth. This assumption could make the
transports on those two stations too small assuming that we are
right to set the velocity to zero in the bottom of the rest of the sta-
tions. Also the deep transports then cannot be adequately resolved
in the eastern part of section 2, which precludes the possibility to
demand zero net transport below 2600 m, the sill depth in Fram
Strait as a constraint similar to that adopted for the Sofia Deep be-
low 700 m.

The moored current measurements in Fram Strait have revealed
strong barotropic velocity components (e.g. Fahrbach et al., 2001;
Schauer et al., 2004). The barotropic flow in both the West Spits-
bergen Current and in the EGC is expected to follow the isobaths

[the geostrophic contours (Greenspan, 1968)] and since the aver-
age wind field over the Nordic Seas is cyclonic it would circulate
with shallower water to the right (Nøst and Isachsen, 2003). The
barotropic flow could also be due to cooling of the AW as it moves
northward along the slope (Walin et al., 2004). The largest baro-
tropic flow is expected at the sloping boundaries, where the depths
of the stations are unequal and the topographical steering is the
strongest.

With no external information the computed geostrophic veloc-
ity must be set to zero somewhere in the water column and cannot
provide an estimate for the barotropic velocity. To extend the geo-
strophic computation below the deepest common level at a station
pair the method of Jacobsen and Jensen (1926) is used, which gives
a parabolic velocity profile at the deeper station below the largest
common depth. However, when setting the velocity to zero at the
bottom at a pair of stations of unequal depths, we put the zero le-
vel at the station that allows the deep flow to move along the slope
with the shallower station to the right, giving either a velocity
decreasing to zero at the deepest station or a bottom intensified
flow increasing from zero at the deepest common level towards
the bottom of the deeper station. This choice is then consistent
with, and vaguely mimics, a barotropic flow that follows the bot-
tom contours with shallow water to the right.

Transports are also computed from the velocities obtained from
the LADCP. The LADCP velocities are determined at the stations and
the velocity perpendicular to the section, defined as the straight
line between the left- and right-hand neighbouring stations, is as-
sumed to extend halfway to the neighbouring stations. To estimate
the total transports as well as the transports of different water
masses and the SF6 fluxes, the properties observed at each mea-
sured level are extended halfway to the neighbouring stations,
and the area is multiplied by the velocity at that level. This leads
to a step bathymetry. To obtain the transports of different water
masses all contributions within the prescribed density interval
are added. To find the SF6 flux the volume transports are multiplied
by the excess SF6 concentration. The SF6 concentrations were only
obtained from sample bottles closed at certain depths chosen from
the density profiles (at around rh = 28.049), for example at 500 m
and 750 m depths. Since velocity values exist for every db with
the geostrophic method and for every 10–20 m for LADCP, excess
SF6 concentrations were linearly interpolated between positive
values. Where no excess SF6 was observed above or below the ex-
cess SF6 cloud the SF6 concentration was linearly extrapolated to
zero over a 50 m vertical distance.

Fig. 4. Excess SF6 concentration on sections 1 and 2.
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the water mass composition, and the ventilation year of each com-
ponent. The fractional water mass composition for each water par-
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tography with purge-and-trap pre-treatment and electron-capture
detection. The analytical methods and performance are described
elsewhere (Tanhua et al., 2004; Jeansson et al., 2008).

3. Transport computations

The transports are first determined by geostrophic calculations
from hydrographic data based on an assumed balance between the
Coriolis force and the pressure force. The velocities are determined
between station pairs, and for each station two velocities are ob-
tained, one for the right-hand side and the other for the left-hand
side. The geostrophic velocities only give the shear, not the abso-
lute velocities, and a level of zero velocity must be chosen with
some care. North of Svalbard AW moving northeast encounters
the sea ice drifting to southwest. The open water north of Svalbard,
the Whalers’ Bay, remains fairly constant in size and position,
growing and contracting in response to the seasons. This suggests
an approximate balance between the two surface velocities, and
the velocity on the eastern section (1) is therefore set to zero at
the surface. Furthermore, because of the bathymetric constraint
no net transport is allowed in the Sofia Deep below 700 m. On
the western section (2) the velocity is set to zero at the bottom.
On the Greenland slope the flow is expected to have southward
velocities associated with the EGC. However, the LADCP derived
bottom velocities at the stations located on the slope of section 2
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with shallower water to the right (Nøst and Isachsen, 2003). The
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northward along the slope (Walin et al., 2004). The largest baro-
tropic flow is expected at the sloping boundaries, where the depths
of the stations are unequal and the topographical steering is the
strongest.

With no external information the computed geostrophic veloc-
ity must be set to zero somewhere in the water column and cannot
provide an estimate for the barotropic velocity. To extend the geo-
strophic computation below the deepest common level at a station
pair the method of Jacobsen and Jensen (1926) is used, which gives
a parabolic velocity profile at the deeper station below the largest
common depth. However, when setting the velocity to zero at the
bottom at a pair of stations of unequal depths, we put the zero le-
vel at the station that allows the deep flow to move along the slope
with the shallower station to the right, giving either a velocity
decreasing to zero at the deepest station or a bottom intensified
flow increasing from zero at the deepest common level towards
the bottom of the deeper station. This choice is then consistent
with, and vaguely mimics, a barotropic flow that follows the bot-
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Transports are also computed from the velocities obtained from
the LADCP. The LADCP velocities are determined at the stations and
the velocity perpendicular to the section, defined as the straight
line between the left- and right-hand neighbouring stations, is as-
sumed to extend halfway to the neighbouring stations. To estimate
the total transports as well as the transports of different water
masses and the SF6 fluxes, the properties observed at each mea-
sured level are extended halfway to the neighbouring stations,
and the area is multiplied by the velocity at that level. This leads
to a step bathymetry. To obtain the transports of different water
masses all contributions within the prescribed density interval
are added. To find the SF6 flux the volume transports are multiplied
by the excess SF6 concentration. The SF6 concentrations were only
obtained from sample bottles closed at certain depths chosen from
the density profiles (at around rh = 28.049), for example at 500 m
and 750 m depths. Since velocity values exist for every db with
the geostrophic method and for every 10–20 m for LADCP, excess
SF6 concentrations were linearly interpolated between positive
values. Where no excess SF6 was observed above or below the ex-
cess SF6 cloud the SF6 concentration was linearly extrapolated to
zero over a 50 m vertical distance.

Fig. 4. Excess SF6 concentration on sections 1 and 2.
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4. Results

4.1. Transports derived from geostrophic calculations

The transports (Table 2a, Figs. 5 and 6) clearly show that section
1 is dominated by northward, section 2 by southward flow. First
geostrophic transports are discussed. At section 1 north of Svalbard
a net transport of 3.6 Sv northeastward, into the Arctic Ocean, is
found. At section 2, extending from west of Yermak Plateau almost
to the Greenland coast a net southward transport of 5.1 Sv is ob-
tained. Thus the sum of the volume transports across the two sec-
tions gives a net southward flow of 1.5 Sv out of the Arctic Ocean.
The sections do not overlap and it is possible that an additional in-
flow (or outflow) takes place between the two sections. To crudely
assess such transport between the two sections we compute the

geostrophic transport relative to 1200 db, the deepest observation
on the easternmost station on section 2, between the westernmost
station on section 1 and the easternmost station on section 2. This
transport is found to be 0.5 Sv into the Arctic Ocean.

At section 1 a substantial southward flow is present. It takes
place in the Sofia Deep at the eastern slope of the Yermak Plateau
and is comparatively stronger in the deeper layers. This indicates
that a boundary current follows the slope around the Yermak Pla-
teau into the Sofia Deep. It then continues along the continental
slope northeastward. Higher up, in the intermediate and AW
ranges of the water column, the relative strength of the southward
flow becomes weaker compared to the northward flow, suggesting
that some intermediate water moves from the northern part of the
Yermak Plateau directly to the continental slope east of the section
without circulating around the Sofia Deep. The little patch of ex-

Table 2a
Volume transports derived from geostrophy

Geostrophic volume transports (Sv) Total Surface water Atlantic water Dense Atlantic water Intermediate water Deep water I Deep water II

Section 1 Northw. 5.12 0.06 1.08 1.09 1.13 0.76 1.00
Southw. �1.54 �0.01 �0.15 �0.27 0.34 �0.41 �0.38
Net 3.58 0.05 0.93 0.83 0.79 0.36 0.62

Section 2 Northw. 0.04 0.01 0.00 0.00 0.00 0.00 0.02
Southw. �5.13 �1.17 �1.25 �1.02 �1.22 �0.38 �0.11
Net �5.10 �1.15 �1.24 �1.02 �1.22 �0.38 �0.09

Fig. 5. Velocity sections (geostrophic & LADCP). Red northward, blue southward.
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cess SF6 in the middle of the Sofia Deep could also be evidence for
this direct route. However, the patch is located above 800 m and
the water could have also crossed the Yermak Plateau from the
south. Gascard et al. (1995) have proposed, based on subsurface
drifter tracks, that there exists a 700 m deep gap in the Yermak Pla-
teau, connecting the northern Fram Strait with the Sofia Deep. The
two ‘‘Atlantic” water masses, AW and dense Atlantic water (dAW),
can cross over the Yermak Plateau, but they mainly enter in two
streams (Rudels et al., 2000), one just north of Svalbard, and the
other north of the Yermak Plateau together with the denser waters.
The transports obtained for the outer, western, Atlantic stream
suggest that the stream splits in two. One part follows the bathym-
etry around the Sofia Deep and merges with the southern stream.
The rest moves eastward from the plateau and joins the boundary
current at the continental slope east of the section.

The AW on section 1 has similar characteristics as in the Norwe-
gian Sea and comprises AW from the West Spitsbergen Current

entering the Arctic Ocean. The AW volume transport estimated
by geostrophy is about 1.8 Sv northward, if the surface water is
considered as AW diluted by ice melt (Rudels et al., 1996). Rudels
et al. (2005) suggested that the cooling of the deeper part of the in-
ner stream, as it moves from Fram Strait to north of Svalbard, is due
to the incorporation of dense, cold shelf water sinking down the
slope. This shelf water, originating from the East Spitsbergen Cur-
rent, would then be supplied by a separate circulation around Sval-
bard and could, at least during winter, contribute almost half,
�0.4 Sv, of the inner stream. About 1.4 Sv AW would then cross
section 1 into the Arctic Ocean.

The intermediate water contained a significant amount of SF6
and about 70% of its volume on section 1 showed traces of excess
SF6, indicating that AIW from the Greenland Sea enters the Arctic
Ocean. Since 0.8 Sv of intermediate water passes section 1, this
suggests that about 0.5 Sv AIW is entering the Arctic Ocean. The
net SF6 transport at section 1 was 5.1 kg/year northward (Fig. 7,

Fig. 6. Bubble plots of volume transports. Red = northward transport in section 1, blue = southward transport in section 1, dark yellow = northward transport in section 2,
cyan = southward transport in section 2. UL = Upper layer, AL = Atlantic layer, IL = Intermediate layers I and II, DW = Deep water I and II.

Fig. 7. Bubble plots of SF6 transports. Red = northward transport in section 1, blue = southward transport in section 1, dark yellow = northward transport in section 2,
cyan = southward transport in section 2. UL = Upper layer, AL = Atlantic layer, IL = Intermediate layers I and II, DW = Deep water I and II.
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this direct route. However, the patch is located above 800 m and
the water could have also crossed the Yermak Plateau from the
south. Gascard et al. (1995) have proposed, based on subsurface
drifter tracks, that there exists a 700 m deep gap in the Yermak Pla-
teau, connecting the northern Fram Strait with the Sofia Deep. The
two ‘‘Atlantic” water masses, AW and dense Atlantic water (dAW),
can cross over the Yermak Plateau, but they mainly enter in two
streams (Rudels et al., 2000), one just north of Svalbard, and the
other north of the Yermak Plateau together with the denser waters.
The transports obtained for the outer, western, Atlantic stream
suggest that the stream splits in two. One part follows the bathym-
etry around the Sofia Deep and merges with the southern stream.
The rest moves eastward from the plateau and joins the boundary
current at the continental slope east of the section.
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gian Sea and comprises AW from the West Spitsbergen Current
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by geostrophy is about 1.8 Sv northward, if the surface water is
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ner stream, as it moves from Fram Strait to north of Svalbard, is due
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slope. This shelf water, originating from the East Spitsbergen Cur-
rent, would then be supplied by a separate circulation around Sval-
bard and could, at least during winter, contribute almost half,
�0.4 Sv, of the inner stream. About 1.4 Sv AW would then cross
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and about 70% of its volume on section 1 showed traces of excess
SF6, indicating that AIW from the Greenland Sea enters the Arctic
Ocean. Since 0.8 Sv of intermediate water passes section 1, this
suggests that about 0.5 Sv AIW is entering the Arctic Ocean. The
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Table 2c). This is about 1.5% of the total amount of SF6 injected in
the Greenland Sea 6 years earlier. Other estimates for the export of
the SF6 from the Nordic Seas are 5 kg/year through the Faroe Bank
Channel in 2002 (Olsson et al., 2005a) and 1 kg/year through the
Denmark Strait in 2003 (Tanhua et al., 2005a), implying that 6–7
years after the tracer release experiment most of the SF6 still re-
sided in the Nordic Seas. Tracer from the release experiment was
first observed in the Fram Strait in 1998, 25 months after the re-
lease (Messias et al., 2008), and the highest observed levels of
SF6 in the strait were in 1999. This means that the tracer was trans-
ported from the Greenland Sea to the Fram Strait in less than 2
years. Since no investigation was made earlier north of the Green-
land Sea it may have reached the Arctic Ocean sooner. The bulk of
the tracer was initially retained within the Greenland Sea Gyre and
75% was estimated to remain there after 2 years (Messias et al.,
2008). SF6 from the release experiment had reached the Faroe Bank
Channel within 30 months (Olsson et al., 2005b) and the Denmark
Strait within 36 months (Olsson et al., 2005a). Relatively high lev-
els of SF6 were observed in Fram Strait along the Knorr section at
79�N where the concentrations were almost twice (5/3) of those
on sections 1 and 2. The Knorr data from the Arctic Ocean –
2002 study are not shown here. The shorter distance to Fram Strait
and the high concentrations indicate that the northward pathway
could be more direct and quicker than the southward pathways
to the overflows. If so, the export through Fram Strait may have
reached a maximum before 2002, when the levels in the Greenland
Sea were higher.

On section 2 only a weak northward flow is present and a net
southward transport of 5.1 Sv is obtained, 1.5 Sv larger than the
net northward flux across section 1. The transport estimated above
for the gap between the sections implies that the net transport
might be smaller. However, the net flow is of equal magnitude as
the volume entering the Arctic Ocean over the Barents Sea, 1.5 Sv
AW (Ingvaldsen et al., 2004) and 0.7 Sv Norwegian Coastal Current
Water (Blindheim, 1989; Aagaard and Carmack, 1989). A smaller
fraction from the Barents Sea inflow leaves the Arctic Ocean to-
gether with the bulk of the Bering Strait inflow through the Cana-
dian Arctic Archipelago (Rudels et al., 2004), which could account
for the difference. The Barents Sea branch supplies, through inter-
action with river runoff on the shelves, most of the PSW exiting
through Fram Strait. It also adds to the Arctic Atlantic waters [here
AAW and dense Arctic Atlantic Water (dAAW)] and the uPDW via
the inflow through the St. Anna Trough. This is seen in the larger
southward transports of these waters at section 2 compared to
northward transports at section 1 (Table 2a).

The transport of excess SF6 on section 2 is 0.7 kg/year south-
ward. The excess SF6 is concentrated on the easternmost station,
which, in contrast to the other stations, shows the presence of
water masses from the Nordic Seas. Since this is the first station
on the section, we only obtain the geostrophic transports on the
western side of the station, and it is not possible to determine if
the AIW at this station is recirculating, or if the water column at
the station moves north into the Arctic Ocean as a part of the outer,
Yermak Plateau, stream.

4.2. LADCP derived transports

The transports obtained using the LADCP velocities are much
larger (Table 2b, Figs. 5 and 6), but show a similar structure to
those found from geostrophy. A net inflow of 13.6 Sv is found at
section 1. Also here the flow appears to follow the bottom contours
around the Yermak Plateau. However, there is a net transport of
about 1.3 Sv towards Fram Strait in the Sofia Deep below 700 m,
suggesting that transient velocities, not removed by the detiding
routine, are present in the LADCP velocities. Furthermore, the
width assigned to each station, extending halfway to the neigh-
bouring stations, overestimates the area of the shallow station
and could lead to an overestimation of the transports, especially
at steep slopes. The flow of SF6 into the Arctic Ocean is 19 kg/year
(Table 2d, Fig. 7), 4 times that obtained by geostrophic computa-
tions, and the corresponding inflow of intermediate water to the
Arctic Ocean is 3.5 Sv, of which 80% (2.8 Sv) contains excess SF6.

At section 2 the LADCP velocities are almost entirely towards
the south and the volume transport is 13.7 Sv, about three
times the transport obtained from geostrophic calculations. How-
ever, the small northward transports on section 2 were also larger,
absolutely as well as relative to the southward transport, than
those found by geostrophic computations. This leads to a net
northward transport of excess SF6 in the intermediate water mass,
even if the net flow of intermediate water is toward the south. This
agrees with the caveat mentioned above that the Atlantic and
intermediate water on the easternmost station of section 2 could
be part of a northward flow that is missed by the geostrophic
transport determined between the two easternmost stations.

The larger transports are distributed over all water masses. The
LADCP based total transports at the two sections are thus roughly
in balance. However, the southward flow in the upper layer at sec-
tion 2 is significantly larger, 2 Sv, than the small northward trans-
port found in the upper layers at section 1. In all the other water
masses except the less dense deep water, DWI, the northward
transports at section 1 are larger than the southward transports
at section 2. This does not allow for any contribution from the
Barents Sea inflow to the deeper layers. At both of the stations
neighbouring the gap between the sections, the velocities are
northward and interpolating over the gap would give us an even
larger northward transport. However, the LADCP derived velocities
are large and we may miss some transport in the gap or in the
unmeasured deep part at section 2. The imbalance would then be
in the range of the error.

The southward deep-water transports at section 2 are slightly
smaller than the northward transports found on section 1. This is
surprising, considering the weakening of the deep-water produc-
tion in the Greenland Sea in recent years and the increased domi-
nance of Arctic Ocean deep waters in the Greenland Sea (e.g.
Meincke et al., 1997). However, since the easternmost stations on
section 2 did not extend to the bottom, some deep transport may
have been missed here. Furthermore, the characteristics of the
deep waters around the Yermak Plateau are, even if the NDW
can be identified as a salinity minimum, close to those of the

Table 2b
Volume transports derived from LADCP

LADCP volume transports (Sv) Total Surface water Atlantic water Dense Atlantic water Intermediate water Deep water I Deep water II

Section 1 Northw. 19.76 0.69 4.72 3.88 4.82 2.88 2.78
Southw. �6.20 �0.45 �1.28 �1.02 �1.32 �1.55 �0.59
Net 13.56 0.24 3.44 2.87 3.50 1.33 2.19

Section 2 Northw. 1.37 0.02 0.22 0.29 0.39 0.13 0.32
Southw. �15.03 �2.22 �3.14 �2.51 �3.74 �1.66 �1.76
Net �13.66 �2.20 �2.92 �2.23 �3.35 �1.53 �1.44
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EBDW, implying strong mixing and that only a small part of the
deep-water transported around the Yermak Plateau originates in
the Nordic Seas.

5. Discussion

Do these estimates make sense? Which estimate is most realis-
tic, the one obtained by geostrophic computations or that using
LADCP velocities? The geostrophy derived transports are signifi-
cantly lower than the northward and southward transports ob-
served by direct current measurements farther south at 79�N
(e.g. Fahrbach et al., 2001; Schauer et al., 2004), and also, but less
so, by geostrophic calculations in Fram Strait (Rudels et al.,
2008). The direct current measurements have revealed a strong
barotropic component of the circulation and if this barotropic char-
acter also pervades north and east of the strait the estimates ob-
tained here are likely too low. On the other hand, the
recirculation to the south is strong in the strait and the actual ex-
changes between the Arctic Ocean and the Nordic Seas could be
considerably less than the north and southward gross transports
(Quadfasel et al., 1987; Rudels, 1987; Bourke et al., 1988).

Rudels (1987) determined the exchanges through Fram Strait
by geostrophic computation on a section along the sill at 79�N
minimizing the kinetic energy of the total flow field and applying
mass and salt balances on the total and the deep water exchanges.
Because the net outflow as well as the deep exchanges were pre-
scribed by the constraints on the mass and salt transports only
the northward and southward transport of AW can be compared
with the present results. Rudels (1987) found an inflow of 1 Sv of
AW to the Arctic Ocean, somewhat less than the 1.4 Sv estimated
here and a recirculation in Fram Strait of about 1 Sv AW. Similar
transports were also found by Bourke et al. (1988) from geo-
strophic calculations relative to 500 m.

Schlichtholz and Houssais (1999a,b) determined the geo-
strophic velocity field in Fram Strait using data obtained during
the Marginal Ice Zone Experiment (MIZEX) 1984. Using a minimi-
zation approach on the flow field the exchanges of different water
masses, mostly similar to the water masses discussed here, were
obtained. The approach used by Schlichtholz and Houssais
(1999a,b) resulted in a large net southward transport, about 5 Sv,
from the Arctic Ocean to the Nordic Seas. Of the different waters
only the warm Atlantic water had a weak net northward flow, less
than 0.5 Sv, smaller than the northward flow of AW obtained here.

Schlichtholz and Houssais (1999a,b), using data from 1984, had no
possibility to use SF6 in distinguishing between AIW and uPDW.
Both Rudels (1987) and Schlichtholz and Houssais (1999a,b) use
constraints to estimate the barotropic contribution to the ex-
changes. This could explain e.g. the larger transports in the EGC
found by Schlichtholz and Houssais (1999a,b). Here we do not have
a closed section and this possibility to use conservation constraints
is not available.

Another possibility to judge the results is to consider the mass
balance of the Nordic Seas. We then compare the obtained trans-
ports with the amount of AW that enters the Arctic Mediterranean
Sea across the Greenland–Scotland Ridge (Hansen and Østerhus,
2000) and is available for the exchanges. The inflow to the Nordic
Seas west of Iceland is around 1 Sv, but it is unlikely that this in-
flow contributes to the exchanges between the Nordic Seas and
the Arctic Ocean. 7 Sv enter east of Iceland. The greater part of this
water is carried northward by the Norwegian Atlantic Current and
supplies AW to the northern part of the Nordic Seas, to the Barents
Sea and to the Arctic Ocean. 2.2 Sv enter the Barents Sea, since the
Norwegian Coastal Current also derives from AW crossing the
Greenland–Scotland Ridge between the Faroes and Scotland. From
the geostrophic computations on section 1 it is found that about
1.4 Sv flows northeastward north of Svalbard. Here we have sub-
tracted 0.4 Sv from the inflow, which might derive from the East
Spitsbergen Current. Since the two sections do not connect, it is
conceivable that some AW enters the Arctic Ocean between the
sections. This leaves 3.4 Sv to recirculate in the different gyres in
the Nordic Seas and in Fram Strait. The AIW in the Greenland Sea
derives ultimately from AW and about 0.5 Sv of AIW was found
to enter the Arctic Ocean. A similar volume (0.5 Sv) of AIW is ex-
pected to enter the EGC west of the Greenland Sea and flow south
towards Denmark Strait (Jeansson et al., 2008). This would then ac-
count for 1 of the 3.4 Sv of AW.

The volume of the AW recirculating in Fram Strait, the Recircu-
lating Atlantic Water (RAW) is large enough to significantly in-
crease the salinity and temperature of the AAW and RAW
mixture in the EGC. The H–S properties of this mixture found
south of Fram Strait suggest an almost equal ratio of AAW and
RAW (compare Figs. 7 and 9 in Rudels et al., 2005) and the opti-
mum multi parameter analysis performed by Jeansson et al.
(2008) gives a ratio of RAW to AAW (CBAAW in Jeansson et al.)
around 3:4. Since the southward geostrophic transport of AAW
and dAAW through Section 2 is 2.3 Sv, this implies a recirculation

Table 2c
Excess SF6 transports derived from geostrophy

SF6 transports (Geostrophic)
(kg/year)

Total Surface
water

Atlantic water Dense Atlantic
water

Intermediate
water

Deep water I Deep water II

Section 1 Northw. 5.80 0.00 0.02 1.23 3.59 0.96 0.00
Southw. �0.65 0.00 0.00 �0.00 �0.48 �0.17 0.00
Net 5.15 0.00 0.02 1.23 3.11 0.79 0.00

Section 2 Northw. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Southw. �0.71 0.00 �0.00 �0.20 �0.49 �0.01 0.00
Net �0.71 0.00 �0.00 �0.20 �0.49 �0.01 0.00

Table 2d
Excess SF6 transports derived from LADCP

SF6 transports (LADCP) (kg/year) Total Surface water Atlantic water Dense Atlantic water Intermediate water Deep water I Deep water II

Section 1 Northw. 24.48 0.00 0.00 4.69 16.58 3.21 0.00
Southw. �5.19 0.00 0.00 0.00 �3.62 �1.57 0.00
Net 19.29 0.00 0.00 4.69 12.96 1.64 0.00

Section 2 Northw. 1.02 0.00 0.00 0.00 0.91 0.11 0.00
Southw. �0.61 0.00 0.00 �0.37 �0.14 �0.11 0.00
Net 0.41 0.00 0.00 �0.36 0.77 �0.00 0.00
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Table 2c). This is about 1.5% of the total amount of SF6 injected in
the Greenland Sea 6 years earlier. Other estimates for the export of
the SF6 from the Nordic Seas are 5 kg/year through the Faroe Bank
Channel in 2002 (Olsson et al., 2005a) and 1 kg/year through the
Denmark Strait in 2003 (Tanhua et al., 2005a), implying that 6–7
years after the tracer release experiment most of the SF6 still re-
sided in the Nordic Seas. Tracer from the release experiment was
first observed in the Fram Strait in 1998, 25 months after the re-
lease (Messias et al., 2008), and the highest observed levels of
SF6 in the strait were in 1999. This means that the tracer was trans-
ported from the Greenland Sea to the Fram Strait in less than 2
years. Since no investigation was made earlier north of the Green-
land Sea it may have reached the Arctic Ocean sooner. The bulk of
the tracer was initially retained within the Greenland Sea Gyre and
75% was estimated to remain there after 2 years (Messias et al.,
2008). SF6 from the release experiment had reached the Faroe Bank
Channel within 30 months (Olsson et al., 2005b) and the Denmark
Strait within 36 months (Olsson et al., 2005a). Relatively high lev-
els of SF6 were observed in Fram Strait along the Knorr section at
79�N where the concentrations were almost twice (5/3) of those
on sections 1 and 2. The Knorr data from the Arctic Ocean –
2002 study are not shown here. The shorter distance to Fram Strait
and the high concentrations indicate that the northward pathway
could be more direct and quicker than the southward pathways
to the overflows. If so, the export through Fram Strait may have
reached a maximum before 2002, when the levels in the Greenland
Sea were higher.

On section 2 only a weak northward flow is present and a net
southward transport of 5.1 Sv is obtained, 1.5 Sv larger than the
net northward flux across section 1. The transport estimated above
for the gap between the sections implies that the net transport
might be smaller. However, the net flow is of equal magnitude as
the volume entering the Arctic Ocean over the Barents Sea, 1.5 Sv
AW (Ingvaldsen et al., 2004) and 0.7 Sv Norwegian Coastal Current
Water (Blindheim, 1989; Aagaard and Carmack, 1989). A smaller
fraction from the Barents Sea inflow leaves the Arctic Ocean to-
gether with the bulk of the Bering Strait inflow through the Cana-
dian Arctic Archipelago (Rudels et al., 2004), which could account
for the difference. The Barents Sea branch supplies, through inter-
action with river runoff on the shelves, most of the PSW exiting
through Fram Strait. It also adds to the Arctic Atlantic waters [here
AAW and dense Arctic Atlantic Water (dAAW)] and the uPDW via
the inflow through the St. Anna Trough. This is seen in the larger
southward transports of these waters at section 2 compared to
northward transports at section 1 (Table 2a).

The transport of excess SF6 on section 2 is 0.7 kg/year south-
ward. The excess SF6 is concentrated on the easternmost station,
which, in contrast to the other stations, shows the presence of
water masses from the Nordic Seas. Since this is the first station
on the section, we only obtain the geostrophic transports on the
western side of the station, and it is not possible to determine if
the AIW at this station is recirculating, or if the water column at
the station moves north into the Arctic Ocean as a part of the outer,
Yermak Plateau, stream.

4.2. LADCP derived transports

The transports obtained using the LADCP velocities are much
larger (Table 2b, Figs. 5 and 6), but show a similar structure to
those found from geostrophy. A net inflow of 13.6 Sv is found at
section 1. Also here the flow appears to follow the bottom contours
around the Yermak Plateau. However, there is a net transport of
about 1.3 Sv towards Fram Strait in the Sofia Deep below 700 m,
suggesting that transient velocities, not removed by the detiding
routine, are present in the LADCP velocities. Furthermore, the
width assigned to each station, extending halfway to the neigh-
bouring stations, overestimates the area of the shallow station
and could lead to an overestimation of the transports, especially
at steep slopes. The flow of SF6 into the Arctic Ocean is 19 kg/year
(Table 2d, Fig. 7), 4 times that obtained by geostrophic computa-
tions, and the corresponding inflow of intermediate water to the
Arctic Ocean is 3.5 Sv, of which 80% (2.8 Sv) contains excess SF6.

At section 2 the LADCP velocities are almost entirely towards
the south and the volume transport is 13.7 Sv, about three
times the transport obtained from geostrophic calculations. How-
ever, the small northward transports on section 2 were also larger,
absolutely as well as relative to the southward transport, than
those found by geostrophic computations. This leads to a net
northward transport of excess SF6 in the intermediate water mass,
even if the net flow of intermediate water is toward the south. This
agrees with the caveat mentioned above that the Atlantic and
intermediate water on the easternmost station of section 2 could
be part of a northward flow that is missed by the geostrophic
transport determined between the two easternmost stations.

The larger transports are distributed over all water masses. The
LADCP based total transports at the two sections are thus roughly
in balance. However, the southward flow in the upper layer at sec-
tion 2 is significantly larger, 2 Sv, than the small northward trans-
port found in the upper layers at section 1. In all the other water
masses except the less dense deep water, DWI, the northward
transports at section 1 are larger than the southward transports
at section 2. This does not allow for any contribution from the
Barents Sea inflow to the deeper layers. At both of the stations
neighbouring the gap between the sections, the velocities are
northward and interpolating over the gap would give us an even
larger northward transport. However, the LADCP derived velocities
are large and we may miss some transport in the gap or in the
unmeasured deep part at section 2. The imbalance would then be
in the range of the error.

The southward deep-water transports at section 2 are slightly
smaller than the northward transports found on section 1. This is
surprising, considering the weakening of the deep-water produc-
tion in the Greenland Sea in recent years and the increased domi-
nance of Arctic Ocean deep waters in the Greenland Sea (e.g.
Meincke et al., 1997). However, since the easternmost stations on
section 2 did not extend to the bottom, some deep transport may
have been missed here. Furthermore, the characteristics of the
deep waters around the Yermak Plateau are, even if the NDW
can be identified as a salinity minimum, close to those of the

Table 2b
Volume transports derived from LADCP

LADCP volume transports (Sv) Total Surface water Atlantic water Dense Atlantic water Intermediate water Deep water I Deep water II

Section 1 Northw. 19.76 0.69 4.72 3.88 4.82 2.88 2.78
Southw. �6.20 �0.45 �1.28 �1.02 �1.32 �1.55 �0.59
Net 13.56 0.24 3.44 2.87 3.50 1.33 2.19

Section 2 Northw. 1.37 0.02 0.22 0.29 0.39 0.13 0.32
Southw. �15.03 �2.22 �3.14 �2.51 �3.74 �1.66 �1.76
Net �13.66 �2.20 �2.92 �2.23 �3.35 �1.53 �1.44
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EBDW, implying strong mixing and that only a small part of the
deep-water transported around the Yermak Plateau originates in
the Nordic Seas.

5. Discussion

Do these estimates make sense? Which estimate is most realis-
tic, the one obtained by geostrophic computations or that using
LADCP velocities? The geostrophy derived transports are signifi-
cantly lower than the northward and southward transports ob-
served by direct current measurements farther south at 79�N
(e.g. Fahrbach et al., 2001; Schauer et al., 2004), and also, but less
so, by geostrophic calculations in Fram Strait (Rudels et al.,
2008). The direct current measurements have revealed a strong
barotropic component of the circulation and if this barotropic char-
acter also pervades north and east of the strait the estimates ob-
tained here are likely too low. On the other hand, the
recirculation to the south is strong in the strait and the actual ex-
changes between the Arctic Ocean and the Nordic Seas could be
considerably less than the north and southward gross transports
(Quadfasel et al., 1987; Rudels, 1987; Bourke et al., 1988).

Rudels (1987) determined the exchanges through Fram Strait
by geostrophic computation on a section along the sill at 79�N
minimizing the kinetic energy of the total flow field and applying
mass and salt balances on the total and the deep water exchanges.
Because the net outflow as well as the deep exchanges were pre-
scribed by the constraints on the mass and salt transports only
the northward and southward transport of AW can be compared
with the present results. Rudels (1987) found an inflow of 1 Sv of
AW to the Arctic Ocean, somewhat less than the 1.4 Sv estimated
here and a recirculation in Fram Strait of about 1 Sv AW. Similar
transports were also found by Bourke et al. (1988) from geo-
strophic calculations relative to 500 m.

Schlichtholz and Houssais (1999a,b) determined the geo-
strophic velocity field in Fram Strait using data obtained during
the Marginal Ice Zone Experiment (MIZEX) 1984. Using a minimi-
zation approach on the flow field the exchanges of different water
masses, mostly similar to the water masses discussed here, were
obtained. The approach used by Schlichtholz and Houssais
(1999a,b) resulted in a large net southward transport, about 5 Sv,
from the Arctic Ocean to the Nordic Seas. Of the different waters
only the warm Atlantic water had a weak net northward flow, less
than 0.5 Sv, smaller than the northward flow of AW obtained here.

Schlichtholz and Houssais (1999a,b), using data from 1984, had no
possibility to use SF6 in distinguishing between AIW and uPDW.
Both Rudels (1987) and Schlichtholz and Houssais (1999a,b) use
constraints to estimate the barotropic contribution to the ex-
changes. This could explain e.g. the larger transports in the EGC
found by Schlichtholz and Houssais (1999a,b). Here we do not have
a closed section and this possibility to use conservation constraints
is not available.

Another possibility to judge the results is to consider the mass
balance of the Nordic Seas. We then compare the obtained trans-
ports with the amount of AW that enters the Arctic Mediterranean
Sea across the Greenland–Scotland Ridge (Hansen and Østerhus,
2000) and is available for the exchanges. The inflow to the Nordic
Seas west of Iceland is around 1 Sv, but it is unlikely that this in-
flow contributes to the exchanges between the Nordic Seas and
the Arctic Ocean. 7 Sv enter east of Iceland. The greater part of this
water is carried northward by the Norwegian Atlantic Current and
supplies AW to the northern part of the Nordic Seas, to the Barents
Sea and to the Arctic Ocean. 2.2 Sv enter the Barents Sea, since the
Norwegian Coastal Current also derives from AW crossing the
Greenland–Scotland Ridge between the Faroes and Scotland. From
the geostrophic computations on section 1 it is found that about
1.4 Sv flows northeastward north of Svalbard. Here we have sub-
tracted 0.4 Sv from the inflow, which might derive from the East
Spitsbergen Current. Since the two sections do not connect, it is
conceivable that some AW enters the Arctic Ocean between the
sections. This leaves 3.4 Sv to recirculate in the different gyres in
the Nordic Seas and in Fram Strait. The AIW in the Greenland Sea
derives ultimately from AW and about 0.5 Sv of AIW was found
to enter the Arctic Ocean. A similar volume (0.5 Sv) of AIW is ex-
pected to enter the EGC west of the Greenland Sea and flow south
towards Denmark Strait (Jeansson et al., 2008). This would then ac-
count for 1 of the 3.4 Sv of AW.

The volume of the AW recirculating in Fram Strait, the Recircu-
lating Atlantic Water (RAW) is large enough to significantly in-
crease the salinity and temperature of the AAW and RAW
mixture in the EGC. The H–S properties of this mixture found
south of Fram Strait suggest an almost equal ratio of AAW and
RAW (compare Figs. 7 and 9 in Rudels et al., 2005) and the opti-
mum multi parameter analysis performed by Jeansson et al.
(2008) gives a ratio of RAW to AAW (CBAAW in Jeansson et al.)
around 3:4. Since the southward geostrophic transport of AAW
and dAAW through Section 2 is 2.3 Sv, this implies a recirculation

Table 2c
Excess SF6 transports derived from geostrophy

SF6 transports (Geostrophic)
(kg/year)

Total Surface
water

Atlantic water Dense Atlantic
water

Intermediate
water

Deep water I Deep water II

Section 1 Northw. 5.80 0.00 0.02 1.23 3.59 0.96 0.00
Southw. �0.65 0.00 0.00 �0.00 �0.48 �0.17 0.00
Net 5.15 0.00 0.02 1.23 3.11 0.79 0.00

Section 2 Northw. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Southw. �0.71 0.00 �0.00 �0.20 �0.49 �0.01 0.00
Net �0.71 0.00 �0.00 �0.20 �0.49 �0.01 0.00

Table 2d
Excess SF6 transports derived from LADCP

SF6 transports (LADCP) (kg/year) Total Surface water Atlantic water Dense Atlantic water Intermediate water Deep water I Deep water II

Section 1 Northw. 24.48 0.00 0.00 4.69 16.58 3.21 0.00
Southw. �5.19 0.00 0.00 0.00 �3.62 �1.57 0.00
Net 19.29 0.00 0.00 4.69 12.96 1.64 0.00

Section 2 Northw. 1.02 0.00 0.00 0.00 0.91 0.11 0.00
Southw. �0.61 0.00 0.00 �0.37 �0.14 �0.11 0.00
Net 0.41 0.00 0.00 �0.36 0.77 �0.00 0.00
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of 1.7 Sv of RAW in the strait, which would almost close the AW
budget.

The northward transport of AW found from the moored current
measurements in Fram Strait ranges between 3 and 4 Sv (Schauer
et al., 2004), twice the transports obtained here by geostrophic cal-
culations. However, since these measurements were made at 79�N
a large part of the AW could recirculate in the vicinity of the strait
and become RAW.

The LADCP derived transports, by contrast, are larger than those
found by moored current measurements in Fram Strait and a net
northward flow of more than 6 Sv of AW is obtained on section
1. This would amount to almost all AW that is crossing the Green-
land–Scotland Ridge. The net northward transport of intermediate
water across section 1 is 3.5 Sv, which is high. The SF6 concentra-
tions indicate that about 80%, at least 2 Sv, derives from the Green-
land Sea. There is also a northward transport of AIW located on the
easternmost station on section 2, which does not show up in the
geostrophically determined transport, possibly because the geo-
strophic velocities are calculated between and not at the stations.
The source water for the AIW could, in principle, be the returning
Arctic Atlantic Water (AAW), but the AAW is located inshore of the
RAW in the EGC and does not easily penetrate into the central
Greenland Sea gyre where the AIW formation takes place (Rudels
et al., 2005). For the RAW contribution similar mixing arguments
as those used above for the geostrophic transports apply. If the
combined outflow of AAW and dAAW is 5 Sv, the volume of RAW
that joins the EGC must be 3–4 Sv to change the temperatures
and salinities of the AAW and the RAW to those observed in the
EGC south of the strait. Because of the large northward transport
of AW through section 1 there is not enough AW crossing the
Greenland-Scotland Ridge to also account for the required produc-
tion of AIW, the RAW recirculating in Fram Strait, and the inflow of
AW to the Barents Sea.

The large transports could be due to circulations within the
individual basins being stronger than the net flow through the ba-
sins. The transport in the EGC at 75�N was estimated to 27 Sv by
direct current measurements (Woodgate et al., 1999). This is only
possible if the recirculation in the Greenland Sea Basin is larger
than the through flow in the EGC from Fram Strait to Denmark
Strait. North of Svalbard the characteristics of the AW and AIW
are largely retained, suggesting that a possible gyre circulation in
the Eurasian Basin cannot be strong, at least not in the density
ranges of the Atlantic and intermediate waters. However, the
NDW loses its H–S properties close to Fram Strait, indicating
strong mixing with the Arctic Ocean deep waters and suggests a
larger recirculation in the deeper layers of the Eurasian Basin than
in the layers above.

6. Summary

The geostrophic transports estimated on the two sections north
of Fram Strait agree quite well with what can be deduced from the
AW balance of the Arctic Mediterranean Sea. They are considerably
smaller than those found from direct (moored) current measure-
ments in Fram Strait, but they are computed from sections beyond
the strong recirculation in the strait and could better represent the
actual exchanges between the Arctic Ocean and the Nordic Seas
through Fram Strait. However, geostrophic calculations alone do
not account for the barotropic part of the circulation and the esti-
mates of northward and southward transports, but not the net
transport, are expected to be on the low side.

The Nordic Seas contribute about 0.5 Sv of AIW to the interme-
diate layers of the Arctic Ocean, which becomes incorporated in the
uPDW. About 1/3 of the uPDW that exits through Fram Strait is
then returning AIW. The rest is supplied by the Barents Sea inflow

branch either directly via St. Anna Trough or through slope convec-
tion and entrainment.

The inflow to the Arctic Ocean of the SF6 released in the Green-
land Sea in 1996 was (in 2002) 5.1 kg/year. This is about 1.5% of the
released tracer mass and suggests that the rate by which the SF6
cloud is flushed out of the Greenland Sea into the Arctic Ocean is
small.

The LADCP based transports give much larger in and outflows,
larger even than the transports obtained by direct current mea-
surements in Fram Strait. The transport of AW and AW derived
waters to the Arctic Ocean is larger than the amount of AW cross-
ing the Greenland–Scotland Ridge and, if realistic, would imply the
existence of a strong recirculating gyre in the Eurasian Basin.

The LADCP velocities are influenced by transient motions other
than the barotropic tides. Recirculations, inertial oscillations, inter-
nal waves, and other high frequency motions are all captured in
the measurement and decrease the signal to noise ratio, which
could lead to larger transport estimates. The removal of the tidal
part may also not be complete. The choice of area over which the
LADCP velocities are representative, half way to the neighbouring
stations, may also be too large, especially close to the slopes, lead-
ing to elevated transports.

The LADCP transports give a net flow of 3.0 Sv of AIW to the Arc-
tic Ocean, of which 0.2 Sv takes place at the easternmost station of
section 2. The LADCP transports indicate a net flow of 19 kg SF6/
year to the Arctic Ocean which corresponds to �6% of the total
release.

The transports obtained from geostrophic calculations are
slightly too small, but the estimates based on direct current mea-
surements in Fram Strait include recirculation and could be too
high. The transports of AW and AIW are likely to lie between the
values obtained from the current measurements and those given
by the geostrophic calculations presented here.
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of 1.7 Sv of RAW in the strait, which would almost close the AW
budget.

The northward transport of AW found from the moored current
measurements in Fram Strait ranges between 3 and 4 Sv (Schauer
et al., 2004), twice the transports obtained here by geostrophic cal-
culations. However, since these measurements were made at 79�N
a large part of the AW could recirculate in the vicinity of the strait
and become RAW.

The LADCP derived transports, by contrast, are larger than those
found by moored current measurements in Fram Strait and a net
northward flow of more than 6 Sv of AW is obtained on section
1. This would amount to almost all AW that is crossing the Green-
land–Scotland Ridge. The net northward transport of intermediate
water across section 1 is 3.5 Sv, which is high. The SF6 concentra-
tions indicate that about 80%, at least 2 Sv, derives from the Green-
land Sea. There is also a northward transport of AIW located on the
easternmost station on section 2, which does not show up in the
geostrophically determined transport, possibly because the geo-
strophic velocities are calculated between and not at the stations.
The source water for the AIW could, in principle, be the returning
Arctic Atlantic Water (AAW), but the AAW is located inshore of the
RAW in the EGC and does not easily penetrate into the central
Greenland Sea gyre where the AIW formation takes place (Rudels
et al., 2005). For the RAW contribution similar mixing arguments
as those used above for the geostrophic transports apply. If the
combined outflow of AAW and dAAW is 5 Sv, the volume of RAW
that joins the EGC must be 3–4 Sv to change the temperatures
and salinities of the AAW and the RAW to those observed in the
EGC south of the strait. Because of the large northward transport
of AW through section 1 there is not enough AW crossing the
Greenland-Scotland Ridge to also account for the required produc-
tion of AIW, the RAW recirculating in Fram Strait, and the inflow of
AW to the Barents Sea.

The large transports could be due to circulations within the
individual basins being stronger than the net flow through the ba-
sins. The transport in the EGC at 75�N was estimated to 27 Sv by
direct current measurements (Woodgate et al., 1999). This is only
possible if the recirculation in the Greenland Sea Basin is larger
than the through flow in the EGC from Fram Strait to Denmark
Strait. North of Svalbard the characteristics of the AW and AIW
are largely retained, suggesting that a possible gyre circulation in
the Eurasian Basin cannot be strong, at least not in the density
ranges of the Atlantic and intermediate waters. However, the
NDW loses its H–S properties close to Fram Strait, indicating
strong mixing with the Arctic Ocean deep waters and suggests a
larger recirculation in the deeper layers of the Eurasian Basin than
in the layers above.

6. Summary

The geostrophic transports estimated on the two sections north
of Fram Strait agree quite well with what can be deduced from the
AW balance of the Arctic Mediterranean Sea. They are considerably
smaller than those found from direct (moored) current measure-
ments in Fram Strait, but they are computed from sections beyond
the strong recirculation in the strait and could better represent the
actual exchanges between the Arctic Ocean and the Nordic Seas
through Fram Strait. However, geostrophic calculations alone do
not account for the barotropic part of the circulation and the esti-
mates of northward and southward transports, but not the net
transport, are expected to be on the low side.

The Nordic Seas contribute about 0.5 Sv of AIW to the interme-
diate layers of the Arctic Ocean, which becomes incorporated in the
uPDW. About 1/3 of the uPDW that exits through Fram Strait is
then returning AIW. The rest is supplied by the Barents Sea inflow

branch either directly via St. Anna Trough or through slope convec-
tion and entrainment.

The inflow to the Arctic Ocean of the SF6 released in the Green-
land Sea in 1996 was (in 2002) 5.1 kg/year. This is about 1.5% of the
released tracer mass and suggests that the rate by which the SF6
cloud is flushed out of the Greenland Sea into the Arctic Ocean is
small.

The LADCP based transports give much larger in and outflows,
larger even than the transports obtained by direct current mea-
surements in Fram Strait. The transport of AW and AW derived
waters to the Arctic Ocean is larger than the amount of AW cross-
ing the Greenland–Scotland Ridge and, if realistic, would imply the
existence of a strong recirculating gyre in the Eurasian Basin.

The LADCP velocities are influenced by transient motions other
than the barotropic tides. Recirculations, inertial oscillations, inter-
nal waves, and other high frequency motions are all captured in
the measurement and decrease the signal to noise ratio, which
could lead to larger transport estimates. The removal of the tidal
part may also not be complete. The choice of area over which the
LADCP velocities are representative, half way to the neighbouring
stations, may also be too large, especially close to the slopes, lead-
ing to elevated transports.

The LADCP transports give a net flow of 3.0 Sv of AIW to the Arc-
tic Ocean, of which 0.2 Sv takes place at the easternmost station of
section 2. The LADCP transports indicate a net flow of 19 kg SF6/
year to the Arctic Ocean which corresponds to �6% of the total
release.

The transports obtained from geostrophic calculations are
slightly too small, but the estimates based on direct current mea-
surements in Fram Strait include recirculation and could be too
high. The transports of AW and AIW are likely to lie between the
values obtained from the current measurements and those given
by the geostrophic calculations presented here.
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Abstract 

Arctic oceanographic work at the Finnish Institute of Marine Research (FIMR) over the last 20 
years started with studying the dense overflow of waters crossing the Greenland-Scotland Ridge at 
Denmark Strait that take part in the thermohaline circulation. The research was subsequently extended 
also to the waters carried by the East Greenland Current (EGC) forming the core for the overflow. EGC 
brings cold and low salinity water out of the Arctic Ocean through Fram Strait, where the water masses 
and exchanges are studied. Warm and saline Atlantic water enters the Arctic Ocean through Fram Strait 
and over the Barents Sea, and its interaction with sea ice north of Svalbard contributes to the formation 
of the Arctic Ocean halocline. The processes involved in the halocline formation are studied as well as 
the Atlantic water circulation and its importance for heat distribution in the Arctic Ocean. During the 
International Polar Year (IPY) FIMR took part in several international cruises and programmes inside 
the Arctic Ocean and this work is now continued at the Finnish Meteorological Institute. The main focus 
presently lies in the interpretation of the hydrographical observations made on the IPY cruises. 

Key words: Water masses, geostrophy, heat exchanges, Arctic Ocean, Fram Strait, Denmark Strait 

1. Introduction 

The interest to study the Arctic Ocean lies partly in the human curiosity towards 
the cold unknown. The conservation of the northern nature and way of life as well as the 
exploitation of the natural resources of the Arctic Ocean are further motives for 
exploring the processes in the area. The main scientific interests are in understanding 
the role of the Arctic Ocean in the general ocean circulation, the water mass 
transformations taking place in the Arctic and how the Arctic Ocean affects and is 
affected by the climate.  

In this paper an overview is given of the research made in Finland in the field of 
physical oceanography of the Arctic Mediterranean Sea. The Baltic Sea, where most of 
the Finnish oceanographic research has been performed due to its proximity and its the Finnish oceanographic research has been performed due to its proximity and its the Finnish oceanographic research has been
importance for the shipping and recreation, is not included here. Oceanographic 
research in the Arctic involves expensive expeditions to remote locations in harsh 
conditions,  and  because  of  limited  resources the work must be conducted in close co- 
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operation with international partners. Here only such expeditions where Finnish 
researchers have participated are mentioned. The studies presented are based on 
analyses and interpretation of collected observational data. analyses and interpretation of collected observational data. analyses and interpretation of

During the International Geophysical Year (IGY) of 1957–1958 Finland 
participated in research work in the Barents Sea in an international expedition with the 
research vessel Aranda (II). This was the first time a Finnish research vessel was 
operating outside of the Baltic Sea (Helaoperating outside of the Baltic Sea (Helaoperating outside of the Baltic Sea ( , 1959), (Table 1). Twenty years later, in 1980, 
Finnish scientists participated in the Ymer expedition around Svalbard and in Fram 
Strait where their studies were concentrated on the sea ice and its salinity, thickness and 
ridge concentration and transformations (Leppäranta and Palosuoridge concentration and transformations (Leppäranta and Palosuoridge concentration and transformations ( , 1987). 

Table 1. Expeditions of Finnish RV Aranda in the Arctic and sub-Arctic Seas. 

Vessel Year Area Programme 
Aranda II 1957 Barents Sea IGY 
Aranda III 1989 North Atlantic Test cruise 
Aranda III 1990 Denmark Strait Nordic WOCE 
Aranda III 1993 Denmark Strait Nordic WOCE 
Aranda III 1997 Denmark Strait VEINS 
Aranda III 2002 Fram Strait FRAMZY 
Aranda III 2003 Fram Strait ACSYS-ABSIS 

The on-going studies of physical oceanography of the Arctic Ocean began at the 
Finnish Institute of Marine Research (FIMR) in the early 1990s within the Nordic 
WOCE (World Ocean Circulation Experiment) programme (Mälkki, 2001), where the 
focus was on the exchanges of mass, heat and freshwater across the Greenland-Scotland focus was on the exchanges of mass, heat and freshwater across the Greenland-Scotland focus was on the exchanges of mass, heat a
Ridge. Thereafter the work continued in the EC VEINS (Variability of Exchanges In the 
Northern Seas) programme. In particular the water properties and entrainment into the 
overflow crossing the 620m deep sill in Denmark Strait were examined (Fig. 1). The 
dense overflow waters contribute to the North Atlantic Deep Water and thus take part in 
the global thermohaline circulation. The thermohaline circulation, bringing warm saline 
water to the north and transporting cold, deep water to the south, ventilates and renews 
the deep waters of the oceans and is an important factor for the climate of northern and 
northeastern Europe (Dickson et alnortheastern Europe (Dickson et alnortheastern Europe ( ., 2008).  

The origins of the Denmark Strait overflow water cannot be determined by only The origins of the Denmark Strait overflow water cannot be determined by only The origins of the Denmark Strait overf
examining the waters south of and in the strait, but it is also necessary to study the 
source waters in the north. The overflow is formed from the denser waters in the Nordic 
Seas (i.e., the Greenland, Iceland and Norwegian Seas) and the Arctic Ocean, carried 
southward by the East Greenland Current (EGC) (Fig. 2). The densest waters, however, 
are unable to cross being located too deep (Swift et al., 1980; Mauritzen, 1996a, b; 
Rudels et al., 1999; Rudels et al., 2002). The EGC, bringing cold and dense overflow 
water as well as low-salinity water and ice from the Arctic Ocean through Fram Strait, 
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was studied from observations made on the RV Polarstern in 1998 and IB Oden in 
2002. 

Fig. 1. The Arctic Ocean bathymetry. CB = Canadian Basin, CBL = Chukchi Borderland, EB = Eurasian 
Basin, FJL = Franz Josef Land, YP = Yermak Plateau, SAT = St. Anna Trough. Adapted from 
Encyclopedia of Ocean Sciences, 2nd ed., 2008. 

Within the VEINS and later ASOF (Arctic-Subarctic Ocean Fluxes) programmes 
the research of FIMR gradually shifted towards Fram Strait. The water masses and the 
exchanges in Fram Strait were examined using hydrographic data from 1980 to 2005. 
During 2002 and 2003 also the FIMR research vessel RV Aranda (III) was taking part 
in field experiments in Fram Strait (Table 1). The main focus was on the drift of the sea 
ice and the interactions between air and ice, but also hydrographical observations were een air and ice, but also hydrographical observations were een air and ice, but also hyd
made (Johansson et almade (Johansson et almade ( ., 2005). During VEINS and ASOF it was found that the 
processes inside the Arctic Ocean influence the water mass formation, and the 
distribution of temperature and salinity within the Arctic Ocean needs to be studied to 
understand the long-term variability in the observations. Such research was conducted 
in the HOTRAX (Healy-Oden TRans-Arctic eXpedition) with IB Oden in 2005 and 
with several expeditions to the Arctic Ocean during the International Polar Year (IPY). 
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Fig. 2. Upper layer circulation in the Arctic Ocean with the average summer (pink) and winter (blue) ice 
limits. Warm Atlantic currents are shown with red arrows, cold Arctic currents with blue and less saline 
or transformed currents with green. BG = Beaufort Gyre, EGC = East Greenland Current, NCC = 
Norwegian Coastal Current, TPD = Transpolar Drift, WSC = West Spitsbergen Current. Adapted from 
Encyclopedia of Ocean Sciences, 2nd ed., 2008. 

As FIMR was closed down at the beginning of 2009 the research groups studying 
physical oceanography were moved to the Finnish Meteorological Institute (FMI), 
where a unit of marine research was formed and now continues the Arctic physical 
oceanography work in Finland. The ultimate aim of the research remains the same, to 
gain understanding on the role of the Arctic Ocean in the global circulation, how it 
affects and how it would be affected in a changing climate. 

In this paper transport estimates for Denmark Strait overflow are presented in 
Section 2 as well as the exchanges of different water masses, heat and freshwater in 
Fram Strait. In Section 3 the circulation, mainly of Atlantic water, in the Arctic Ocean 
and the water mass transformations are discussed. In Section 4 activities involving 
Finnish physical oceanographers during IPY are described and some preliminary results 
are shown. 
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2. Exchanges 

2.1 Denmark Strait 

The work that started at FIMR in Denmark Strait during the Nordic WOCE was 
continued in the VEINS programme 1997–2000. A cruise was made with RV Aranda 
(III) in 1997 to Denmark Strait where hydrographic measurements were made to study 
the overflow waters crossing the Greenland-Scotland Ridge. 

2.1.1 Entrainment 

Rudels et al. (1999) observed a low salinity lid comprising the upper part of the 
dense  overflow  (Fig. 3)  from the hydrographical data south of the Denmark Strait. The  

Fig. 3. A “low salinity lid” capping the Denmark Strait overflow water. A layer with a salinity minimum 
in the density range σθ = 27.70 – 27.85 was observed during an Aranda cruise in 1997, and could be 
traced along the descent of the Denmark Strait overflow plume. The lid is evident in the vertical profiles 
of potential temperature, salinity and potential density on the different cross sections. From Dickson et al. 
2008. 
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lid indicates that the overflow is stratified and the lid could be followed from just south 
of the 620 m deep Denmark Strait sill downstream along the continental slope to depths 
of more than 2000 m. This suggests that ambient waters are not easilyof more than 2000 m. This suggests that ambient waters are not easilyof more than 2000 m. This suggests that ambien  entrained into the 
overflow plume. There still is uncertainty of how this lid can survive the descent and overflow plume. There still is uncertainty of how this lid can survive the descent and overflow plume. There still is uncertainty of
how it is compatible with the strong entrainment often associated with the overflow 
(Dickson and Brown(Dickson and Brown( , 1994; Dickson et al., 2008). It has been suggested i.e. that instead 
of entrainment the changes observed downstream of the sill are due to internal mixing 
of the initially stratified plume during the descent (Rudels et alof the initially stratified plume during the descent (Rudels et alof the initially stratified plume during the descent ( ., 1999) or that the 
entrainment could be patchy enough in space and time to allow these features to survive 
in places (Dickson et alin places (Dickson et alin places ( ., 2008). 

2.1.2 Observations and transport estimates based on them 

An array of moored current meters was deployed at Angmassalik south of the 
strait in 1997 and has been maintained ever since, and hydrographic sections have been 
taken yearly in connection with the mooring replacement. The amount of overflow 
water flowing southward through Denmark Strait is estimated to 3 Sv by Hansen and 
Østerhus (2000) and 4 Sv (1 Sv = 106 m3/s) from direct observations (Dickson et al./s) from direct observations (Dickson et al./s) from direct observations ( , 
2008) and a total of 6 Sv flows across the Greenland-Scotland Ridge (Hansen and 
Østerhus, 2000).

FIMR continued to study the Denmark Strait overflow waters during the EU 
funded ASOF programme, 2003–2005. Estimates of the overflow were made based on 
geostrophic calculations using the method of Jacobsen and Jensen (1926) to account for 
the sloping bottom. An average transport of 3.6 Sv was obtained for the southward the sloping bottom. An average transport of 3.6 Sv was obtained for the southward the sloping bottom. An average transport of
volume transport (Dickson et alvolume transport (Dickson et alvolume transport ( ., 2008). The origins of the overflow waters were studied 
from the hydrographic sections south of the Denmark Strait by computing percentages 
of the water masses whose combinations could create the observed temperature and 
salinity properties (Dickson et alsalinity properties (Dickson et alsalinity properties ( ., 2008). The water masses contributing to the overflow 
are the intermediate and Atlantic waters from the Nordic Seas and the Arctic Ocean, 
both the Atlantic water recirculating in Fram Strait and the part that loops in the Arctic ating in Fram Strait and the part that loops in the Arctic ating in Fram Strait and the pa
Ocean as well as the Greenland and Iceland Seas intermediate waters and the upper 
Polar Deep Water (uPDW) from the Arctic Ocean (Rudels et alPolar Deep Water (uPDW) from the Arctic Ocean (Rudels et alPolar Deep Water (uPDW) from the Arctic Ocean ( ., 2002). The water 
masses carried southward by the EGC were studied in detail from hydrographic data 
obtained from the Arctic Ocean – 02 cruise with IB Oden with sections crossing the 
EGC from Fram Strait to Denmark Strait by Rudels et al. (2005). 

2.2 Fram Strait 

During ASOF focus was shifted towards Fram Strait where the deep exchanges 
between the Arctic Ocean and the rest of the oceans take place. There a substantial 
amount of freshwater leaves and warm and salty Atlantic water (AW) enters the Arctic 
Ocean. The transports of different water masses were estimated based on a geostrophic 
method where constraints were set on the deep part of the flow assuming a steady net 
southward flow of more saline Arctic Ocean deep waters for the period of observations, 



Finnish Studies of Physical Arctic Oceanography 153 

between 1980 and 2005, and using the method of Jacobsen and Jensen (1926) for the 
sloping bottom (Rudels et al., 2008). The net transport was estimated to 2.5 Sv out of 
the Arctic Ocean. 

2.2.1 Time variability and budget considerations 

The geostrophic method does not take into account the barotropic flow strongly 
present in the strait, especially on the Svalbard side, and Rudels et al. (2008) combined 
the geostrophic result with budget considerations for the Arctic Ocean. The mean 
transport through Bering Strait is estimated to 0.8 Sv with large seasonal variations 
(Coachman and Aagaard, 1988; Coachman and Aagaard, 1988; Coachman and Aagaard Woodgate and Aagaard 2005). The volume of Atlantic Woodgate and Aagaard 2005). The volume of Atlantic Woodgate and Aagaard
Water that enters the Arctic Ocean across the Barents Sea opening has been estimated to 
1.5 Sv during EU funded VEINS and ASOF projects (ASOF-N Final Report1.5 Sv during EU funded VEINS and ASOF projects (ASOF-N Final Report1.5 Sv during EU funded VEINS and ASOF projects ( , 2006) and 
this value was used in the budget considerations, a later estimate by Skagseth et al. 
(2008) is 1.8 Sv. Also Norwegian Coastal Current brings low-saline water to the Arctic 
Ocean, about 0.7 Sv (Aagaard and CarmackOcean, about 0.7 Sv (Aagaard and CarmackOcean, about 0.7 Sv ( , 1989; Blindheim, 1989). The Arctic Ocean 
receives 0.15–0.2 Sv freshwater from precipitation and runoff (Serreze et al., 2006). 
The estimates for volume transport out of the Arctic through the Canadian Arctic 
Archipelago vary between 1 and 2 Sv, 1.7 Sv being most often used (e.g. Melling, 2000; 
Prinsenberg and Hamilton, 2005). Rudels et al. (2008) used the value 1.44 Sv from 
Dickson et al. (2007) and obtained a net transport estimate out of the Arctic through 
Fram Strait of 1.7 Sv. The transport out of the Arctic Ocean through Fram Strait has 
been estimated to 2.0 Sv from direct observations, which consist of  an array of current 
meters maintained in the strait continuously since 1997 (Schauer et al., 2008).  

2.2.2 Double sections 

The Fram Strait estimates are compared with transports computed from 
geostrophy by applying conservation constraints on a closed box formed of CTD 
sections north of Fram Strait, at about 81–82.5°N (80-83°N) and in the strait, at 79°N, 
and by Greenland and Svalbard slopes to the west and east (Fig. 4). The transports 
obtained across 79°N are 2.7 / 2.3 Sv, the first value for the whole width of the section 
and the latter for the area of 6°W to 9°E, which was used in the Rudels et al. (2008) 
estimates, with 2.1 / 1.8 Sv in 1984 (as compared with the previous geostrophy derived 
value of 1.4 Sv, not corrected with budget considerations), 4.1 Sv in 1997 (4.0 Sv) and 
1.8 / 1.1 Sv in 2004 (1.9 Sv). (Fig. 5). 

The transports of heat and freshwater between the Arctic Ocean and the Nordic 
Seas were also computed (Fig. 5). The heat transport at 79°N is of the same order as that 
derived from direct current meter moorings, i.e. 26–50 TW by Schauer et al. (2008), but 
smaller in the north, which would imply heat loss between the sections. Fresh water 
transport southward is larger on the southern section whictransport southward is larger on the southern section whictransport southward is larger h could be due to sea ice 
melting between the sections. Both these processes are expected.
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Fig. 4. Locations of the CTD double sections used for geostrophic transport estimates.

Rabe et al. (2009) concluded based on hydrographic and mooring observations 
that in some years a considerable part of the net southward freshwater transport in Fram 
Strait, about 80 mSv in liquid form, takes place on the shelf rather than on the 
continental slope, and a modeling study by Gerdes et al. (2008) suggests that about half 
of the liquid freshwater transport occurs on the East Greenland Shelf. The part of the 
section studied by Rudels et al. (2008) is from 6°W to 9°E and they estimated that an 
additional 25 mSv of freshwater and a maximum of 1 Sv in southward volume flow 
occurred on the shelf. They got an average net transport of freshwater of 40 mSv 
through Fram Strait. Adding these numbers would give a freshwater flux of 65 mSv, 
well comparable with the number presented by Dickson et al. (2007), 65–95 mSv. The 
sea ice export is estimated as 80 mSv by Dickson et al. (2007). 
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Fig. 5. Transports of volume (medium grey northward, light grey southward, dark grey net) at Fram Strait 
and north of it for the whole water column of the double sections and for the upper part (σθ < 28.06, 
marked with σ) and the net heat and freshwater fluxes for the upper part of the sections. 

2.2.3 Intermediate water 

The net transport in Fram Strait was found by Rudels et al. (2008) to be southward 
in all water masses with little net southward transport seen in the upper waters. The 
largest net southward transports occur in the ranges of the dense Atlantic and largest net southward transports occur in the ranges of the dense Atlantic and largest net southward transports occur in
intermediate waters, suggesting transport from the Arctic Ocean of the denser parts of intermediate waters, suggesting transport from the Arctic Ocean of the denser parts of intermediate waters, suggesting transport from
the Barents Sea inflow. 

The northward transport of Arctic Intermediate Water (AIW) is little known. The 
inflow of AIW to the Arctic Ocean has to be taken into account when estimating the 
production of intermediate water in the Arctic Ocean, the upper Polar Deep Water. The 
intermediate waters leaving the Arctic Ocean directly contribute to the overflow and to 
the global thermohaline circulation. A transient tracer, sulphur hexafluoride (SF6), 
released in the Greenland Sea in 1996 in a mixing experiment described by Watson et 
al. (1999), can be used as a marker for AIW to separate between AIW and uPDW. 
About 70% of the intermediate water volume on the eastern section (1) taken north of 
Svalbard on the Oden 2002 cruise (Marnela et al., 2008) showed traces of excess SF6, 
indicating that AIW from the Greenland Sea enters the Arctic Ocean. From geostrophy 
it was estimated that 0.8 Sv of intermediate water passes the section, which suggested 
that 0.5 Sv AIW is entering the Arctic Ocean. The AIW transport was also estimated 
from Lowered Acoustic Doppler Current Profiler measurements, which indicated a 
larger transport of 2.8 Sv. (Marnela et al., 2008) 
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3. Processes in the interior of the Arctic Ocean 

About 2–4 Sv of warm and saline Atlantic water enter the Arctic Ocean through 
Fram Strait, and slightly less across the Barents Sea, based on models and observations 
(Rudels, 1987; Blindheim, 1989; Holland et al., 1996; Ingvaldsen et al., 2004; 
Maslowski et al., 2004; Schauer et al., 2008; Skagseth et al., 2008). The Fram Strait 
branch follows the continental slope north of Svalbard and circulates in an anti-
clockwise way. The Barents Sea branch becomes cooled and freshened in the Barents 
Sea and enters the Arctic Ocean at St. Anna Trough (Rudels et alSea and enters the Arctic Ocean at St. Anna Trough (Rudels et alSea and enters the Arctic Ocean at St. Anna Trough ( ., 1994; Karcher et al., 
2002). 

The transformations of the Atlantic water and intermediate waters of the Arctic 
Ocean occur mainly through isopycnal mixing between the two inflow branches as they 
join north of the Kara Sea and the Severnaya Zemlya and by the interaction with dense 
shelf/slope plumes caused by freezing and brine-rejection (Rudels et alshelf/slope plumes caused by freezing and brine-rejection (Rudels et alshelf/slope plumes caused by freezing and brine-rejection ( ., 2000; Rudels, 
2001; Rudels et al., this issue). Both branches take part in the formation of the Arctic 
Ocean lower halocline that is formed as the outflow of low salinity shelf water overruns 
the winter mixed layer in the Nansen Basin (Rudels et al., 1996; Rudels et al., 2004). 
The mixing of the Fram Strait and Barents Sea branches has been studied and is 
presented in more detail by Rudels et al. (this issue). Part of the AW recirculates in the 
Nansen and Amundsen Basins, especially along the Lomonosov Ridge, while a part 
continues further into the Canadian Basin along the continental slope (Rudels Basin along the continental slope (Rudels Basin along the continental slope ( , 2001). 

It is still unknown how much of the heat carried by AW is actually released in the 
Arctic because of the strong stratification and the halocline that lie on top of the Atlantic 
layer preventing the heat to be released directly to the sea surface (see e.g. layer preventing the heat to be released directly to the sea surface (see e.g. layer preventing the heat to be released Rudels et al., 
2008). 

The processes inside the Arctic Ocean have been studied from Oden 2005 
HOTRAX data. A pathway of deep water from the Makarov Basin (MB) to the 
Amundsen Basin (AB) through an intra basin in the Lomonosov Ridge was discovered. 
This is likely the most important passage for deep water from the MB to the AB (Björk This is likely the most important passage for deep water from the MB to the AB (Björk This is likely the most important passage for deep water from the MB to the AB (
et al., 2007). By contrast none of the expected deep water flow from the AB to the MB 
(Jones et al(Jones et al( ., 1995) was observed on the HOTRAX expedition. 

4. Activities during the International Polar Year (IPY) 2007-2009 

During the IPY FIMR studied the water masses and the circulation in the Arctic 
Ocean in an Academy of Finland funded project “Heat and freshwater distribution in the 
Arctic Ocean” and in the EU funded programme DAMOCLES (Developing Arctic 
Modelling and Observing Capabilities for Long-term Environmental Studies). The 
water mass distributions and the circulation as well as the processes and mixing 
mechanisms that determine the water mass properties in the Arctic Ocean and the 
Nordic Seas were studied. FMI is one of the original partners in DAMOCLES and Nordic Seas were studied. FMI is one of the original partners in DAMOCLES and Nordic Seas were studied. FMI is one of
boundary layer meteorology in the Arctic as well as part of the sea ice research have 
been conducted at FMI already before the unit of marine research was formed at FMI. 
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FIMR participated in a LOMROG (Lomonosov Ridge off Greenland) expedition 
in 2007 with IB Oden where the path of the MB deep water that in 2005 was discovered 
to cross the central Lomonosov Ridge was further examined, and in the SPACE 
(Synoptic Pan-Arctic Climate and Environment study) expedition on RV Polarstern 
where especially the mixing, circulation and transformation of the Barents Sea and where especially the mixing, circulation and transformation of the Barents Sea and where especially the mixing, circulation a
Fram Strait branches of AW in the Nansen, Amundsen and Makarov Basins were 
studied. One further finding is that beyond the Nansen Basin, the Barents Sea inflow 
rather than the Fram Strait inflow appears to contribute most of the water to the Atlantic 
layer in the Arctic Ocean (Rudels et al., this issue). 

FIMR had planned to continue the study of the Fram Strait inflow in the ice-free FIMR had planned to continue the study of the Fram Strait inflow in the ice-free FIMR had planned to continue the study of
area called Whalers’ Bay north of Svalbard and around Yermak Plateau, where the 
Arctic Intermediate Water (AIW) and upper Polar Deep Water (uPDW) had been 
investigated from Oden 2002 data. However, these plans were compromised by lack of 
funding for the RV Aranda cruise in 2008 and by engine problems that cancelled the 
RV Maria S. Merian cruise leg in the area in 2007. 

Instead FIMR participated in the Chinare 2008 cruise with MV XueLong as part 
of the DAMOCLES project but also within the Academy of Finland funded Finnish IPY 
activity. FIMR joined the standard CTD (conductivity, temperature, depth) 
observational work and also provided backup CTD equipment. Together with the 
Chinese researchers FMI is now taking part in the analysis of the data, and in the 
interpretation of the temperature and salinity structures in the context of the Arctic 
Ocean circulation, mixing processes and changes in water mass properties (Fig. 6). Due 
to the tight schedule only 6 deep stations were obtained inside the Arctic Ocean that can  

Fig. 6. CTD station locations on the Chinare 2008 cruise. 
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be used for studying the deep waters. The focus of FMI therefore will mainly be on the 
halocline, on AW properties as well as on the freshwater storage. These studies of water 
masses, including the Atlantic water, their transformation and circulation at the Chukchi 
Borderland and in the Canadian Basin are made in co-operation with Chinese 
colleagues. FIMR also conducted sea ice and atmospheric boundary layer research on colleagues. FIMR also conducted sea ice and atmospheric boundary layer research on colleagues. FIMR also conducted sea ice a
the cruise and this data will be combined with the data obtained from the previous 
Chinare 2003 cruise (Cheng et al., 2008). 

In Figure 7 on the left the temperature and salinity characteristics are shown for 
section N on the western side of the Chukchi Borderland. Station N1 is the outermost 
station on section N and the temperature minimum at the salinity around 34 indicates 
the presence of lower halocline water originating in the Nansen Basin.  

In Figure 7 on the right the temperature and salinity characteristics for the deep 
and intermediate waters for the same section are shown. The strongest interleaving in 
the intermediate water ranges was found in section N and the lower salinity in the 
intermediate water range on the western side of the Chukchi Borderland (CBL), note 
especially station N1 (bold), where the colder and fresher intermediate layer indicates a especially station N1 (bold), where the colder and fresher intermediate layer indicates a especially station N1 (bold), where the colder
stronger influence of Barents Sea water at the western side. The data shown are 
preliminary and the work is in progress. 

Fig. 7. θ-S diagrams of the Chinare 2008 cruise section N located on the western side of Chukchi 
Borderland. On the left the temperature minimum around salinity 34 indicating the presence of lower 
halocline water originating from the Nansen Basin at station N1 (bold line) is pointed out with an arrow. 
On the right an arrow points at the colder and fresher intermediate waters of station N1 indicating the 
presence of Barents Sea water. 

5. Concluding remarks 

The work done during the IPY by the Finnish physical oceanographers in the 
Arctic Ocean will be continued as international co-operation. The research done in 
Finland on the Arctic seas is quite marginal in spite of their impact on our climate and 



Finnish Studies of Physical Arctic Oceanography 159 

the North Atlantic also plays an important role in renewing the bottom/deep waters of 
the Baltic Sea. In general the field of oceanography, and not just physical, is 
surprisingly small in Finland considering how much coastline the country has with the surprisingly small in Finland considering how much coastline the country has with the surprisingly small in Finland considering how
Baltic Sea. 
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Abstract. The volume, heat and freshwater transports in the
Fram Strait are estimated from geostrophic computations
based on summer hydrographic data from 1984, 1997, 2002
and 2004. In these years, in addition to the usually sampled
section along 79◦ N, a section between Greenland and Sval-
bard was sampled further north. Quasi-closed boxes bounded
by the two sections and Greenland and Svalbard can then
be formed. Applying conservation constraints on these boxes
provides barotropic reference velocities. The net volume flux
is southward and varies between 2 and 4 Sv. The recirculation
of Atlantic water is about 2 Sv. Heat is lost to the atmosphere
and the heat loss from the area between the sections averaged
over the four years is about 10 TW. The net heat (temper-
ature) transport is 20 TW northward into the Arctic Ocean,
with large interannual differences. The mean net freshwater
added between the sections is 40 mSv and the mean fresh-
water transport southward across 79◦ N is less than 60 mSv,
indicating that most of the liquid freshwater leaving the Arc-
tic Ocean through Fram Strait in summer is derived from sea
ice melt in the northern vicinity of the strait.

In 1997, 2001 and 2003 meridional sections along 0◦ lon-
gitude were sampled and in 2003 two smaller boxes can
be formed, and the recirculation of Atlantic water in the
strait is estimated by geostrophic computations and conti-
nuity constraints. The recirculation is weaker close to 80◦ N
than close to 78◦ N, indicating that the recirculation is mainly
confined to the south of 80◦ N. This is supported by the
observations in 1997 and 2001, when only the northern
part of the meridional section, from 79◦ N to 80◦ N, can

be computed with the constraints applied. The recircula-
tion is found strongest close to 79◦ N.

1 Introduction

Fram Strait with a 2600 m sill depth is the most important
passage between the Arctic Ocean and the Nordic Seas for
oceanic transports of heat and freshwater and for sea ice
(Fig. 1). On the eastern side of the strait, the West Spitsbergen
Current transports warm and saline water towards the Arctic
Ocean. On the western side, cold and low salinity surface wa-
ter is transported southward by the East Greenland Current.
The exchanges through the strait play an important role in the
heat and freshwater budgets of the Arctic Ocean and have ef-
fects on the Arctic sea ice cover as well as on the meridional
overturning circulation, which is, at least partly, responsi-
ble for the mild climate in the North-Western Europe. The
exchanges through the strait have been monitored contin-
uously by hydrographic observations and by direct current
measurements since 1997 (Schauer et al., 2008), and irreg-
ularly for 30 yr. The dynamic nature of the exchanges, with
strong boundary currents on both sides of the strait, time vari-
ability, intense baroclinic and barotropic eddy activity and
substantial recirculation (e.g., Teigen et al., 2011), makes it
difficult to accurately define and determine the transports be-
tween the Nordic Seas and the Arctic Ocean.

The geostrophic transports of volume/mass, heat and
salt/freshwater through Fram strait have previously been
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Fig. 1 

Fig. 1. Fram Strait bathymetry and AW circulation (red AW and
orange AAW). Green arrow is Norwegian Coastal Current. YP =

Yermak Plateau, SAT = Saint AnnaTrough.

computed from hydrographic sections extending from
Greenland to Svalbard with different approaches to de-
termine the reference velocities by, e.g., Palfrey (1967),
Rudels (1987), Bourke et al. (1988) and Schlichtholz and
Houssais (1999). One recent attempt was made by Rudels
et al. (2008), who dealt with the problem of the unknown
reference velocities by applying constraints on the salt and
volume transports in the deep waters and by evaluating the
Arctic Ocean volume and freshwater balances.

The transports have also been estimated from direct cur-
rent observations; first only in the West Spitsbergen Current
(Aagaard et al., 1973; Aagaard and Greisman, 1975) and in
the East Greenland Current (Foldvik et al., 1988), but later
through a full section at 78◦50′ N that has been monitored
continuously since 1997 (e.g., Fahrbach et al., 2001; Schauer
et al., 2004, 2008). However, in spite of the large number of
moorings, the small scale features of the flow field are still
not resolved and undersampling could lead to aliasing of the
results and to large variations in the transport estimates.

A seasonal signal in the Fram Strait exchanges has been
reported by e.g., Fahrbach et al. (2001) and Schauer et
al. (2004) who noted a minimum volume transport in the
West Spitsbergen Current in summer with large monthly fluc-
tuations. In the East Greenland Current the seasonal signal is
less clear (Fahrbach et al., 2001; Schauer et al., 2004) al-
though de Steur et al. (2009) found a summer minimum also
in the East Greenland Current.

The exchanges through the Fram Strait have also been
estimated from models, e.g., Karcher et al. (2003, 2008),
Maslowski et al. (2004) and Fieg et al. (2010). The transports
are similar or somewhat smaller than those obtained from di-
rect current measurements and geostrophy. Fieg et al. (2010)

 41 

 
Fig. 2 

Fig. 2. Fram Strait bathymetry (IBCAO) with 1984, 1997, 2002 and
2004 stations. Map produced with GMT (Wessel and Smith, 1998).

find similar fluctuations as in the current metre array and no
annual cycle in the net transport.

In this paper the exchanges of volume, heat and freshwa-
ter in the Fram Strait are estimated as well as the recircula-
tion in the strait. The transports of volume, heat and fresh-
water through Fram Strait are obtained by computing the
geostrophic transports through two CTD sections, one sec-
tion located in Fram Strait at about 79◦ N and the second
taken north of the strait extending from Svalbard to Green-
land (Fig. 2). A set of conservation constraints are applied on
volume, heat and salt for the boxes defined in the north and
south by the CTD sections, to the east by the Svalbard slope
and to the west by the Greenland slope. The undetermined
reference velocities can then be estimated using a variational
approach, without having to pre-define, for example, the net
salt and volume transports in the deeper layers as was done
in a previous study by Rudels et al. (2008).

Only few complete oceanographic sections have been oc-
cupied between Greenland and Svalbard north of Fram Strait
beyond the recirculation area that can be combined with the
79◦ N section. (Figs. 2 and 3). The summers studied are 1984,
1997, 2002 (with one section taken in spring) and 2004.
The exchanges of volume, heat and freshwater as well as
the transports of different water masses are determined. The
availability of two zonal (east-west) sections also makes it
possible to estimate the summer ice melt in the Fram Strait
as well as the local net heat loss in the area between the sec-
tions. The heat and freshwater transports are compared with
atmospheric forcing to evaluate their credibility.

The recirculation in the Fram Strait is not fully under-
stood. The zonal section pair computations are also used to
separate the recirculation in the Fram Strait from the ex-
changes between the Arctic Ocean and the Nordic Seas. The
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Fig. 3a. Caption on next page.
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beyond the recirculation area that can be combined with the
79◦ N section. (Figs. 2 and 3). The summers studied are 1984,
1997, 2002 (with one section taken in spring) and 2004.
The exchanges of volume, heat and freshwater as well as
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as well as the local net heat loss in the area between the sec-
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Fig. 3c 

Fig. 3c. (a) Potential temperature, (b) salinity and (c) velocity with constraints applied from the zonal sections in 1984, 1997, 2002 and 2004
(Fig. 2). The constraint boundaries, potential density (σθ ) surface 28.06 and the 2744 dbar pressure level, are shown (yellow lines). Positive
(negative) velocities are northward (southward). Stations 154 and 155 shown in Fig. 6 are marked with arrows in all the 2004 79◦ N sections.
Colour coding of the sections (North for the northern section, and 79◦ N) follows that of Fig. 2.
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Fig. 3c. (a) Potential temperature, (b) salinity and (c) velocity with constraints applied from the zonal sections in 1984, 1997, 2002 and 2004
(Fig. 2). The constraint boundaries, potential density (σθ ) surface 28.06 and the 2744 dbar pressure level, are shown (yellow lines). Positive
(negative) velocities are northward (southward). Stations 154 and 155 shown in Fig. 6 are marked with arrows in all the 2004 79◦ N sections.
Colour coding of the sections (North for the northern section, and 79◦ N) follows that of Fig. 2.
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Fig. 4 

Fig. 4. Fram Strait bathymetry with 1997, 2001 and 2003 stations.
Map produced with GMT (Wessel and Smith, 1998).

recirculation is computed more directly from north-south hy-
drographic sections located in the Fram Strait close to the
Greenwich meridian (0◦ longitude) between 78◦ N and 80◦ N
(Figs. 4 and 5). The sections were taken in summers 1997,
2001 and 2003. Boxes closed by CTD sections on three sides
and by the Greenland or Svalbard slope on one side are
formed (Fig. 4) and geostrophic transports through the sides
of the boxes are computed. The velocities are adjusted to ful-
fil volume, heat and salt conservation constraints.

In Sect. 2, the data are presented. In Sect. 3 the
geostrophic transport computations, constraints and the vari-
ational method are described. In Sect. 4 results are shown for
volume transports and recirculation as well as for heat (tem-
perature) and freshwater transports. In Sect. 5 the transport
estimates from different methods and the sources of error are
discussed. Sect. 6 contains the discussion and conclusion.

2 Data

CTD (conductivity (salinity), temperature and depth) data
obtained during various cruises (Figs. 2 and 4) are exam-
ined. The east-west section pairs (Fig. 2) used are two Lance
1984 (18 July to 29 August) sections, a VEINS (Variabil-
ity of Exchanges In the Northern Seas) section pair taken in
1997 with a northern Polarstern section (2 to 27 July) com-
bined with a Lance section at 79◦ N (25 August to 7 Septem-
ber) and two Polarstern 2004 (17 July to 26 August) sections
taken during the ASOF (Arctic Subarctic Ocean Fluxes) pro-
gramme. A two-part Oden section in the north taken in 2002
(9 to 14 May) was also used together with a Polarstern sec-
tion at 79◦ N (31 July to 15 August). (Figs. 2 and 3). The
north-south sections (Figs. 4 and 5) are from 1997 (24 Au-
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Fig. 5 
Fig. 5. Velocity with constraints applied from the meridional sec-
tions in 1997, 2001 and 2003 (Fig. 4) showing the constraint bound-
ary, potential density (σθ ) surface 28.06 (yellow lines). Positive
(negative) velocities are westward (eastward).

gust to 15 September) and 2003 (8 to 23 September) taken
by Lance, and 2001 by Polarstern (23 June to 27 July).

For all years the data have been averaged for every 1 dbar
except for 1997 Lance where the average is over 2 dbar. The
data were extrapolated to the surface (0 dbar) by taking the
values from the uppermost measurements and retaining these
all the way to the surface. The instruments used were Seabird
911+ CTDs except in 1984 when a Neil Brown Mark III
CTD was used. The CTD data, except in 1984, have been
processed using the Seabird software and the conductivity
has been calibrated against water samples. The salinity error
is about 0.003 except for the 1997 Polarstern cruise, where it
is 0.005. The 1984 data had a drifting pressure sensor and the
data had to be adjusted over time as well as calibrated against
salinity samples. Unfortunately many of the calibration sam-
ples were destroyed as a geological sample was dropped on
a salinity box. The error in salinity on the 1984 data could,
therefore, be ± 0.004. The 1984 data have been processed
by removing instabilities through homogenising the under-
lying layer to give static stability and the surface layer, 0 to
10 dbar, has been given the salinity and temperature values
measured at 10 dbar.

Vessel mounted ADCP (Acoustic Doppler Current Pro-
filer) data are available underway from the Polarstern 2004
cruise. The instrument is a narrow band 150 kHz ADCP from
RD Instruments. The ADCP pings have been averaged within
1 min ensembles and 8 m bins. The velocity data used here
have been de-tided using the AOTIM-5 model by removing
all semi-diurnal and quarter-diurnal tidal constituents (Pad-
man and Erofeeva, 2004). The ADCP data were further av-
eraged onto 10 min and 10 m cells and reach from 25 m to a
maximum depth of 425 m.

Era Interim Reanalyses, produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF) and pub-
licly available at http://data-portal.ecmwf.int/, are used to
compute surface meteorological fluxes for 1984, 1997, 2002
and 2004. The data used are 12 h cumulative values of surface
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Fig. 6 Fig. 6. Velocity profiles with (solid lines) and with no (dashed lines)

constraints applied for two station halves between stations 154 and
155 in 2004 located on the Svalbard slope in the 79◦ N section (lo-
cations shown in Fig. 3). Velocity is first set to zero at the bottom
of the shallow cast and method of Jacobsen and Jensen is used to
estimate the velocity below this level for the deep station.

net solar and thermal radiation fluxes, surface latent and sen-
sible heat fluxes, precipitation and evaporation, at the spatial
resolution of 0.75◦(lat/lon). The wind fields in Fram Strait
are also obtained from the ERA Interim Reanalyses.

Sea ice edge is visually located from the US National
Snow and Ice Data Center’s satellite based monthly sea
ice concentration and extent images on Sea Ice Index
(http://nsidc.org/data/seaice index/) and also obtained from
the ERA Interim Reanalyses.

3 Method

3.1 Geostrophic computations

The geostrophic method assumes a balance between the
Coriolis force and the pressure gradient. The geostrophic ve-
locities between station pairs are first computed with zero
velocity at the bottom of the cast of the shallower station of
the pair. The method of Jacobsen and Jensen (1926) is then
used for determining the velocities at the deeper station at all
levels located below the deepest common level of the station
pair (Appendix A).

From direct current observations it is known that the cur-
rents in Fram Strait close to bottom tend to flow northward
on the eastern slope and southward on the western slope. In
the slope areas on all sections, the velocity is, therefore, set to
zero either at the bottom of the cast of the shallow station or
at the bottom of the cast of the deep station of the station pair
(Fig. 6). The choice is made in order to have the flow in the
deep part, below the maximum depth of the shallow station,

going in the direction indicated by the direct current obser-
vations, that is northward in the east and southward in the
west. For the stations in the central parts, on the shelf areas
and in Sofia Deep the velocity is kept at zero at the bottom of
the shallower station cast. Conservation constraints are then
applied on volume, heat and salt.

3.2 Determination of the barotropic velocity correction

3.2.1 Conservation constraints and the variational
approach

Conservation constraints are formulated on closed boxes in
a way similar to Houssais et al. (1995). In general form they
read (See Appendix B for details):
∫ ∫

γ

vb(x)R(x, z)dxdz+

∫ ∫

γ

vbc(x, z)R(x, z)dxdz = C = 0 (1)

where vb(x) is the depth-independent barotropic velocity,
vbc(x, z) is the baroclinic velocity from the geostrophic com-
putations, R is either S for salt transport, θ for heat transport
or 1 for volume transport and γ stands for the area of the
CTD sections on which the constraint is applied. The con-
straints are deliberately kept weak with only heat, volume
and salt, but not water masses conserved. This allows for both
isopycnal and diapycnal mixing between water masses. The
boxes are assumed to have no sources and sinks and the con-
straints C become equal to zero.
A variational approach is then used to find the least en-

ergetic barotropic corrections needed to fulfil the constraints
in a way similar to the method in Rudels et al. (2008). The
barotropic velocity component vb is computed by minimis-
ing the kinetic energy of the barotropic part (not the total
kinetic energy as in Rudels, 1987; Houssais et al.,1995) us-
ing the method of Lagrangian multipliers (Lanczos, 1970;
Wunsch, 1978; Stommel and Veronis, 1981). The barotropic
reference velocities are determined by solving the Moore-
Penrose inverse B(AT B)−1 with no error term introduced in
the equations (See Appendix B for details).

3.2.2 Zonal (east-west) sections

Geostrophic transports are computed for the 1984, 1997,
2002 and 2004 east-west section pairs, where one section
is located in Fram Strait at about 79◦ N and the second far-
ther north, between 80◦ N and 83◦ N (Fig. 2). All water ex-
changed through Fram Strait is assumed to pass through the
two sections and constraints can be formulated for the box
enclosed by the sections and by Greenland and Svalbard. A
maximum of 6 constraints are set on the transports through
the CTD section sides of the boxes.

Constraint 1 is applied on the whole water column, γ1, and
requires that salt is conserved in the whole box. This allows
for input and removal of freshwater at the sea surface, e.g.,
by ice melt or freezing. The salinity of sea ice is taken to be
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Fig. 4 

Fig. 4. Fram Strait bathymetry with 1997, 2001 and 2003 stations.
Map produced with GMT (Wessel and Smith, 1998).

recirculation is computed more directly from north-south hy-
drographic sections located in the Fram Strait close to the
Greenwich meridian (0◦ longitude) between 78◦ N and 80◦ N
(Figs. 4 and 5). The sections were taken in summers 1997,
2001 and 2003. Boxes closed by CTD sections on three sides
and by the Greenland or Svalbard slope on one side are
formed (Fig. 4) and geostrophic transports through the sides
of the boxes are computed. The velocities are adjusted to ful-
fil volume, heat and salt conservation constraints.

In Sect. 2, the data are presented. In Sect. 3 the
geostrophic transport computations, constraints and the vari-
ational method are described. In Sect. 4 results are shown for
volume transports and recirculation as well as for heat (tem-
perature) and freshwater transports. In Sect. 5 the transport
estimates from different methods and the sources of error are
discussed. Sect. 6 contains the discussion and conclusion.

2 Data

CTD (conductivity (salinity), temperature and depth) data
obtained during various cruises (Figs. 2 and 4) are exam-
ined. The east-west section pairs (Fig. 2) used are two Lance
1984 (18 July to 29 August) sections, a VEINS (Variabil-
ity of Exchanges In the Northern Seas) section pair taken in
1997 with a northern Polarstern section (2 to 27 July) com-
bined with a Lance section at 79◦ N (25 August to 7 Septem-
ber) and two Polarstern 2004 (17 July to 26 August) sections
taken during the ASOF (Arctic Subarctic Ocean Fluxes) pro-
gramme. A two-part Oden section in the north taken in 2002
(9 to 14 May) was also used together with a Polarstern sec-
tion at 79◦ N (31 July to 15 August). (Figs. 2 and 3). The
north-south sections (Figs. 4 and 5) are from 1997 (24 Au-
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Fig. 5 
Fig. 5. Velocity with constraints applied from the meridional sec-
tions in 1997, 2001 and 2003 (Fig. 4) showing the constraint bound-
ary, potential density (σθ ) surface 28.06 (yellow lines). Positive
(negative) velocities are westward (eastward).

gust to 15 September) and 2003 (8 to 23 September) taken
by Lance, and 2001 by Polarstern (23 June to 27 July).

For all years the data have been averaged for every 1 dbar
except for 1997 Lance where the average is over 2 dbar. The
data were extrapolated to the surface (0 dbar) by taking the
values from the uppermost measurements and retaining these
all the way to the surface. The instruments used were Seabird
911+ CTDs except in 1984 when a Neil Brown Mark III
CTD was used. The CTD data, except in 1984, have been
processed using the Seabird software and the conductivity
has been calibrated against water samples. The salinity error
is about 0.003 except for the 1997 Polarstern cruise, where it
is 0.005. The 1984 data had a drifting pressure sensor and the
data had to be adjusted over time as well as calibrated against
salinity samples. Unfortunately many of the calibration sam-
ples were destroyed as a geological sample was dropped on
a salinity box. The error in salinity on the 1984 data could,
therefore, be ± 0.004. The 1984 data have been processed
by removing instabilities through homogenising the under-
lying layer to give static stability and the surface layer, 0 to
10 dbar, has been given the salinity and temperature values
measured at 10 dbar.

Vessel mounted ADCP (Acoustic Doppler Current Pro-
filer) data are available underway from the Polarstern 2004
cruise. The instrument is a narrow band 150 kHz ADCP from
RD Instruments. The ADCP pings have been averaged within
1 min ensembles and 8 m bins. The velocity data used here
have been de-tided using the AOTIM-5 model by removing
all semi-diurnal and quarter-diurnal tidal constituents (Pad-
man and Erofeeva, 2004). The ADCP data were further av-
eraged onto 10 min and 10 m cells and reach from 25 m to a
maximum depth of 425 m.

Era Interim Reanalyses, produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF) and pub-
licly available at http://data-portal.ecmwf.int/, are used to
compute surface meteorological fluxes for 1984, 1997, 2002
and 2004. The data used are 12 h cumulative values of surface
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Fig. 6 Fig. 6. Velocity profiles with (solid lines) and with no (dashed lines)

constraints applied for two station halves between stations 154 and
155 in 2004 located on the Svalbard slope in the 79◦ N section (lo-
cations shown in Fig. 3). Velocity is first set to zero at the bottom
of the shallow cast and method of Jacobsen and Jensen is used to
estimate the velocity below this level for the deep station.

net solar and thermal radiation fluxes, surface latent and sen-
sible heat fluxes, precipitation and evaporation, at the spatial
resolution of 0.75◦(lat/lon). The wind fields in Fram Strait
are also obtained from the ERA Interim Reanalyses.

Sea ice edge is visually located from the US National
Snow and Ice Data Center’s satellite based monthly sea
ice concentration and extent images on Sea Ice Index
(http://nsidc.org/data/seaice index/) and also obtained from
the ERA Interim Reanalyses.

3 Method

3.1 Geostrophic computations

The geostrophic method assumes a balance between the
Coriolis force and the pressure gradient. The geostrophic ve-
locities between station pairs are first computed with zero
velocity at the bottom of the cast of the shallower station of
the pair. The method of Jacobsen and Jensen (1926) is then
used for determining the velocities at the deeper station at all
levels located below the deepest common level of the station
pair (Appendix A).

From direct current observations it is known that the cur-
rents in Fram Strait close to bottom tend to flow northward
on the eastern slope and southward on the western slope. In
the slope areas on all sections, the velocity is, therefore, set to
zero either at the bottom of the cast of the shallow station or
at the bottom of the cast of the deep station of the station pair
(Fig. 6). The choice is made in order to have the flow in the
deep part, below the maximum depth of the shallow station,

going in the direction indicated by the direct current obser-
vations, that is northward in the east and southward in the
west. For the stations in the central parts, on the shelf areas
and in Sofia Deep the velocity is kept at zero at the bottom of
the shallower station cast. Conservation constraints are then
applied on volume, heat and salt.

3.2 Determination of the barotropic velocity correction

3.2.1 Conservation constraints and the variational
approach

Conservation constraints are formulated on closed boxes in
a way similar to Houssais et al. (1995). In general form they
read (See Appendix B for details):
∫ ∫

γ

vb(x)R(x, z)dxdz+

∫ ∫

γ

vbc(x, z)R(x, z)dxdz = C = 0 (1)

where vb(x) is the depth-independent barotropic velocity,
vbc(x, z) is the baroclinic velocity from the geostrophic com-
putations, R is either S for salt transport, θ for heat transport
or 1 for volume transport and γ stands for the area of the
CTD sections on which the constraint is applied. The con-
straints are deliberately kept weak with only heat, volume
and salt, but not water masses conserved. This allows for both
isopycnal and diapycnal mixing between water masses. The
boxes are assumed to have no sources and sinks and the con-
straints C become equal to zero.
A variational approach is then used to find the least en-

ergetic barotropic corrections needed to fulfil the constraints
in a way similar to the method in Rudels et al. (2008). The
barotropic velocity component vb is computed by minimis-
ing the kinetic energy of the barotropic part (not the total
kinetic energy as in Rudels, 1987; Houssais et al.,1995) us-
ing the method of Lagrangian multipliers (Lanczos, 1970;
Wunsch, 1978; Stommel and Veronis, 1981). The barotropic
reference velocities are determined by solving the Moore-
Penrose inverse B(AT B)−1 with no error term introduced in
the equations (See Appendix B for details).

3.2.2 Zonal (east-west) sections

Geostrophic transports are computed for the 1984, 1997,
2002 and 2004 east-west section pairs, where one section
is located in Fram Strait at about 79◦ N and the second far-
ther north, between 80◦ N and 83◦ N (Fig. 2). All water ex-
changed through Fram Strait is assumed to pass through the
two sections and constraints can be formulated for the box
enclosed by the sections and by Greenland and Svalbard. A
maximum of 6 constraints are set on the transports through
the CTD section sides of the boxes.

Constraint 1 is applied on the whole water column, γ1, and
requires that salt is conserved in the whole box. This allows
for input and removal of freshwater at the sea surface, e.g.,
by ice melt or freezing. The salinity of sea ice is taken to be
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Table 1. Baroclinic volume transports (Sv) from zonal sections (no constraints applied) through the 79◦ N and the northern sections. Positive
(negative) transports are northward (southward).

79◦ N North

Year Northward Southward Net Northward Southward Net

1984 7.77 −9.20 −1.43 3.45 −8.37 −4.92
1997 3.85 −7.94 −4.09 4.01 −8.69 −4.68
2002 9.54 −13.97 −4.44 3.08 −6.78 −3.70
2004 8.31 −9.82 −1.51 4.25 −9.01 −4.76
mean 7.37 −10.23 −2.86 3.70 −8.21 −4.52
std 2.13 2.26 1.40 0.46 0.86 0.48

zero. The volume change caused by the melting or freezing
sea ice is allowed to leave or enter the box. Mainly melting is
expected during the summer observation period. Because of
the air-sea-ice interactions heat is not conserved. Constraints
2–4 are applied on the part of the water column, γ2 = γ3 = γ4,
excluding Sofia Deep area, below and at the potential density
(σθ ) surface 28.06 and above the 2744 dbar pressure level.
The upper boundary of this volume is assumed to be below
the influence of the atmosphere and local convection. The
isopycnal also intersects Yermak Plateau, thus, separating the
Fram Strait proper from the Sofia Deep. The lower boundary
is the bottom depth of the deepest station cast on the 79◦ N
section. Constraint 2 requires volume, constraint 3 salt and
constraint 4 heat to be conserved within the above described
part of the water column. Constraint 5 is applied below and at
the 2744 dbar pressure level on the northern section, γ5, and
requires that volume is conserved below and at 2744 dbar,
preventing any net transport in the northern section deeper
than the 79◦ N section. Constraint 6 is applied below and at
750 dbar in the Sofia Deep, γ6, and requires that volume is
conserved. The 750 dbar boundary is the approximate depth
below which there is no direct exchange between the Sofia
Deep and the Fram Strait proper because of the blocking ef-
fect of the Yermak Plateau. The 2004 Polarstern cruise does
not cross Sofia Deep and constraint 6 is not required. For the
other years all 6 constraints are required.

The 2002 Oden sections north of Fram Strait are combined
and used together with a Polarstern section at 79◦ N taken
two months later. A gap exists between the western and east-
ern Oden section and these sections were, therefore, treated
separately in a previous transport estimate (Marnela et al.,
2008) (Fig. 2). The eastern section was given zero velocity at
the surface by them. Here the sections are combined and the
initial velocity is set to zero near the bottom (see above). An
additional problem here is that the first two stations west of
the gap only reach 1200 m (Fig. 3), which compromises the
conservation constraints.

4 Results

4.1 Volume transports and recirculation

4.1.1 Transports from zonal section pairs

The net volume transports through the Fram Strait com-
puted from the baroclinic velocities obtained from the hy-
drographic sections (Fig. 3a, b) with velocity set to zero near
the bottom and with no constraints applied are estimated as
4.5 Sv southward through the northern section and 2.9 Sv
southward through the 79◦ N section averaged over the four
east-west sections (Table 1).

The net volume transport through Fram Strait with the
constraints applied is estimated as 3.1 Sv southward averaged
over the four northern and four 79◦ N sections. The trans-
ports are about 2 Sv for 1984 and 2004, and 4 Sv for 1997
and 2002 (Table 2). The mean total northward flow at 79◦ N
is about 8 Sv, and at the northern section 5 Sv. The southward
flow is 11 Sv at 79◦ N and 8 Sv at the northern section (Fig. 7,
Table 2).

The transports of different water masses are also com-
puted. Here we use the simplified water mass classification
with six water masses introduced by Rudels et al. (2008). The
water masses are separated by isopycnals except in the inter-
mediate layer where both the dense Atlantic Water (dAW)
and the Intermediate Water (IW) occupy the same density in-
terval, but are separated by the 0 ◦C isotherm (Fig. 8). The
fluxes of the different waters are shown in Fig. 8 in θS dia-
grams.

The main net southward transports occur in the surface
layer, where the low salinity cold Polar water is exported,
and in the intermediate density range (dAW and IW), where
the net outflow is close to 2 Sv in all years. This is in agree-
ment with Rudels et al. (2008). These two outflows reflect,
in the upper part, the river runoff and net precipitation, and
the input of freshwater and low salinity Pacific water to the
Arctic Ocean, and in the lower part, the water entering the
Arctic Ocean over the Barents Sea.

The differences in water mass properties between the sec-
tions as well as between northward and southward flow
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Table 2. Transports from zonal sections through the 79◦ N and the northern sections with constraints applied. Positive (negative) net transports
are northward (southward). (a) Volume transports (Sv), (b) Heat/temperature transports (TW) relative to a varying reference temperature. Note
that northward (southward) transports are negative (positive) when the transport has temperature <reference temperature (c) Freshwater
transports (mSv) relative to a varying reference salinity. Northward (southward) transports are negative (positive) when the transport has
salinity < reference salinity.

79◦ N North

Year Northward Southward Net Northward Southward Net

(a)

1984 7.83 −10.00 −2.17 5.22 −7.36 −2.14
1997 4.12 −8.37 −4.25 4.14 −8.38 −4.24
2002 9.89 −14.01 −4.13 3.03 −7.10 −4.07
2004 8.66 −10.48 −1.82 6.05 −7.81 −1.76
mean 7.62 −10.72 −3.09 4.60 −7.66 −3.05
std 2.15 2.06 1.10 1.14 0.49 1.11

Year Ref T Northward Southward Net Northward Southward Net

(b)

1984 1.141 34.2 8.8 43.1 −3.6 21.9 18.3
1997 0.389 16.6 −2.0 14.7 −4.2 14.3 10.1
2002 0.817 33.8 1.9 35.7 −5.2 26.6 21.3
2004 1.089 33.1 −5.0 28.1 −6.2 31.9 25.7
mean 0.861 29.4 0.9 30.4 −4.8 23.7 18.9
std 0.294 7.4 5.2 10.5 1.0 6.4 5.7

Year Ref S Northward Southward Net Northward Southward Net

(c)

1984 34.756 −53.4 −8.1 −61.6 10.6 −34.7 −24.2
1997 34.650 −10.7 −8.4 −19.0 −4.5 −6.5 −11.0
2002 34.672 −34.6 −44.5 −79.1 −15.5 −5.3 −20.7
2004 34.752 −24.8 −42.0 −66.7 −11.6 5.6 −6.0
mean 34.710 −30.9 −25.7 −56.6 −5.2 −10.2 −15.5
std 0.045 15.6 17.5 22.6 9.9 14.9 7.3

through a section show that waters in the upper part, sur-
face water and Atlantic water (AW), coming from the south,
become colder between the two sections. AW also becomes
less saline, whereas surface water only becomes less saline
in 1984 and 1997, and more saline in 2002 and 2004 (Fig. 8).

At the upper levels the waters from the north become
warmer between the northern and southern sections, but
while the surface water becomes less saline, except in 1984,
reflecting ice melt between the sections, the Arctic Atlantic
Water (AAW) becomes more saline indicating mixing with
recirculating AW.

At the deeper levels the intermediate (below 0 ◦C) and
deep waters from the north (blue spots in Fig. 8c, top panel)
are warmer and more saline than the corresponding waters
from the south (red spots in Fig. 8c) and in general the waters
from the north become colder and less saline and the waters
from the south warmer and more saline, except in 2002 the
opposite, as they pass through the strait (Fig. 8c). The deep

and intermediate waters at the 79◦ N section have become
warmer and more saline in the 2000s.

4.1.2 Volume transports from vessel mounted
ADCP data

Vessel mounted ADCP data are available from the Polarstern
2004 cruise. The largest ADCP velocities from the 2004
cruise are found at the 78.8◦ N section. On the 78.8◦ N sec-
tion there are rather regular fluctuations in the direction,
on the eastern side of the strait south-westward and north-
westward and on the western side mainly south to south-
westward. On both the northern and the 78.8◦ N section,
northward transports are mainly confined to the eastern side
of the sections (West Spitsbergen Current) and southward
flow can be seen on the western side (East Greenland Cur-
rent), but also as fluctuations along the 79◦ N section. In
the northern section the strongest northward flow is seen
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Table 1. Baroclinic volume transports (Sv) from zonal sections (no constraints applied) through the 79◦ N and the northern sections. Positive
(negative) transports are northward (southward).

79◦ N North

Year Northward Southward Net Northward Southward Net

1984 7.77 −9.20 −1.43 3.45 −8.37 −4.92
1997 3.85 −7.94 −4.09 4.01 −8.69 −4.68
2002 9.54 −13.97 −4.44 3.08 −6.78 −3.70
2004 8.31 −9.82 −1.51 4.25 −9.01 −4.76
mean 7.37 −10.23 −2.86 3.70 −8.21 −4.52
std 2.13 2.26 1.40 0.46 0.86 0.48

zero. The volume change caused by the melting or freezing
sea ice is allowed to leave or enter the box. Mainly melting is
expected during the summer observation period. Because of
the air-sea-ice interactions heat is not conserved. Constraints
2–4 are applied on the part of the water column, γ2 = γ3 = γ4,
excluding Sofia Deep area, below and at the potential density
(σθ ) surface 28.06 and above the 2744 dbar pressure level.
The upper boundary of this volume is assumed to be below
the influence of the atmosphere and local convection. The
isopycnal also intersects Yermak Plateau, thus, separating the
Fram Strait proper from the Sofia Deep. The lower boundary
is the bottom depth of the deepest station cast on the 79◦ N
section. Constraint 2 requires volume, constraint 3 salt and
constraint 4 heat to be conserved within the above described
part of the water column. Constraint 5 is applied below and at
the 2744 dbar pressure level on the northern section, γ5, and
requires that volume is conserved below and at 2744 dbar,
preventing any net transport in the northern section deeper
than the 79◦ N section. Constraint 6 is applied below and at
750 dbar in the Sofia Deep, γ6, and requires that volume is
conserved. The 750 dbar boundary is the approximate depth
below which there is no direct exchange between the Sofia
Deep and the Fram Strait proper because of the blocking ef-
fect of the Yermak Plateau. The 2004 Polarstern cruise does
not cross Sofia Deep and constraint 6 is not required. For the
other years all 6 constraints are required.

The 2002 Oden sections north of Fram Strait are combined
and used together with a Polarstern section at 79◦ N taken
two months later. A gap exists between the western and east-
ern Oden section and these sections were, therefore, treated
separately in a previous transport estimate (Marnela et al.,
2008) (Fig. 2). The eastern section was given zero velocity at
the surface by them. Here the sections are combined and the
initial velocity is set to zero near the bottom (see above). An
additional problem here is that the first two stations west of
the gap only reach 1200 m (Fig. 3), which compromises the
conservation constraints.

4 Results

4.1 Volume transports and recirculation

4.1.1 Transports from zonal section pairs

The net volume transports through the Fram Strait com-
puted from the baroclinic velocities obtained from the hy-
drographic sections (Fig. 3a, b) with velocity set to zero near
the bottom and with no constraints applied are estimated as
4.5 Sv southward through the northern section and 2.9 Sv
southward through the 79◦ N section averaged over the four
east-west sections (Table 1).

The net volume transport through Fram Strait with the
constraints applied is estimated as 3.1 Sv southward averaged
over the four northern and four 79◦ N sections. The trans-
ports are about 2 Sv for 1984 and 2004, and 4 Sv for 1997
and 2002 (Table 2). The mean total northward flow at 79◦ N
is about 8 Sv, and at the northern section 5 Sv. The southward
flow is 11 Sv at 79◦ N and 8 Sv at the northern section (Fig. 7,
Table 2).

The transports of different water masses are also com-
puted. Here we use the simplified water mass classification
with six water masses introduced by Rudels et al. (2008). The
water masses are separated by isopycnals except in the inter-
mediate layer where both the dense Atlantic Water (dAW)
and the Intermediate Water (IW) occupy the same density in-
terval, but are separated by the 0 ◦C isotherm (Fig. 8). The
fluxes of the different waters are shown in Fig. 8 in θS dia-
grams.

The main net southward transports occur in the surface
layer, where the low salinity cold Polar water is exported,
and in the intermediate density range (dAW and IW), where
the net outflow is close to 2 Sv in all years. This is in agree-
ment with Rudels et al. (2008). These two outflows reflect,
in the upper part, the river runoff and net precipitation, and
the input of freshwater and low salinity Pacific water to the
Arctic Ocean, and in the lower part, the water entering the
Arctic Ocean over the Barents Sea.

The differences in water mass properties between the sec-
tions as well as between northward and southward flow
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Table 2. Transports from zonal sections through the 79◦ N and the northern sections with constraints applied. Positive (negative) net transports
are northward (southward). (a) Volume transports (Sv), (b) Heat/temperature transports (TW) relative to a varying reference temperature. Note
that northward (southward) transports are negative (positive) when the transport has temperature <reference temperature (c) Freshwater
transports (mSv) relative to a varying reference salinity. Northward (southward) transports are negative (positive) when the transport has
salinity < reference salinity.

79◦ N North

Year Northward Southward Net Northward Southward Net

(a)

1984 7.83 −10.00 −2.17 5.22 −7.36 −2.14
1997 4.12 −8.37 −4.25 4.14 −8.38 −4.24
2002 9.89 −14.01 −4.13 3.03 −7.10 −4.07
2004 8.66 −10.48 −1.82 6.05 −7.81 −1.76
mean 7.62 −10.72 −3.09 4.60 −7.66 −3.05
std 2.15 2.06 1.10 1.14 0.49 1.11

Year Ref T Northward Southward Net Northward Southward Net

(b)

1984 1.141 34.2 8.8 43.1 −3.6 21.9 18.3
1997 0.389 16.6 −2.0 14.7 −4.2 14.3 10.1
2002 0.817 33.8 1.9 35.7 −5.2 26.6 21.3
2004 1.089 33.1 −5.0 28.1 −6.2 31.9 25.7
mean 0.861 29.4 0.9 30.4 −4.8 23.7 18.9
std 0.294 7.4 5.2 10.5 1.0 6.4 5.7

Year Ref S Northward Southward Net Northward Southward Net

(c)

1984 34.756 −53.4 −8.1 −61.6 10.6 −34.7 −24.2
1997 34.650 −10.7 −8.4 −19.0 −4.5 −6.5 −11.0
2002 34.672 −34.6 −44.5 −79.1 −15.5 −5.3 −20.7
2004 34.752 −24.8 −42.0 −66.7 −11.6 5.6 −6.0
mean 34.710 −30.9 −25.7 −56.6 −5.2 −10.2 −15.5
std 0.045 15.6 17.5 22.6 9.9 14.9 7.3

through a section show that waters in the upper part, sur-
face water and Atlantic water (AW), coming from the south,
become colder between the two sections. AW also becomes
less saline, whereas surface water only becomes less saline
in 1984 and 1997, and more saline in 2002 and 2004 (Fig. 8).

At the upper levels the waters from the north become
warmer between the northern and southern sections, but
while the surface water becomes less saline, except in 1984,
reflecting ice melt between the sections, the Arctic Atlantic
Water (AAW) becomes more saline indicating mixing with
recirculating AW.

At the deeper levels the intermediate (below 0 ◦C) and
deep waters from the north (blue spots in Fig. 8c, top panel)
are warmer and more saline than the corresponding waters
from the south (red spots in Fig. 8c) and in general the waters
from the north become colder and less saline and the waters
from the south warmer and more saline, except in 2002 the
opposite, as they pass through the strait (Fig. 8c). The deep

and intermediate waters at the 79◦ N section have become
warmer and more saline in the 2000s.

4.1.2 Volume transports from vessel mounted
ADCP data

Vessel mounted ADCP data are available from the Polarstern
2004 cruise. The largest ADCP velocities from the 2004
cruise are found at the 78.8◦ N section. On the 78.8◦ N sec-
tion there are rather regular fluctuations in the direction,
on the eastern side of the strait south-westward and north-
westward and on the western side mainly south to south-
westward. On both the northern and the 78.8◦ N section,
northward transports are mainly confined to the eastern side
of the sections (West Spitsbergen Current) and southward
flow can be seen on the western side (East Greenland Cur-
rent), but also as fluctuations along the 79◦ N section. In
the northern section the strongest northward flow is seen
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Table 3. 2004 volume transports of a surface layer at 35 to 425 m depth divided to about 5◦ sections from ADCP velocities taken at every
0.25◦ and from geostrophy with constraints applied. Transports are positive northward and negative southward.

Longitude −12◦ . . .−10◦ −10◦ . . .−5◦ −5◦ . . . 0◦ 0◦ . . . 5◦ 5◦ . . . 10◦ 10◦ . . . 12◦
range [◦]

ADCP geostr ADCP geostr ADCP geostr ADCP geostr ADCP geostr ADCP geostr

North 0.01 0.11 0.25 0.14 0.15 0.15 0.32 0.13 0.51 1.27 0.09 0.56
Northward
North −0.37 −0.11 −0.69 −0.41 −0.26 −0.15 −0.12 −0.16 −0.48 −1.44 −0.07 −0.04
Southward
North Net −0.36 −0.01 −0.44 −0.28 −0.11 −0.01 0.21 −0.03 0.03 −0.17 0.02 0.52
79◦ N 0.13 0.05 0.27 0.32 1.24 1.07 2.35 2.14 1.46 0.63 – –
Northward
79◦ N −0.22 −0.07 −1.14 −0.73 −2.48 −2.01 −2.38 −1.17 −0.89 −0.54 – –
Southward
79◦ N Net −0.09 −0.02 −0.86 −0.41 −1.24 −0.93 −0.03 0.97 0.57 0.09 – –
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Fig. 7 

Fig. 7. Transports of (a) volume (red northward, blue southward,
black net) of the whole water column and (b) the net heat and (c)
net freshwater fluxes relative to the mean temperature and salinity
of the total transports through the two sections in each year. The
heat loss and freshwater input between the sections are shown with
numbers in the centre.

just north of Svalbard and on the western flanks of Yermak
Plateau, at about 82◦ N, 7◦ E. (Fig. 9).

The ADCP data are used for comparison with the veloci-
ties determined by geostrophy. The ADCP data for the com-
putations are selected corresponding to the centre points of
where the geostrophic velocities with constraints applied are
thought to be valid, i.e., between two neighbouring CTD sta-
tions at ¼ and ¾ of the in-between distance. ADCP veloc-
ities are averaged over an area within ±0.1◦ in longitude
and ±0.02◦ in latitude to these points. Both the ADCP and
geostrophic velocities are averaged over a 35–55 m layer rep-
resenting the surface water and over a 155–255 m layer rep-
resenting the AW layer. The differences between the depth-

averaged geostrophic velocity and the ADCP velocity com-
ponent normal to the line connecting the CTD stations in the
surface layer and AW layer are then added to the geostrophic
velocities of the corresponding water masses to obtain an
ADCP referenced velocity (see water mass definitions in
Fig. 8a, b). The correlation between the ADCP mean veloc-
ities and geostrophic mean velocities at the 79◦ N section is
0.75 for surface water layer and 0.63 for AW layer, but in the
northern section there is no correlation for either water mass.

The results from the ADCP referenced geostrophy give net
southward transports of both surface water and AW through
both sections. The net surface water volume flow is 1.5 Sv
southward through the 79◦ N section and 1.2 Sv through the
northern section. The net AW volume flow is 1.8 Sv south-
ward through the 79◦ N section and 1.6 Sv southward through
the northern section. A gap in the stations at the 79◦ N sec-
tion at about 5◦ E misses a substantial part in the geostrophy
of the southward flow visible in the ADCP measurements
(Fig. 9).

The ADCP transports are also computed for a 35 to 425 m
layer, where ADCP mean is taken every 0.25◦ . At 79◦ N
5.5 Sv is found to flow northward and 7.1 Sv southward
(net 1.6 Sv southward). Divided between western and eastern
parts of the strait, to the west of the 0◦meridian the transports
are 1.6 Sv northward and 3.8 Sv southward, and to the east
3.8 Sv northward and 3.3 Sv southward. Through the north-
ern section the transports are 1.3 Sv northward and 2.0 Sv
southward (net 0.7 Sv southward) (Table 3).

From geostrophy the transports for a 35 to 425 m layer at
79◦ N are 4.2 Sv northward and 4.5 Sv southward. West of
0◦ E the transports are 1.5 Sv northward and 2.8 Sv south-
ward, and east of 0◦ E 2.8 Sv northward and 1.7 Sv south-
ward. Through the northern section the net transport is 0 Sv
with 2.3 Sv both northward and southward (Table 3).
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Fig. 8. θS volume diagrams with mean potential temperatures and salinities for different water masses for each year. The mean potential
temperatures and salinities of the transports are given by the positions of the circles and the volume transports by the size of the circles.
Northward transports are red and southward blue. Northern section is shown in the top panel, the divergence (green) or convergence (black) of
each water mass in the centre and the 79◦ N section in the bottom panel. The water masses used in the computations are (a) surface water SW
(σθ <27.70), (b) AW (27.70 ≤ σθ < 27.97, here further separated by 0 ◦C isotherm into AW and AAW) and dAW (σθ ≥ 27.97, σ0.5 < 30.444,
θ > 0 ◦C), (c) intermediate water (IW) (separated by 0 ◦C isotherm from dAW) and deep waters (DWI (σ0.5 ≥ 30.444, σ1.5 < 35.142) and
DWII (σ1.5 ≥ 35.142)). Limits are shown for NDW = Nordic Seas Deep Water, CBDW = Canadian Basin Deep Water and EBDW =

Eurasian Basin Deep Water.

4.1.3 Recirculation from zonal sections

An estimate for the recirculation can be obtained from the
zonal sections. Here it is defined as northward transport
through 79◦ N section minus northward transport through
the northern section. In 1984 2.6 Sv is estimated to recircu-
late in the strait, in 1997 no recirculation is found, in 2002
6.9 Sv and in 2004 2.6 Sv (Table 2). The recirculation in the
strait is larger than the net southward volume transport, ex-

cept in 1997, and about 25% of the water flowing southward
through 79◦ N is estimated to be recirculating water returning
to the south.

The amount of AW recirculating is about 2 Sv except in
1997 close to zero (Fig. 8b). Of the AW entering the strait
from the south almost 50 % recirculates. The recirculating
surface and Atlantic waters become colder and less saline
(Fig. 8). The deepest water mass recirculates towards north
by 0.5 Sv in 1997 and 2004 (southward flow through the
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Table 3. 2004 volume transports of a surface layer at 35 to 425 m depth divided to about 5◦ sections from ADCP velocities taken at every
0.25◦ and from geostrophy with constraints applied. Transports are positive northward and negative southward.

Longitude −12◦ . . .−10◦ −10◦ . . .−5◦ −5◦ . . . 0◦ 0◦ . . . 5◦ 5◦ . . . 10◦ 10◦ . . . 12◦
range [◦]

ADCP geostr ADCP geostr ADCP geostr ADCP geostr ADCP geostr ADCP geostr

North 0.01 0.11 0.25 0.14 0.15 0.15 0.32 0.13 0.51 1.27 0.09 0.56
Northward
North −0.37 −0.11 −0.69 −0.41 −0.26 −0.15 −0.12 −0.16 −0.48 −1.44 −0.07 −0.04
Southward
North Net −0.36 −0.01 −0.44 −0.28 −0.11 −0.01 0.21 −0.03 0.03 −0.17 0.02 0.52
79◦ N 0.13 0.05 0.27 0.32 1.24 1.07 2.35 2.14 1.46 0.63 – –
Northward
79◦ N −0.22 −0.07 −1.14 −0.73 −2.48 −2.01 −2.38 −1.17 −0.89 −0.54 – –
Southward
79◦ N Net −0.09 −0.02 −0.86 −0.41 −1.24 −0.93 −0.03 0.97 0.57 0.09 – –
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Fig. 7. Transports of (a) volume (red northward, blue southward,
black net) of the whole water column and (b) the net heat and (c)
net freshwater fluxes relative to the mean temperature and salinity
of the total transports through the two sections in each year. The
heat loss and freshwater input between the sections are shown with
numbers in the centre.

just north of Svalbard and on the western flanks of Yermak
Plateau, at about 82◦ N, 7◦ E. (Fig. 9).

The ADCP data are used for comparison with the veloci-
ties determined by geostrophy. The ADCP data for the com-
putations are selected corresponding to the centre points of
where the geostrophic velocities with constraints applied are
thought to be valid, i.e., between two neighbouring CTD sta-
tions at ¼ and ¾ of the in-between distance. ADCP veloc-
ities are averaged over an area within ±0.1◦ in longitude
and ±0.02◦ in latitude to these points. Both the ADCP and
geostrophic velocities are averaged over a 35–55 m layer rep-
resenting the surface water and over a 155–255 m layer rep-
resenting the AW layer. The differences between the depth-

averaged geostrophic velocity and the ADCP velocity com-
ponent normal to the line connecting the CTD stations in the
surface layer and AW layer are then added to the geostrophic
velocities of the corresponding water masses to obtain an
ADCP referenced velocity (see water mass definitions in
Fig. 8a, b). The correlation between the ADCP mean veloc-
ities and geostrophic mean velocities at the 79◦ N section is
0.75 for surface water layer and 0.63 for AW layer, but in the
northern section there is no correlation for either water mass.

The results from the ADCP referenced geostrophy give net
southward transports of both surface water and AW through
both sections. The net surface water volume flow is 1.5 Sv
southward through the 79◦ N section and 1.2 Sv through the
northern section. The net AW volume flow is 1.8 Sv south-
ward through the 79◦ N section and 1.6 Sv southward through
the northern section. A gap in the stations at the 79◦ N sec-
tion at about 5◦ E misses a substantial part in the geostrophy
of the southward flow visible in the ADCP measurements
(Fig. 9).

The ADCP transports are also computed for a 35 to 425 m
layer, where ADCP mean is taken every 0.25◦ . At 79◦ N
5.5 Sv is found to flow northward and 7.1 Sv southward
(net 1.6 Sv southward). Divided between western and eastern
parts of the strait, to the west of the 0◦meridian the transports
are 1.6 Sv northward and 3.8 Sv southward, and to the east
3.8 Sv northward and 3.3 Sv southward. Through the north-
ern section the transports are 1.3 Sv northward and 2.0 Sv
southward (net 0.7 Sv southward) (Table 3).

From geostrophy the transports for a 35 to 425 m layer at
79◦ N are 4.2 Sv northward and 4.5 Sv southward. West of
0◦ E the transports are 1.5 Sv northward and 2.8 Sv south-
ward, and east of 0◦ E 2.8 Sv northward and 1.7 Sv south-
ward. Through the northern section the net transport is 0 Sv
with 2.3 Sv both northward and southward (Table 3).
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Fig. 8. θS volume diagrams with mean potential temperatures and salinities for different water masses for each year. The mean potential
temperatures and salinities of the transports are given by the positions of the circles and the volume transports by the size of the circles.
Northward transports are red and southward blue. Northern section is shown in the top panel, the divergence (green) or convergence (black) of
each water mass in the centre and the 79◦ N section in the bottom panel. The water masses used in the computations are (a) surface water SW
(σθ <27.70), (b) AW (27.70 ≤ σθ < 27.97, here further separated by 0 ◦C isotherm into AW and AAW) and dAW (σθ ≥ 27.97, σ0.5 < 30.444,
θ > 0 ◦C), (c) intermediate water (IW) (separated by 0 ◦C isotherm from dAW) and deep waters (DWI (σ0.5 ≥ 30.444, σ1.5 < 35.142) and
DWII (σ1.5 ≥ 35.142)). Limits are shown for NDW = Nordic Seas Deep Water, CBDW = Canadian Basin Deep Water and EBDW =

Eurasian Basin Deep Water.

4.1.3 Recirculation from zonal sections

An estimate for the recirculation can be obtained from the
zonal sections. Here it is defined as northward transport
through 79◦ N section minus northward transport through
the northern section. In 1984 2.6 Sv is estimated to recircu-
late in the strait, in 1997 no recirculation is found, in 2002
6.9 Sv and in 2004 2.6 Sv (Table 2). The recirculation in the
strait is larger than the net southward volume transport, ex-

cept in 1997, and about 25% of the water flowing southward
through 79◦ N is estimated to be recirculating water returning
to the south.

The amount of AW recirculating is about 2 Sv except in
1997 close to zero (Fig. 8b). Of the AW entering the strait
from the south almost 50 % recirculates. The recirculating
surface and Atlantic waters become colder and less saline
(Fig. 8). The deepest water mass recirculates towards north
by 0.5 Sv in 1997 and 2004 (southward flow through the
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Table 4. Volume transports (Sv) (positive westward) from the
meridional sections with no constraints applied.

78◦–78.8◦ N 78.8◦–80◦ N

Year Westward Eastward Net Westward Eastward Net

1997 2.56 −1.87 0.69 1.80 −1.14 0.66
2001 2.31 −1.34 0.97 2.10 −2.67 −0.57
2003 2.61 −1.55 1.06 1.89 −0.65 1.23
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Fig. 9 Fig. 9. Velocity vectors at approximately 160 m depth from geostro-

phy with constraints applied (red) and from vessel mounted ADCP
at 0.25◦ intervals (black) with only the velocity component approx-
imately normal to the hydrography sections (northern section is di-
vided into 3 subsections for averaging the directions) shown. Map
produced with GMT (Wessel and Smith, 1998).

northern section minus southward flow through the 79◦ N
section; Fig. 8c).

4.1.4 Meridional (north-south) sections and
recirculation

Geostrophic transports are computed for the 1997, 2001 and
2003 north-south sections in Fram strait at 0◦longitude be-
tween 78◦ N and 80◦ N to get a better estimate of the re-
circulation in Fram Strait. The transports through a north-
south section extending from 78◦ N to 80◦ N are computed
with velocity set to zero near the bottom and with no con-
straints applied (Table 4). The transport for 2003 is estimated
as 2.3 Sv westward, for 2001 0.4 Sv westward and for 1997
1.2 Sv westward. The volume transports in 2003 and 1997
are divided almost equally between the 78◦ N to 78.8◦ N and

Table 5. Volume transports (Sv) (positive westward) from the
meridional (north-south) sections with constraints applied.

Year 1997 2001 2003

Latitude 78.8◦–80◦ N 78.8◦–80◦ N 78◦–78.8◦ N 78.8◦–80◦ N
Surface water 0.14 −0.00 0.11 0.29
AW 0.37 0.06 0.70 0.50
Dense AW 0.19 −0.02 0.41 0.28
Intermediate water 0.04 −0.19 −0.03 0.08
Deep water I −0.02 −0.07 −0.01 −0.04
Deep water II 0.02 0.05 0.02 −0.02
Net 0.74 -0.17 1.20 1.09

78.8◦ N to 80◦ N sections. The transport for 2001 is 1.0 Sv
westward between 78◦ N and 78.8◦ N and 0.6 Sv eastward
between 78.8◦ N and 80◦ N (Table 4).

Two boxes can be formed in 2003 (Fig. 4) and conserva-
tion constraints applied on volume, heat and salt. The north-
ern box is closed by the Svalbard slope in the east and by
three CTD sections, one in the west along 0◦-meridian and
the others along 78.8◦ N and along about 80◦ N. The south-
ern box is closed by the Greenland slope in the west and by
three CTD sections, one in the east along 0◦-meridian and
the others along 78◦ N and 78.8◦ N.

Three constraints, 2 to 4, are applied for the deep part be-
low potential density 28.06, allowing no volume, salt or heat
to accumulate in the deep part (Eq. B1). The shallower sta-
tions on the slopes are less dense than 28.06 and the con-
straints are not applied to them nor are the stations included
in the minimisation. For the computation of the recirculation
across the 0◦ longitude this should give a reasonable esti-
mate since all the stations along 0◦-meridian are deep. Two
of the 2003 station casts in the along-0◦-meridian part of the
southern box, however, miss a substantial amount of the wa-
ter column near the bottom (Fig. 5).

The westward recirculation between 78◦ N and 80◦ N
in 2003 with the constraints applied is estimated from
the meridional sections as 2.3 Sv. The transport of re-
circulating AW is 1.2 Sv and of dAW 0.7 Sv, with
slightly larger westward transport between 78–78.8◦ N than
between 78.8–80◦ N, (Table 5).

In 1997 and 2001 it is not possible to form both a north-
ern and a southern box covering the 0◦-meridian from 78◦ N
to 80◦ N, but only the northern box whose western section
reaches from 78.8◦ N to 80◦ N. In 1997, the net transport
between 78.8◦ N and 80◦ N is 0.7 Sv westward and in 2001
0.2 Sv eastward. The transports of AW are westward in both
years, but that of dAW is eastward in 2001 (Table 5).

4.2 Heat and freshwater transports

4.2.1 Reference temperature and salinity

The choice of reference temperature and salinity used to esti-
mate the heat and freshwater transport is largely arbitrary and
will affect the heat and freshwater flux estimates between the
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Nordic Seas and the Arctic Ocean, since there is a net south-
ward volume transport through Fram Strait and, hence, no
mass balance. Often the term temperature flux is used instead
of heat flux in situations where a net volume transport oc-
curs. Traditionally the heat transports into the Arctic Ocean
have been computed relative to −0.1 ◦C and the freshwater
fluxes relative to 34.8, these values being taken as the mean
temperature and mean salinity of the Arctic Ocean water col-
umn (Aagaard and Greisman, 1975; Aagaard and Carmack,
1989; Dickson et al., 2007). Whether or not it was possi-
ble to determine an adequate mean temperature and salinity
of the Arctic Ocean at that time is questionable. It is also
likely that the mean temperature and salinity would have
changed in 40 yr considering the reported variability of the
inflow temperature and salinity and the increased tempera-
ture observed in the AW layer in the Arctic Ocean (Quad-
fasel et al, 1991; Carmack et al., 1995; Polyakov et al., 2005;
Beszczynska-Möller, 2012).

Rudels et al. (2008) used, when working on single sec-
tions, variable reference temperatures and salinities. The
mean temperature of the (southward) outflow and the mean
salinity of the (northward) inflow, respectively, were com-
puted for each section and used as reference values for that
section. The choice made the outflow carry no heat and the
inflow carry no freshwater and the fluxes were then closely
connected to the actual situation in Fram Strait during the ob-
servation time. Here, with two sections, the heat and fresh-
water fluxes for each year are computed relative to the mean
temperature and mean salinity of the total transports (into
and out of the box in both cases). This choice again relates
the heat (temperature) transport to the waters present at the
actual time of the observation and also gives a possibility to
relate the variations of the temperature and freshwater trans-
ports to the variations of the mean salinity and temperature
of the waters present (Table 2). The choice diminishes the
effect of the violated mass conservation by keeping the ref-
erence temperature (salinity) close to the mean temperature
(salinity) of the exchanged waters. This minimises the effect
of the mass (im)balance since the excess mass flux has tem-
perature (salinity) close to the reference temperature (salin-
ity). The heat loss and freshwater input in the strait however,
are almost independent of the reference value.

4.2.2 Results

Heat and freshwater transports (Fig. 7) are computed for the
east-west section pairs relative to the mean temperature and
the mean salinity of the total volume transport (Table 2). The
transports of heat and freshwater would be the same through
both of the sections if there was no exchange with the at-
mosphere and with sea ice. For all four years there is net heat
transport into the box and freshwater transport out of the box.
The mass of ice equivalent to the net freshwater divergence

from the area between the sections is

mfw = ρw ×Vfw

where ρw is the density of sea water and Vfw is the volume
of freshwater. The heat needed to melt this mass of ice is

Q=�Hfus ×mfw

where �Hfus = 3.33× 105J kg−1 is the latent heat of fusion
of water.

In 2004, the freshwater imbalance is 61 mSv, correspond-
ing to a heat input of 21 TW (Table 6a). In 2004, the lat-
eral convergence of heat, i.e., the ocean heat loss in the area
between the sections, is only 2 TW. Year 2004 is studied in
more detail and the other years are presented in Table 6a.
It is first estimated whether the additional 19 TW of the heat
needed in 2004 to melt the ice corresponding to the net fresh-
water divergence could be added from the atmosphere and
the radiation. From the ERA Interim data the atmospheric
heat input averaged over two months (July, August) is 16 TW
for an area located between the sections, from a spatial res-
olution of 0.75◦, (latitude 79.5 to 82.5◦ N, and longitude
12◦ W to 9.75◦ E). This could melt 47 mSv of ice, which is
in the same order of magnitude as the 61 mSv of freshwater
estimated to leave the area. With the additional ice melt of
7 mSv from the heat lost by the ocean, the ice melt occurring
in the strait based on geostrophic computations is nearly ex-
plained. In the other years the atmospheric heat input for the
areas between the sections, combined with oceanic heat loss,
is sufficient to melt the estimated amount of ice (Table 6).

The freshwater input from total precipitation is also es-
timated. Evaporation is small. The cumulative precipitation
and evaporation from ERA Interim data are integrated over
time (July–August) and amount to 0.062 m per unit area in
2004. The net precipitation minus evaporation for an area
between the two sections is, thus, 1.0×1010m3. This amount
equals to 1.9 mSv, about 3 % of the estimated freshwater
transport in 2004 (Table 6b). Adding this to the above com-
puted values of atmospheric ice melt (47 mSv) and oceanic
ice melt (7 mSv) gives 56 mSv as compared to the 61 mSv
from geostrophy. The other years are presented in Table 6.

There is no reason to expect a balance between oceanic
heat loss and ice melt, and these estimates only show that
the heat loss is compatible with the sea ice melt between the
sections. Less than half of the study area was ice-covered at
the end of the measurement period (NSIDC Sea Ice Index).

The heat and freshwater transports are computed with vari-
able reference temperature and salinity values. The transports
were also computed relative to temperature −0.1 ◦C and to
salinity 34.8, as well as relative to salinity 34.9, which has
been used by various authors, e.g., Holfort et al. (2008) and
de Steur et al. (2009) for Fram Strait computations.

The heat loss averaged over 4 yr from the ocean between
the two zonal sections can be estimated as 11 TW. A lit-
tle over 30 % of the heat transported northward through the
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Table 4. Volume transports (Sv) (positive westward) from the
meridional sections with no constraints applied.

78◦–78.8◦ N 78.8◦–80◦ N

Year Westward Eastward Net Westward Eastward Net

1997 2.56 −1.87 0.69 1.80 −1.14 0.66
2001 2.31 −1.34 0.97 2.10 −2.67 −0.57
2003 2.61 −1.55 1.06 1.89 −0.65 1.23
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Fig. 9 Fig. 9. Velocity vectors at approximately 160 m depth from geostro-

phy with constraints applied (red) and from vessel mounted ADCP
at 0.25◦ intervals (black) with only the velocity component approx-
imately normal to the hydrography sections (northern section is di-
vided into 3 subsections for averaging the directions) shown. Map
produced with GMT (Wessel and Smith, 1998).

northern section minus southward flow through the 79◦ N
section; Fig. 8c).

4.1.4 Meridional (north-south) sections and
recirculation

Geostrophic transports are computed for the 1997, 2001 and
2003 north-south sections in Fram strait at 0◦longitude be-
tween 78◦ N and 80◦ N to get a better estimate of the re-
circulation in Fram Strait. The transports through a north-
south section extending from 78◦ N to 80◦ N are computed
with velocity set to zero near the bottom and with no con-
straints applied (Table 4). The transport for 2003 is estimated
as 2.3 Sv westward, for 2001 0.4 Sv westward and for 1997
1.2 Sv westward. The volume transports in 2003 and 1997
are divided almost equally between the 78◦ N to 78.8◦ N and

Table 5. Volume transports (Sv) (positive westward) from the
meridional (north-south) sections with constraints applied.

Year 1997 2001 2003

Latitude 78.8◦–80◦ N 78.8◦–80◦ N 78◦–78.8◦ N 78.8◦–80◦ N
Surface water 0.14 −0.00 0.11 0.29
AW 0.37 0.06 0.70 0.50
Dense AW 0.19 −0.02 0.41 0.28
Intermediate water 0.04 −0.19 −0.03 0.08
Deep water I −0.02 −0.07 −0.01 −0.04
Deep water II 0.02 0.05 0.02 −0.02
Net 0.74 -0.17 1.20 1.09

78.8◦ N to 80◦ N sections. The transport for 2001 is 1.0 Sv
westward between 78◦ N and 78.8◦ N and 0.6 Sv eastward
between 78.8◦ N and 80◦ N (Table 4).

Two boxes can be formed in 2003 (Fig. 4) and conserva-
tion constraints applied on volume, heat and salt. The north-
ern box is closed by the Svalbard slope in the east and by
three CTD sections, one in the west along 0◦-meridian and
the others along 78.8◦ N and along about 80◦ N. The south-
ern box is closed by the Greenland slope in the west and by
three CTD sections, one in the east along 0◦-meridian and
the others along 78◦ N and 78.8◦ N.

Three constraints, 2 to 4, are applied for the deep part be-
low potential density 28.06, allowing no volume, salt or heat
to accumulate in the deep part (Eq. B1). The shallower sta-
tions on the slopes are less dense than 28.06 and the con-
straints are not applied to them nor are the stations included
in the minimisation. For the computation of the recirculation
across the 0◦ longitude this should give a reasonable esti-
mate since all the stations along 0◦-meridian are deep. Two
of the 2003 station casts in the along-0◦-meridian part of the
southern box, however, miss a substantial amount of the wa-
ter column near the bottom (Fig. 5).

The westward recirculation between 78◦ N and 80◦ N
in 2003 with the constraints applied is estimated from
the meridional sections as 2.3 Sv. The transport of re-
circulating AW is 1.2 Sv and of dAW 0.7 Sv, with
slightly larger westward transport between 78–78.8◦ N than
between 78.8–80◦ N, (Table 5).

In 1997 and 2001 it is not possible to form both a north-
ern and a southern box covering the 0◦-meridian from 78◦ N
to 80◦ N, but only the northern box whose western section
reaches from 78.8◦ N to 80◦ N. In 1997, the net transport
between 78.8◦ N and 80◦ N is 0.7 Sv westward and in 2001
0.2 Sv eastward. The transports of AW are westward in both
years, but that of dAW is eastward in 2001 (Table 5).

4.2 Heat and freshwater transports

4.2.1 Reference temperature and salinity

The choice of reference temperature and salinity used to esti-
mate the heat and freshwater transport is largely arbitrary and
will affect the heat and freshwater flux estimates between the
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Nordic Seas and the Arctic Ocean, since there is a net south-
ward volume transport through Fram Strait and, hence, no
mass balance. Often the term temperature flux is used instead
of heat flux in situations where a net volume transport oc-
curs. Traditionally the heat transports into the Arctic Ocean
have been computed relative to −0.1 ◦C and the freshwater
fluxes relative to 34.8, these values being taken as the mean
temperature and mean salinity of the Arctic Ocean water col-
umn (Aagaard and Greisman, 1975; Aagaard and Carmack,
1989; Dickson et al., 2007). Whether or not it was possi-
ble to determine an adequate mean temperature and salinity
of the Arctic Ocean at that time is questionable. It is also
likely that the mean temperature and salinity would have
changed in 40 yr considering the reported variability of the
inflow temperature and salinity and the increased tempera-
ture observed in the AW layer in the Arctic Ocean (Quad-
fasel et al, 1991; Carmack et al., 1995; Polyakov et al., 2005;
Beszczynska-Möller, 2012).

Rudels et al. (2008) used, when working on single sec-
tions, variable reference temperatures and salinities. The
mean temperature of the (southward) outflow and the mean
salinity of the (northward) inflow, respectively, were com-
puted for each section and used as reference values for that
section. The choice made the outflow carry no heat and the
inflow carry no freshwater and the fluxes were then closely
connected to the actual situation in Fram Strait during the ob-
servation time. Here, with two sections, the heat and fresh-
water fluxes for each year are computed relative to the mean
temperature and mean salinity of the total transports (into
and out of the box in both cases). This choice again relates
the heat (temperature) transport to the waters present at the
actual time of the observation and also gives a possibility to
relate the variations of the temperature and freshwater trans-
ports to the variations of the mean salinity and temperature
of the waters present (Table 2). The choice diminishes the
effect of the violated mass conservation by keeping the ref-
erence temperature (salinity) close to the mean temperature
(salinity) of the exchanged waters. This minimises the effect
of the mass (im)balance since the excess mass flux has tem-
perature (salinity) close to the reference temperature (salin-
ity). The heat loss and freshwater input in the strait however,
are almost independent of the reference value.

4.2.2 Results

Heat and freshwater transports (Fig. 7) are computed for the
east-west section pairs relative to the mean temperature and
the mean salinity of the total volume transport (Table 2). The
transports of heat and freshwater would be the same through
both of the sections if there was no exchange with the at-
mosphere and with sea ice. For all four years there is net heat
transport into the box and freshwater transport out of the box.
The mass of ice equivalent to the net freshwater divergence

from the area between the sections is

mfw = ρw ×Vfw

where ρw is the density of sea water and Vfw is the volume
of freshwater. The heat needed to melt this mass of ice is

Q=�Hfus ×mfw

where �Hfus = 3.33× 105J kg−1 is the latent heat of fusion
of water.

In 2004, the freshwater imbalance is 61 mSv, correspond-
ing to a heat input of 21 TW (Table 6a). In 2004, the lat-
eral convergence of heat, i.e., the ocean heat loss in the area
between the sections, is only 2 TW. Year 2004 is studied in
more detail and the other years are presented in Table 6a.
It is first estimated whether the additional 19 TW of the heat
needed in 2004 to melt the ice corresponding to the net fresh-
water divergence could be added from the atmosphere and
the radiation. From the ERA Interim data the atmospheric
heat input averaged over two months (July, August) is 16 TW
for an area located between the sections, from a spatial res-
olution of 0.75◦, (latitude 79.5 to 82.5◦ N, and longitude
12◦ W to 9.75◦ E). This could melt 47 mSv of ice, which is
in the same order of magnitude as the 61 mSv of freshwater
estimated to leave the area. With the additional ice melt of
7 mSv from the heat lost by the ocean, the ice melt occurring
in the strait based on geostrophic computations is nearly ex-
plained. In the other years the atmospheric heat input for the
areas between the sections, combined with oceanic heat loss,
is sufficient to melt the estimated amount of ice (Table 6).

The freshwater input from total precipitation is also es-
timated. Evaporation is small. The cumulative precipitation
and evaporation from ERA Interim data are integrated over
time (July–August) and amount to 0.062 m per unit area in
2004. The net precipitation minus evaporation for an area
between the two sections is, thus, 1.0×1010m3. This amount
equals to 1.9 mSv, about 3 % of the estimated freshwater
transport in 2004 (Table 6b). Adding this to the above com-
puted values of atmospheric ice melt (47 mSv) and oceanic
ice melt (7 mSv) gives 56 mSv as compared to the 61 mSv
from geostrophy. The other years are presented in Table 6.

There is no reason to expect a balance between oceanic
heat loss and ice melt, and these estimates only show that
the heat loss is compatible with the sea ice melt between the
sections. Less than half of the study area was ice-covered at
the end of the measurement period (NSIDC Sea Ice Index).

The heat and freshwater transports are computed with vari-
able reference temperature and salinity values. The transports
were also computed relative to temperature −0.1 ◦C and to
salinity 34.8, as well as relative to salinity 34.9, which has
been used by various authors, e.g., Holfort et al. (2008) and
de Steur et al. (2009) for Fram Strait computations.

The heat loss averaged over 4 yr from the ocean between
the two zonal sections can be estimated as 11 TW. A lit-
tle over 30 % of the heat transported northward through the
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Table 6. Heat and freshwater (fw) convergence/divergence from hydrographic and ERA Interim data, with the varying averages as reference
temperature and salinity. (a) Heat lost by the ocean (column 2) and heat input from the atmosphere between the two zonal sections (column
3) as compared with the heat required to balance the freshwater transport via ice melt (column 1). (b) Freshwater divergence from the
hydrographic data (last column) as compared with the divergence of freshwater possible from the oceanic heat loss (column 1), sea ice melt
possible from the ERA Interim atmospheric data (2) and precipitation and evaporation (downward fluxes positive) (column 5) from the ERA
Interim data. Precipitation (P) and evaporation (E) from the ERA Interim data are computed for an area with ice concentration less than 90 %.

(a)

Year 1. Heat req. to 2. Oceanic 3. Heat input from 2+ 3
balance fw transport heat loss atm. (ECMWF data)

1984 13 TW 25 TW 12 TW 37 TW
1997 3 TW 5 TW 11 TW 16 TW
2002 20 TW 14 TW 16 TW 30 TW
2004 21 TW 2 TW 16 TW 18 TW

(b)

Year 1. Divergence 2. Sea ice melt 3. P 4. E 5. P+E per 1+ 2+ 5 fw
of fw possible possible from time × area divergence
from oceanic ECMWF atm.
heat loss fluxes

1984 72 mSv 35 mSv 0.053 m −0.010 m 0.6 mSv 108 mSv 37 mSv
1997 13 mSv 32 mSv 0.058 m −0.009 m 1.2 mSv 46 mSv 8 mSv
2002 42 mSv 47 mSv 0.053m +0.002m 1.6 mSv 90 mSv 58 mSv
2004 7 mSv 47 mSv 0.062m +0.002m 1.9 mSv 56 mSv 61 mSv

79◦ N section is lost between the sections estimated from
varying reference temperatures. Using the reference temper-
ature −0.1 ◦C gives a 60 % heat loss between the sections.
The net freshwater transport southward averaged over 4 yr
through 79◦ N is from varying reference salinities 57 mSv
and 15 mSv through the northern section. Using reference
salinities of 34.8 and 34.9, we get 66 and 75 mSv across
79◦ N and 25 and 34 mSv through the northern section. The
freshwater addition from the area between the sections, thus,
is 41 mSv.

5 Critique

5.1 Comparison of transport estimates from different
methods

5.1.1 Northward and southward transports from zonal
sections

We have estimated the transports and the recirculation in
Fram Strait for 1984, 1997, 2002 and 2004 as well as the
transports through 0◦-meridian between 78.8◦ N and 80◦ N
for 1997, 2001 and 2003 from closed boxes, and for 2003
also between 78◦ N and 78.8◦ N. The transports through 0◦-
meridian were also computed for 1997, 2001 and 2003 be-
tween 78◦ N and 80◦ N with no constraints applied.

The mean net volume transport through Fram Strait based
on the four zonal section pairs is estimated as 3.1 Sv south-

ward. In order to compare the present results with the results
of Rudels et al. (2008), who obtained a mean transport of
2.7 Sv before using budget considerations that brought the
net transport down to 1.7 Sv (Table 7), the transports are com-
puted for a smaller section from the Greenland shelf break to
the Svalbard shelf break at 79◦ N, i.e., from 6◦ W to 9◦ E.
This gives a somewhat smaller estimate of 2.7 Sv southward.
About 0.5 Sv was expected to flow southward on the Green-
land shelf by Rudels et al. (2008) and that seems to be reason-
able also from the present estimates (Tables 2 and 7, Fig. 1).
Recent modelling results by Fieg et al. (2010), give an 11-
yr mean net volume transport of 2.0 Sv southward through
Fram Strait.

The 2002 results are also compared with Oden results ob-
tained by Marnela et al. (2008) using the northern section.
They obtained 3.6 Sv northward on their eastern section and
5.1 Sv southward on the western section and 0.5 Sv north-
ward between sections. Adding these values up gives a south-
ward transport of only 1 Sv through the northern section as
compared with the 4.1 Sv obtained here. For the less wide
section that Rudels et al. (2008) used for the section at 79◦ N
3.4 Sv is here found, which is slightly less than the 3.6 Sv
presented by Rudels et al. (2008).

Using a similar method for 1984, Houssais et al. (1995)
obtain a net southward transport of 1.6 Sv whereas here we
find 2.2 Sv southward. The differences are larger in the trans-
ports of individual water masses. Both get the same amount
of freshwater, 40 mSv, added between the sections. Houssais
et al. (1995) also suggest that their 0.7 Sv of AW converging
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Table 7. Net volume transports at 79◦ N from zonal sections and from Rudels et al. (2008). Full section and from 6◦ W to 9◦ E. Negative
transports are southward

Whole 6◦ W–9◦ E Whole section 6◦W–9◦ E based on
section Rudels et al. (2008) Rudels et al. (2008)

All years (av.) −3.1 −2.7 −2.7 (−1.7*) −2.1
1984 −2.2 −2.0 −1.0 −0.8
1997 −4.2 −4.2 −4.1 −4.1
2002 −4.1 −3.4 −3.6 –
2004 −1.8 −1.1 −2.1 −1.5

* Computed as a mean of 16 summer sections taken between 1980 and 2005, and then modified with budget
considerations.

in the area might be diluted by Polar surface water, but the
results presented here suggest that the 0.7 Sv of AW converg-
ing in the area could be mixed with the intermediate waters
below.

5.1.2 Meridional Sections and recirculation

The transports through 79◦ N can be computed for 2003 from
the meridional section boxes. With constraints applied the
net volume transport across 79◦ N is 3.1 Sv southward. This
is close to the 3.3 Sv obtained by Rudels et al. (2008) from
the same Lance data. The 2003 Polarstern section taken less
than one month later than the Lance section gave a transport
of 1.4 Sv southward (Rudels et al., 2008). Temporal variance
this large is possible, as seen in the net volume flow from
mooring data and also captured by the models (Fieg et al.,
2010, Fig. 9).
For 1997 and 2001 only the fluxes through the part of the

79◦ N section east of 0◦ longitude can be computed with con-
straints applied, the corresponding transports are 0.4 Sv and
0.7 Sv northward as compared with the 1.2 and 2.0 Sv north-
ward from the method used by Rudels et al. (2008). From
the zonal section pairs with constraints applied the transport
for 1997 on the eastern side of the 79◦ N section is 0.7 Sv
northward.

From the meridional section computations with and with-
out constraints applied the results between 78.8◦ N and 80◦ N
are of the same order and direction. The westward recircula-
tion between 78.8◦ N and 80◦ N is largest in 2003.

For 1997 no recirculation was found from the zonal sec-
tion pair, but from the meridional section a recirculation of
1.3 Sv westward was obtained. The data in the 1997 northern
section are sparse and aliasing is likely to occur.

5.2 Sources of error

5.2.1 Data

Most of the data have not been smoothed. However, since the
geostrophic computations integrate the density field, smaller
disturbances tend to cancel out. Some spikes have been re-
moved by linear interpolation, but the datasets still contain

small spikes, e.g., the 2003 Lance data for the northern box
has a probable salinity spike of 0.004 present at a couple
of stations. Such a spike perturbs the velocities by about
1× 10−5 ms−1, which then affects the water column above
the spike since the velocities are first set to zero near the
bottom. The transport estimate assuming the distance be-
tween stations to be 20 km and depth 1 km above the spike,
amounts to a missed volume of 0.2 mSv. This difference is
small enough to be ignored.

The data close to the surface often are of poor quality. The
largest depths that have been extrapolated to the surface by
using constant values are on a station in 2001 from about
70 dbar to the surface, and in 2003 on a station from 29 dbar
to the surface.

The data do not always reach close to the bottom of the
ocean floor. Two of the 2002 and two of the 2003 station casts
miss more than or about 1000 m of the water column above
the bottom (Figs. 3 and 5). The transports for these missed
areas are not compensated for in the transport estimates. The
transports were computed for the 2003 meridional section
(southern box) excluding these two shallow casts from the
section. The westward and eastward transports through the
meridional section were reduced by over 1 Sv, but the re-
circulation of both the total water column and of AW were
reduced by less than 0.1 Sv.

The location and length of the northern section vary from
year to year, sometimes crossing the Yermak Plateau and
sometimes not. The 79◦ N sections also are of different
lengths. The 1997 and 2002 sections are taken over 2 months
apart and, hence, not synoptic considering the variation in the
strait. Aliasing due to too few stations may also occur.

5.2.2 Method

We have assumed that the transports not observed in the
strait, because of the sections not reaching the coasts, are
about equal on both sections and cancel out, and that the net
flow passing one section also has to cross the other section,
apart from the added ice melt. No heat or salt is allowed to
accumulate in the deep part of the box during that time. These
are assumptions. The part of the Greenland shelf missed by
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Table 6. Heat and freshwater (fw) convergence/divergence from hydrographic and ERA Interim data, with the varying averages as reference
temperature and salinity. (a) Heat lost by the ocean (column 2) and heat input from the atmosphere between the two zonal sections (column
3) as compared with the heat required to balance the freshwater transport via ice melt (column 1). (b) Freshwater divergence from the
hydrographic data (last column) as compared with the divergence of freshwater possible from the oceanic heat loss (column 1), sea ice melt
possible from the ERA Interim atmospheric data (2) and precipitation and evaporation (downward fluxes positive) (column 5) from the ERA
Interim data. Precipitation (P) and evaporation (E) from the ERA Interim data are computed for an area with ice concentration less than 90 %.

(a)

Year 1. Heat req. to 2. Oceanic 3. Heat input from 2+ 3
balance fw transport heat loss atm. (ECMWF data)

1984 13 TW 25 TW 12 TW 37 TW
1997 3 TW 5 TW 11 TW 16 TW
2002 20 TW 14 TW 16 TW 30 TW
2004 21 TW 2 TW 16 TW 18 TW

(b)

Year 1. Divergence 2. Sea ice melt 3. P 4. E 5. P+E per 1+ 2+ 5 fw
of fw possible possible from time × area divergence
from oceanic ECMWF atm.
heat loss fluxes

1984 72 mSv 35 mSv 0.053 m −0.010 m 0.6 mSv 108 mSv 37 mSv
1997 13 mSv 32 mSv 0.058 m −0.009 m 1.2 mSv 46 mSv 8 mSv
2002 42 mSv 47 mSv 0.053m +0.002m 1.6 mSv 90 mSv 58 mSv
2004 7 mSv 47 mSv 0.062m +0.002m 1.9 mSv 56 mSv 61 mSv

79◦ N section is lost between the sections estimated from
varying reference temperatures. Using the reference temper-
ature −0.1 ◦C gives a 60 % heat loss between the sections.
The net freshwater transport southward averaged over 4 yr
through 79◦ N is from varying reference salinities 57 mSv
and 15 mSv through the northern section. Using reference
salinities of 34.8 and 34.9, we get 66 and 75 mSv across
79◦ N and 25 and 34 mSv through the northern section. The
freshwater addition from the area between the sections, thus,
is 41 mSv.

5 Critique

5.1 Comparison of transport estimates from different
methods

5.1.1 Northward and southward transports from zonal
sections

We have estimated the transports and the recirculation in
Fram Strait for 1984, 1997, 2002 and 2004 as well as the
transports through 0◦-meridian between 78.8◦ N and 80◦ N
for 1997, 2001 and 2003 from closed boxes, and for 2003
also between 78◦ N and 78.8◦ N. The transports through 0◦-
meridian were also computed for 1997, 2001 and 2003 be-
tween 78◦ N and 80◦ N with no constraints applied.

The mean net volume transport through Fram Strait based
on the four zonal section pairs is estimated as 3.1 Sv south-

ward. In order to compare the present results with the results
of Rudels et al. (2008), who obtained a mean transport of
2.7 Sv before using budget considerations that brought the
net transport down to 1.7 Sv (Table 7), the transports are com-
puted for a smaller section from the Greenland shelf break to
the Svalbard shelf break at 79◦ N, i.e., from 6◦ W to 9◦ E.
This gives a somewhat smaller estimate of 2.7 Sv southward.
About 0.5 Sv was expected to flow southward on the Green-
land shelf by Rudels et al. (2008) and that seems to be reason-
able also from the present estimates (Tables 2 and 7, Fig. 1).
Recent modelling results by Fieg et al. (2010), give an 11-
yr mean net volume transport of 2.0 Sv southward through
Fram Strait.

The 2002 results are also compared with Oden results ob-
tained by Marnela et al. (2008) using the northern section.
They obtained 3.6 Sv northward on their eastern section and
5.1 Sv southward on the western section and 0.5 Sv north-
ward between sections. Adding these values up gives a south-
ward transport of only 1 Sv through the northern section as
compared with the 4.1 Sv obtained here. For the less wide
section that Rudels et al. (2008) used for the section at 79◦ N
3.4 Sv is here found, which is slightly less than the 3.6 Sv
presented by Rudels et al. (2008).

Using a similar method for 1984, Houssais et al. (1995)
obtain a net southward transport of 1.6 Sv whereas here we
find 2.2 Sv southward. The differences are larger in the trans-
ports of individual water masses. Both get the same amount
of freshwater, 40 mSv, added between the sections. Houssais
et al. (1995) also suggest that their 0.7 Sv of AW converging
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Table 7. Net volume transports at 79◦ N from zonal sections and from Rudels et al. (2008). Full section and from 6◦ W to 9◦ E. Negative
transports are southward

Whole 6◦ W–9◦ E Whole section 6◦W–9◦ E based on
section Rudels et al. (2008) Rudels et al. (2008)

All years (av.) −3.1 −2.7 −2.7 (−1.7*) −2.1
1984 −2.2 −2.0 −1.0 −0.8
1997 −4.2 −4.2 −4.1 −4.1
2002 −4.1 −3.4 −3.6 –
2004 −1.8 −1.1 −2.1 −1.5

* Computed as a mean of 16 summer sections taken between 1980 and 2005, and then modified with budget
considerations.

in the area might be diluted by Polar surface water, but the
results presented here suggest that the 0.7 Sv of AW converg-
ing in the area could be mixed with the intermediate waters
below.

5.1.2 Meridional Sections and recirculation

The transports through 79◦ N can be computed for 2003 from
the meridional section boxes. With constraints applied the
net volume transport across 79◦ N is 3.1 Sv southward. This
is close to the 3.3 Sv obtained by Rudels et al. (2008) from
the same Lance data. The 2003 Polarstern section taken less
than one month later than the Lance section gave a transport
of 1.4 Sv southward (Rudels et al., 2008). Temporal variance
this large is possible, as seen in the net volume flow from
mooring data and also captured by the models (Fieg et al.,
2010, Fig. 9).
For 1997 and 2001 only the fluxes through the part of the

79◦ N section east of 0◦ longitude can be computed with con-
straints applied, the corresponding transports are 0.4 Sv and
0.7 Sv northward as compared with the 1.2 and 2.0 Sv north-
ward from the method used by Rudels et al. (2008). From
the zonal section pairs with constraints applied the transport
for 1997 on the eastern side of the 79◦ N section is 0.7 Sv
northward.

From the meridional section computations with and with-
out constraints applied the results between 78.8◦ N and 80◦ N
are of the same order and direction. The westward recircula-
tion between 78.8◦ N and 80◦ N is largest in 2003.

For 1997 no recirculation was found from the zonal sec-
tion pair, but from the meridional section a recirculation of
1.3 Sv westward was obtained. The data in the 1997 northern
section are sparse and aliasing is likely to occur.

5.2 Sources of error

5.2.1 Data

Most of the data have not been smoothed. However, since the
geostrophic computations integrate the density field, smaller
disturbances tend to cancel out. Some spikes have been re-
moved by linear interpolation, but the datasets still contain

small spikes, e.g., the 2003 Lance data for the northern box
has a probable salinity spike of 0.004 present at a couple
of stations. Such a spike perturbs the velocities by about
1× 10−5 ms−1, which then affects the water column above
the spike since the velocities are first set to zero near the
bottom. The transport estimate assuming the distance be-
tween stations to be 20 km and depth 1 km above the spike,
amounts to a missed volume of 0.2 mSv. This difference is
small enough to be ignored.

The data close to the surface often are of poor quality. The
largest depths that have been extrapolated to the surface by
using constant values are on a station in 2001 from about
70 dbar to the surface, and in 2003 on a station from 29 dbar
to the surface.

The data do not always reach close to the bottom of the
ocean floor. Two of the 2002 and two of the 2003 station casts
miss more than or about 1000 m of the water column above
the bottom (Figs. 3 and 5). The transports for these missed
areas are not compensated for in the transport estimates. The
transports were computed for the 2003 meridional section
(southern box) excluding these two shallow casts from the
section. The westward and eastward transports through the
meridional section were reduced by over 1 Sv, but the re-
circulation of both the total water column and of AW were
reduced by less than 0.1 Sv.

The location and length of the northern section vary from
year to year, sometimes crossing the Yermak Plateau and
sometimes not. The 79◦ N sections also are of different
lengths. The 1997 and 2002 sections are taken over 2 months
apart and, hence, not synoptic considering the variation in the
strait. Aliasing due to too few stations may also occur.

5.2.2 Method

We have assumed that the transports not observed in the
strait, because of the sections not reaching the coasts, are
about equal on both sections and cancel out, and that the net
flow passing one section also has to cross the other section,
apart from the added ice melt. No heat or salt is allowed to
accumulate in the deep part of the box during that time. These
are assumptions. The part of the Greenland shelf missed by

www.ocean-sci.net/9/499/2013/ Ocean Sci., 9, 499–519, 2013



514 M. Marnela et al.: Recirculation and transports in the Fram Strait

the sections is up to almost 200 km wide and on the Svalbard
shelf about 50 km is missed (Fig. 2). Rudels et al. (2008)
estimated up to 1 Sv of water on the Greenland shelf pass-
ing southward beyond the standard 79◦ N section. The trans-
port on the Svalbard shelf east of the standard 79◦ N section
can be estimated from the 2003 data (from 9◦ E to 11◦ E)
as 0.1 Sv northward and has been estimated by Walczowski
et al. (2005) as about 0.1 Sv northward at their section S (at
about 78◦ N) and about 0.1 Sv southward at their section Z
(about 78◦15’ N) from baroclinic computations. The defor-
mation radius on the Svalbard shelf is estimated as about
10 km from the 2003 data.

The velocities between stations cannot be readily deduced
from the density field close to the bottom due to the non-
uniform topography. The method of Jacobsen and Jensen
used to estimate the velocities at the bottom of the deeper
station in a station pair only takes into account the differ-
ence between the station properties at the bottom depth of the
shallower station and the velocity for the deep station close
to bottom is extrapolated from that single difference (Fig. 6).

Having the geostrophic velocity set to zero near the bottom
without applying constraints leads to convergences between
the zonal sections and imbalances with net inflows into the
box ranging from 0.5 Sv in 1997 to 3.5 Sv in 1984 and a net
outflow (divergence) of 0.7 Sv in 2002 (Table 1).

It is clear that the transports are highly dependent on the
constraints (Table A1) used as well as on the available sta-
tions that form the section. The 1984 result is tested for alias-
ing by removing one station from the data. The net transport
changes very little if the station is removed from the deep
part of the strait, up to about 0.1 Sv, but the northward and
southward transports can both differ by 2 Sv. Although the
removal of a station from the section does not affect the net
transports much, it can have large impacts on the individual
northward and southward transports. However, if the station
is removed from the West Spitsbergen Current or the East
Greenland Current on the slopes, even the net transport can
change by more than 1 Sv.

The depth of about 2700 m (2744 dbar) is used to block the
deeper waters in the northern section from crossing the strait.
However, the sill depth is cited as 2600 m in literature and
studies of the bottom bathymetry in the Fram Strait show a
very complex structure (e.g., Klenke and Schenke, 2002). We
have on the 79◦ N sections 1–7 stations that reach deeper than
2600 m. Should we use that as a limiting depth, we would
need an extra constraint for the deep part of the 79◦ N sec-
tion assuming that the sill is at its shallowest between the
sections. This is tested with the 2004 data and results give
nearly the same volume transport as already presented, the
difference between the results being less than about 2 %, ex-
cept for the deep waters and AW. The largest differences are
in the order of 0.1 Sv. The freshwater produced between the
sections increases by 0.5 mSv. Heat/temperature seems to be
the most sensitive of the three variables showing an increase
of 23 % (0.5 TW) of heat lost between the sections. Mainly

the difference is due to the more positive fluxes (warm At-
lantic waters northward and cold deep water southward) at
79◦ N section.

5.2.3 Strait dynamics

There are eddies in Fram Strait and its vicinity, typically of
diameter of 20–40 km with persistence time of 20–30 days
(Johannessen et al., 1987; Quadfasel et al., 1987). Mesoscale
eddies are an important mechanism by which AW may be re-
circulated from the WSC (Gascard et al., 1988; Schlichtholz
and Houssais, 2002). These eddies may be missed by the hy-
drographic sections or misinterpreted due to aliasing, e.g., if
only one side of eddy is measured.

Fahrbach et al. (2001) report a recirculation of 2.6± 0.1 Sv
just east of 0◦ E between 78◦50′ N and 79◦ N, and some of the
recirculation through the meridional section may be missed
having it located at 0◦-meridian.

With the constraints applied the convergence or divergence
of a specific water mass in the box can be up to 0.5 Sv or
more. The maximum convergence, 0.7 Sv, occurs in the AW
in 1984 and the maximum divergence, 0.9 Sv, in the surface
water in 2004 (Fig. 8). This indicates that diapycnal mixing
occurs between the sections and affects a substantial fraction
of the water masses. The main mixing is isopycnal as can be
seen from the transformations of the water masses between
the waters entering and leaving the boxes. The temperature-
salinity shifts are mainly isopycnal (Fig. 8).

The salinity of multi-year ice is about 2–3 psu and a little
bit more in the first year ice at the end of summer and again
slightly more at the beginning of the summer (Untersteiner,
1961). The salt contained in the sea ice crossing the box bor-
ders is not considered in the computations, but the salt re-
leased to the area between the zonal sections by melting is
present in the data causing a small error less than 0.01 Sv
in volume transports and about 0.01–0.03 mSv in freshwater
transports (estimated assuming 4 psu sea ice).

The daily mean winds at 10 m height are obtained from the
Era Interim Reanalyses of ECMWF. The Ekman transport of
water near the surface can be estimated from the data. Using
the daily mean winds gives Ekman transports up to 0.5 Sv
during the measurement periods, however, these transports
nearly cancel out during the whole length of the period being
±0.005 Sv. The Ekman transports are considered small and
not included in the computations.

6 Discussion and conclusions

The mean net volume transport for the observed four years
having velocity set to zero near the bottom and with no con-
straints applied is 2.9 Sv southward through the 79◦ N sec-
tion and 4.5 Sv southward through the northern section, with
an imbalance of 1.6 Sv between the sections. Applying the
constraints changes the transport to 3.1 Sv and reduces the
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imbalance between the sections to less than 0.1 Sv. The net
volume transports obtained from applying the constraints fall
between the volume transports at the two sections with no
constraints applied, i.e., the net volume transports increase at
the 79◦ N section and decrease at the northern section except
in 2002 the opposite. The sections in 2002 are exceptional in
that the southward net transport without constraints is larger
at the 79◦ N section than at the northern section. This is only
partly explained by the extending of the section at 79◦ N fur-
thest to the west in 2002, the flow estimated for the shelf
part being 0.7 Sv (Fig. 2, Tables 1, 2 and 7). The transport
southward through the northern section is smallest in 2002.
However, a gap with no observations between 1200 m and
the bottom exists on the northern section (see Fig. 3).
The individual northward and southward volume fluxes

are smaller than those obtained by direct current measure-
ments (e.g., Schauer et al., 2008), but the net transports are
of the same order, perhaps larger. If correct, this would re-
quire a larger inflow over the Barents Sea than the slightly
above 2 Sv that has previously been estimated (e.g., Smed-
srud et al., 2010) or a smaller outflow through the Canadian
Arctic Archipelago than the 2 Sv given in most references
(e.g., Melling et al., 2008). Recent results (e.g., Skagseth et
al., 2011) find 3 Sv inflow to the Barents Sea.

The recirculation of AW in Fram Strait is estimated as
about 2 Sv from both the zonal and meridional sections.
The recirculation of intermediate waters is smaller and that
of surface waters only noticeable in 2002. The recircula-
tion seems to be largest at and south of 79◦ N and clearly
weakens northwards, as is seen from the meridional sec-
tions. This supports the assumption that the strong recircu-
lation area is located south of 81–82◦ N as already suggested
by Rudels (1987). Part of the recirculation may be located
east of the 0◦ meridian and would then be missed in the
meridional sections. Almost 50 % of the AW entering the
strait from the south recirculates as has previously been esti-
mated by, e.g., Rudels (1987), Bourke et al. (1987) and Man-
ley (1995).

The north-south section is also located in the vicinity of
a semi-permanent topographically trapped eddy of 60 km in
diameter near the Molloy Deep (Wadhams and Squire,1983;
Bourke et al., 1987; Johannessen et al., 1987), which causes
the flow near 79◦30′ N and 3◦ E to be westward north of
the eddy and eastward south of it. In 1997 and 2003, the
westward transports between 79◦30′ N and 80◦ N, are smaller
than elsewhere and in 2001 eastward.

The circulation around Yermak Plateau is similar to
that obtained by Marnela et al. (2008) for the 2002 data.
There is northward flow of AW in the east. The results
also support the southward flow along Yermak Plateau’s
eastern flank (Fig. 3).

There are large differences in the heat/temperature and
freshwater transports during the different years. The results
are nevertheless reasonable. The net heat/temperature trans-
port across the southern sections is, except in 1997, in the

range of the transports found from direct current measure-
ments (Schauer et al., 2004, 2008). The smaller transports
through the northern sections indicate that a substantial heat
loss occurs just north of 79◦ N.

The transport of liquid freshwater, 60 mSv in 2004 and
50 mSv in 2002 and less in the earlier years, is almost as large
as the ice export (Dickson et al., 2007) and somewhat smaller
than estimated by Rabe et al. (2009). The difference between
the northern and southern sections shows that a large part
of the freshwater is added to the water column just north of
Fram Strait, largely in the area between the sections, mainly
through ice melt.

The results presented in Table 2 imply that when the wa-
ters inside the box are warm more heat is carried northward
and more heat is being used to melt sea ice inside the box.
Across 79◦ N the freshwater transport is largest (smallest)
when the volume transport is largest (smallest). This might
be interpreted as the salinity of low-salinity surface water
having low year to year (summer) variance.

In the deep and in the intermediate waters below the den-
sity surface 28.06 there is a net southward transport at 79◦ N
of 0.6 Sv in 1984, 0.5 Sv in 1997, 0.7 Sv in 2002 and 0.1 Sv
northward in 2004. The mean of the four years equals 0.4 Sv
net southward transport, a single value that was used as one
constraint on the deep exchanges in the earlier work on the
transports through single sections at 79◦ N (Rudels et al.,
2008), and suggests that such constraint on single sections
might be realistic.

The method used here is rather simple. It requires only
the use of hydrographic data with constraints. The individual
northward and southward transports obtained for heat (tem-
perature) and freshwater are somewhat arbitrary, due to the
choice of reference temperature and salinity, but also due
to the limited number of stations available which allows for
some smaller scale features to pass unnoticed. The results for
the net transports through Fram Strait as well as for the heat
lost and freshwater formed between the sections, however,
are comparable to those from more sophisticated methods.

Appendix A

Geostrophic method and the method of Jacobsen
and Jensen

Geostrophic balance for the velocity component normal to
the line connecting the CTD stations, or x-axis, can be writ-
ten as follows:

v · 2�sinφ = −
1
ρ

∂p

∂x
(A1)

where v is the velocity, � is the angular velocity of Earth
(7.292 × 10−5rad s−1), ϕ is latitude, ρ is density and p is
pressure.

After having set velocity to zero at the bottom of the
shallower station of a pair, the method of Jacobsen and
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the sections is up to almost 200 km wide and on the Svalbard
shelf about 50 km is missed (Fig. 2). Rudels et al. (2008)
estimated up to 1 Sv of water on the Greenland shelf pass-
ing southward beyond the standard 79◦ N section. The trans-
port on the Svalbard shelf east of the standard 79◦ N section
can be estimated from the 2003 data (from 9◦ E to 11◦ E)
as 0.1 Sv northward and has been estimated by Walczowski
et al. (2005) as about 0.1 Sv northward at their section S (at
about 78◦ N) and about 0.1 Sv southward at their section Z
(about 78◦15’ N) from baroclinic computations. The defor-
mation radius on the Svalbard shelf is estimated as about
10 km from the 2003 data.

The velocities between stations cannot be readily deduced
from the density field close to the bottom due to the non-
uniform topography. The method of Jacobsen and Jensen
used to estimate the velocities at the bottom of the deeper
station in a station pair only takes into account the differ-
ence between the station properties at the bottom depth of the
shallower station and the velocity for the deep station close
to bottom is extrapolated from that single difference (Fig. 6).

Having the geostrophic velocity set to zero near the bottom
without applying constraints leads to convergences between
the zonal sections and imbalances with net inflows into the
box ranging from 0.5 Sv in 1997 to 3.5 Sv in 1984 and a net
outflow (divergence) of 0.7 Sv in 2002 (Table 1).

It is clear that the transports are highly dependent on the
constraints (Table A1) used as well as on the available sta-
tions that form the section. The 1984 result is tested for alias-
ing by removing one station from the data. The net transport
changes very little if the station is removed from the deep
part of the strait, up to about 0.1 Sv, but the northward and
southward transports can both differ by 2 Sv. Although the
removal of a station from the section does not affect the net
transports much, it can have large impacts on the individual
northward and southward transports. However, if the station
is removed from the West Spitsbergen Current or the East
Greenland Current on the slopes, even the net transport can
change by more than 1 Sv.

The depth of about 2700 m (2744 dbar) is used to block the
deeper waters in the northern section from crossing the strait.
However, the sill depth is cited as 2600 m in literature and
studies of the bottom bathymetry in the Fram Strait show a
very complex structure (e.g., Klenke and Schenke, 2002). We
have on the 79◦ N sections 1–7 stations that reach deeper than
2600 m. Should we use that as a limiting depth, we would
need an extra constraint for the deep part of the 79◦ N sec-
tion assuming that the sill is at its shallowest between the
sections. This is tested with the 2004 data and results give
nearly the same volume transport as already presented, the
difference between the results being less than about 2 %, ex-
cept for the deep waters and AW. The largest differences are
in the order of 0.1 Sv. The freshwater produced between the
sections increases by 0.5 mSv. Heat/temperature seems to be
the most sensitive of the three variables showing an increase
of 23 % (0.5 TW) of heat lost between the sections. Mainly

the difference is due to the more positive fluxes (warm At-
lantic waters northward and cold deep water southward) at
79◦ N section.

5.2.3 Strait dynamics

There are eddies in Fram Strait and its vicinity, typically of
diameter of 20–40 km with persistence time of 20–30 days
(Johannessen et al., 1987; Quadfasel et al., 1987). Mesoscale
eddies are an important mechanism by which AW may be re-
circulated from the WSC (Gascard et al., 1988; Schlichtholz
and Houssais, 2002). These eddies may be missed by the hy-
drographic sections or misinterpreted due to aliasing, e.g., if
only one side of eddy is measured.

Fahrbach et al. (2001) report a recirculation of 2.6± 0.1 Sv
just east of 0◦ E between 78◦50′ N and 79◦ N, and some of the
recirculation through the meridional section may be missed
having it located at 0◦-meridian.

With the constraints applied the convergence or divergence
of a specific water mass in the box can be up to 0.5 Sv or
more. The maximum convergence, 0.7 Sv, occurs in the AW
in 1984 and the maximum divergence, 0.9 Sv, in the surface
water in 2004 (Fig. 8). This indicates that diapycnal mixing
occurs between the sections and affects a substantial fraction
of the water masses. The main mixing is isopycnal as can be
seen from the transformations of the water masses between
the waters entering and leaving the boxes. The temperature-
salinity shifts are mainly isopycnal (Fig. 8).

The salinity of multi-year ice is about 2–3 psu and a little
bit more in the first year ice at the end of summer and again
slightly more at the beginning of the summer (Untersteiner,
1961). The salt contained in the sea ice crossing the box bor-
ders is not considered in the computations, but the salt re-
leased to the area between the zonal sections by melting is
present in the data causing a small error less than 0.01 Sv
in volume transports and about 0.01–0.03 mSv in freshwater
transports (estimated assuming 4 psu sea ice).

The daily mean winds at 10 m height are obtained from the
Era Interim Reanalyses of ECMWF. The Ekman transport of
water near the surface can be estimated from the data. Using
the daily mean winds gives Ekman transports up to 0.5 Sv
during the measurement periods, however, these transports
nearly cancel out during the whole length of the period being
±0.005 Sv. The Ekman transports are considered small and
not included in the computations.

6 Discussion and conclusions

The mean net volume transport for the observed four years
having velocity set to zero near the bottom and with no con-
straints applied is 2.9 Sv southward through the 79◦ N sec-
tion and 4.5 Sv southward through the northern section, with
an imbalance of 1.6 Sv between the sections. Applying the
constraints changes the transport to 3.1 Sv and reduces the
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imbalance between the sections to less than 0.1 Sv. The net
volume transports obtained from applying the constraints fall
between the volume transports at the two sections with no
constraints applied, i.e., the net volume transports increase at
the 79◦ N section and decrease at the northern section except
in 2002 the opposite. The sections in 2002 are exceptional in
that the southward net transport without constraints is larger
at the 79◦ N section than at the northern section. This is only
partly explained by the extending of the section at 79◦ N fur-
thest to the west in 2002, the flow estimated for the shelf
part being 0.7 Sv (Fig. 2, Tables 1, 2 and 7). The transport
southward through the northern section is smallest in 2002.
However, a gap with no observations between 1200 m and
the bottom exists on the northern section (see Fig. 3).
The individual northward and southward volume fluxes

are smaller than those obtained by direct current measure-
ments (e.g., Schauer et al., 2008), but the net transports are
of the same order, perhaps larger. If correct, this would re-
quire a larger inflow over the Barents Sea than the slightly
above 2 Sv that has previously been estimated (e.g., Smed-
srud et al., 2010) or a smaller outflow through the Canadian
Arctic Archipelago than the 2 Sv given in most references
(e.g., Melling et al., 2008). Recent results (e.g., Skagseth et
al., 2011) find 3 Sv inflow to the Barents Sea.

The recirculation of AW in Fram Strait is estimated as
about 2 Sv from both the zonal and meridional sections.
The recirculation of intermediate waters is smaller and that
of surface waters only noticeable in 2002. The recircula-
tion seems to be largest at and south of 79◦ N and clearly
weakens northwards, as is seen from the meridional sec-
tions. This supports the assumption that the strong recircu-
lation area is located south of 81–82◦ N as already suggested
by Rudels (1987). Part of the recirculation may be located
east of the 0◦ meridian and would then be missed in the
meridional sections. Almost 50 % of the AW entering the
strait from the south recirculates as has previously been esti-
mated by, e.g., Rudels (1987), Bourke et al. (1987) and Man-
ley (1995).

The north-south section is also located in the vicinity of
a semi-permanent topographically trapped eddy of 60 km in
diameter near the Molloy Deep (Wadhams and Squire,1983;
Bourke et al., 1987; Johannessen et al., 1987), which causes
the flow near 79◦30′ N and 3◦ E to be westward north of
the eddy and eastward south of it. In 1997 and 2003, the
westward transports between 79◦30′ N and 80◦ N, are smaller
than elsewhere and in 2001 eastward.

The circulation around Yermak Plateau is similar to
that obtained by Marnela et al. (2008) for the 2002 data.
There is northward flow of AW in the east. The results
also support the southward flow along Yermak Plateau’s
eastern flank (Fig. 3).

There are large differences in the heat/temperature and
freshwater transports during the different years. The results
are nevertheless reasonable. The net heat/temperature trans-
port across the southern sections is, except in 1997, in the

range of the transports found from direct current measure-
ments (Schauer et al., 2004, 2008). The smaller transports
through the northern sections indicate that a substantial heat
loss occurs just north of 79◦ N.

The transport of liquid freshwater, 60 mSv in 2004 and
50 mSv in 2002 and less in the earlier years, is almost as large
as the ice export (Dickson et al., 2007) and somewhat smaller
than estimated by Rabe et al. (2009). The difference between
the northern and southern sections shows that a large part
of the freshwater is added to the water column just north of
Fram Strait, largely in the area between the sections, mainly
through ice melt.

The results presented in Table 2 imply that when the wa-
ters inside the box are warm more heat is carried northward
and more heat is being used to melt sea ice inside the box.
Across 79◦ N the freshwater transport is largest (smallest)
when the volume transport is largest (smallest). This might
be interpreted as the salinity of low-salinity surface water
having low year to year (summer) variance.

In the deep and in the intermediate waters below the den-
sity surface 28.06 there is a net southward transport at 79◦ N
of 0.6 Sv in 1984, 0.5 Sv in 1997, 0.7 Sv in 2002 and 0.1 Sv
northward in 2004. The mean of the four years equals 0.4 Sv
net southward transport, a single value that was used as one
constraint on the deep exchanges in the earlier work on the
transports through single sections at 79◦ N (Rudels et al.,
2008), and suggests that such constraint on single sections
might be realistic.

The method used here is rather simple. It requires only
the use of hydrographic data with constraints. The individual
northward and southward transports obtained for heat (tem-
perature) and freshwater are somewhat arbitrary, due to the
choice of reference temperature and salinity, but also due
to the limited number of stations available which allows for
some smaller scale features to pass unnoticed. The results for
the net transports through Fram Strait as well as for the heat
lost and freshwater formed between the sections, however,
are comparable to those from more sophisticated methods.

Appendix A

Geostrophic method and the method of Jacobsen
and Jensen

Geostrophic balance for the velocity component normal to
the line connecting the CTD stations, or x-axis, can be writ-
ten as follows:

v · 2�sinφ = −
1
ρ

∂p

∂x
(A1)

where v is the velocity, � is the angular velocity of Earth
(7.292 × 10−5rad s−1), ϕ is latitude, ρ is density and p is
pressure.

After having set velocity to zero at the bottom of the
shallower station of a pair, the method of Jacobsen and
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Table A1. Volume transports (Sv) as obtained from combinations of constraints. (a) constraints 1, 2, 5 and where applicable 6 are applied.
(b) constraints 1, 5 and where applicable 6 are applied. (c) constraint 5 and where applicable 6 is applied. (d) constraint 1 is applied. (e)
constraints 2 and 3 are applied.

79◦ N North

Year Northward Southward Net Northward Southward Net

(a)

1984 7.60 −9.90 −2.30 5.12 −7.38 −2.26
1997 3.59 −8.26 −4.67 3.99 −8.65 −4.66
2002 9.73 −13.68 −3.95 2.98 −6.86 −3.88
2004 7.65 −10.75 −3.10 5.25 −8.30 −3.04
mean 7.14 −10.65 −3.50 4.33 −7.80 −3.46
std 2.22 1.97 0.89 0.92 0.71 0.90

(b)

1984 7.30 −10.45 −3.14 4.54 −7.66 −3.12
1997 3.54 −8.32 −4.79 3.95 −8.73 −4.78
2002 9.66 −13.78 −4.12 2.90 −6.95 −4.05
2004 7.49 −10.94 −3.45 5.06 −8.46 −3.40
mean 7.00 −10.87 −3.87 4.11 −7.95 −3.84
std 2.20 1.95 0.64 0.80 0.70 0.64

(c)

1984 7.77 −9.20 −1.43 3.97 −8.26 −4.28
1997 3.85 −7.94 −4.09 3.74 −9.04 −5.30
2002 9.54 −13.97 −4.44 2.99 −6.82 −3.82
2004 8.31 −9.82 −1.51 4.19 −9.10 −4.91
mean 7.37 −10.23 −2.87 3.72 −8.31 −4.58
std 2.13 2.26 1.40 0.45 0.92 0.57

(d)

1984 7.35 −10.31 −2.96 4.43 −7.37 −2.94
1997 3.76 −8.05 −4.29 4.20 −8.49 −4.29
2002 9.66 −13.79 −4.13 2.95 −7.01 −4.06
2004 7.84 −10.41 −2.57 5.44 −7.97 −2.53
mean 7.15 −10.64 −3.49 4.25 −7.71 −3.45
std 2.14 2.05 0.74 0.89 0.57 0.74

(e)

1984 7.92 −9.15 −1.23 3.84 −7.75 −3.92
1997 4.22 −7.70 −3.48 4.81 −8.17 −3.37
2002 9.93 −13.64 −3.71 3.11 −6.46 −3.35
2004 8.87 −9.57 −0.71 5.74 −7.79 −2.05
mean 7.74 −10.01 −2.28 4.37 −7.54 −3.17
std 2.15 2.20 1.33 0.99 0.65 0.69

Jensen (1926) is used for determining the velocities at the
deeper station at all levels j located below the deepest com-
mon level of the station pair. This involves computing the dif-
ference between the specific volume anomaly of the bottom-
most measurement of the shallow station i and the specific
volume anomaly at the corresponding pressure of the deep
station i + 1. The velocity is then obtained by dividing the
anomaly difference �δi by the distance Li between the sta-
tions and by Coriolis term f (f = 2�sinϕ), and multiplying

by a depth dependent sum. For layers j of thickness dh below
the shallow station, we get:

vi+1,j =
�δi

Lif

j∑
k=1

(�Hi − k × dh)/�Hi (A2)

where j = 1, . . ., �Hi /dh and �Hi is the difference between
the bottom depth of the deep station and the bottom depth of
the shallow station.
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Appendix B

Conservation constraints and the variational method

The conservation constraints are: (1) salt is conserved be-
tween the sections, (2) volume, (3) salt, and (4) heat are con-
served between the sections below the density surface 28.06
and above 2744 dbar (5) volume is conserved on the northern
section below 2744 dbar, and (6) volume is conserved below
750 dbar in the Sofia Deep.

The net transports of the baroclinic transports are balanced
with barotropic velocities and the constraints become:

(1)
∫ ∫

γ 1

vb(x)S(x, z)dxdz =

−

∫ ∫

γ 1

vbc(x, z)S(x, z)dxdz = C1

(2)
∫ ∫

γ 2

vb(x)dxdz = −

∫ ∫

γ 2

vbc(x, z)dxdz = C2

(3)
∫ ∫

γ 3

vb(x)S(x, z)dxdz =

−

∫ ∫

γ 3

vbc(x, z)S(x, z)dxdz = C3

(4)
∫ ∫

γ 4

vb(x)θ(x, z)dxdz =

−

∫ ∫

γ 4

vbc(x, z)θ(x, z)dxdz = C4

(5)
∫ ∫

γ 5

vb(x)dxdz = −

∫ ∫

γ 5

vbc(x, z)dxdz = C5

(6)
∫ ∫

γ 6

vb(x)dxdz = −

∫ ∫

γ 6

vbc(x, z)dxdz = C6 (B1)

where vb(x) is the depth-independent barotropic velocity,
vbc(x, z) is the baroclinic velocity from the geostrophic com-
putations. S is salt, θ heat and Ck constraint, k = 1, . . .,6.
A variational approach is used to find the least energetic

barotropic corrections needed to fulfil the constraints in a
way similar to the method in Rudels et al. (2008). The
barotropic velocity component vb is computed by minimis-
ing the kinetic energy of the barotropic part using the method
of Lagrangian multipliers (Lanczos, 1970; Wunsch, 1978;

Stommel and Veronis, 1981), where Lambda, λk , are the La-
grangian multipliers. Introducing Rk for salt, heat and vol-
ume in Eq. (B1) we get:

∂

∂vb




∫ ∫

γ 1

1
2

(
vb(x)

)2
dxdz+

6∑
k=1

λk



∫ ∫

γ k

vb(x)Rk(x, z)dxdz−Ck







= 0 (B2)

which in discrete form can be written as:

∂

∂vb

{
1
2

∑
i∈γ 1

(vb
i )

2
∑
j∈γ 1

aij +

6∑
k=1

λk

(∑
i∈γ k

(vb
i )

∑
j∈γ k

aijR
k
ij −Ck

)}
= 0 (B3)

where the sums are taken over the station halves i and depths
z(i,j) corresponding to the intervals from γ1 to γ6. The tem-
perature θij and salinity sij properties of each station are as-
sumed to extend halfway to the neighbouring stations and aij
is the area where the property is considered valid: half of the
distance to the neighbouring CTD station multiplied by the
layer thickness dh. The two halves of the same station are
treated separately and different reference velocities can be
added to them (Rudels, 1987). After derivation this results
to:

a1
i v

b
i +

6∑
k=1

λkr
k
i = 0 (B4)

where

aki =

∑
j∈γ k

aij

rki =

∑
j∈γ k

aijR
k
ij

i.e.vb
i +

6∑
k=1

λk
rki

a1
i

= 0 (B5)

i.e.vb
+ B
 = 0, where (B6)

B =

{
rki

aki

}
and 
 = {λk} .

Writing Eq. (B1) asAT vb
= C, where (B7)

A =

{
rki

}
and C = {Ck}
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Table A1. Volume transports (Sv) as obtained from combinations of constraints. (a) constraints 1, 2, 5 and where applicable 6 are applied.
(b) constraints 1, 5 and where applicable 6 are applied. (c) constraint 5 and where applicable 6 is applied. (d) constraint 1 is applied. (e)
constraints 2 and 3 are applied.

79◦ N North

Year Northward Southward Net Northward Southward Net

(a)

1984 7.60 −9.90 −2.30 5.12 −7.38 −2.26
1997 3.59 −8.26 −4.67 3.99 −8.65 −4.66
2002 9.73 −13.68 −3.95 2.98 −6.86 −3.88
2004 7.65 −10.75 −3.10 5.25 −8.30 −3.04
mean 7.14 −10.65 −3.50 4.33 −7.80 −3.46
std 2.22 1.97 0.89 0.92 0.71 0.90

(b)

1984 7.30 −10.45 −3.14 4.54 −7.66 −3.12
1997 3.54 −8.32 −4.79 3.95 −8.73 −4.78
2002 9.66 −13.78 −4.12 2.90 −6.95 −4.05
2004 7.49 −10.94 −3.45 5.06 −8.46 −3.40
mean 7.00 −10.87 −3.87 4.11 −7.95 −3.84
std 2.20 1.95 0.64 0.80 0.70 0.64

(c)

1984 7.77 −9.20 −1.43 3.97 −8.26 −4.28
1997 3.85 −7.94 −4.09 3.74 −9.04 −5.30
2002 9.54 −13.97 −4.44 2.99 −6.82 −3.82
2004 8.31 −9.82 −1.51 4.19 −9.10 −4.91
mean 7.37 −10.23 −2.87 3.72 −8.31 −4.58
std 2.13 2.26 1.40 0.45 0.92 0.57

(d)

1984 7.35 −10.31 −2.96 4.43 −7.37 −2.94
1997 3.76 −8.05 −4.29 4.20 −8.49 −4.29
2002 9.66 −13.79 −4.13 2.95 −7.01 −4.06
2004 7.84 −10.41 −2.57 5.44 −7.97 −2.53
mean 7.15 −10.64 −3.49 4.25 −7.71 −3.45
std 2.14 2.05 0.74 0.89 0.57 0.74

(e)

1984 7.92 −9.15 −1.23 3.84 −7.75 −3.92
1997 4.22 −7.70 −3.48 4.81 −8.17 −3.37
2002 9.93 −13.64 −3.71 3.11 −6.46 −3.35
2004 8.87 −9.57 −0.71 5.74 −7.79 −2.05
mean 7.74 −10.01 −2.28 4.37 −7.54 −3.17
std 2.15 2.20 1.33 0.99 0.65 0.69

Jensen (1926) is used for determining the velocities at the
deeper station at all levels j located below the deepest com-
mon level of the station pair. This involves computing the dif-
ference between the specific volume anomaly of the bottom-
most measurement of the shallow station i and the specific
volume anomaly at the corresponding pressure of the deep
station i + 1. The velocity is then obtained by dividing the
anomaly difference �δi by the distance Li between the sta-
tions and by Coriolis term f (f = 2�sinϕ), and multiplying

by a depth dependent sum. For layers j of thickness dh below
the shallow station, we get:

vi+1,j =
�δi

Lif

j∑
k=1

(�Hi − k × dh)/�Hi (A2)

where j = 1, . . ., �Hi /dh and �Hi is the difference between
the bottom depth of the deep station and the bottom depth of
the shallow station.
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Appendix B

Conservation constraints and the variational method

The conservation constraints are: (1) salt is conserved be-
tween the sections, (2) volume, (3) salt, and (4) heat are con-
served between the sections below the density surface 28.06
and above 2744 dbar (5) volume is conserved on the northern
section below 2744 dbar, and (6) volume is conserved below
750 dbar in the Sofia Deep.

The net transports of the baroclinic transports are balanced
with barotropic velocities and the constraints become:

(1)
∫ ∫

γ 1

vb(x)S(x, z)dxdz =

−

∫ ∫

γ 1

vbc(x, z)S(x, z)dxdz = C1

(2)
∫ ∫

γ 2

vb(x)dxdz = −

∫ ∫

γ 2

vbc(x, z)dxdz = C2

(3)
∫ ∫

γ 3

vb(x)S(x, z)dxdz =

−

∫ ∫

γ 3

vbc(x, z)S(x, z)dxdz = C3

(4)
∫ ∫

γ 4

vb(x)θ(x, z)dxdz =

−

∫ ∫

γ 4

vbc(x, z)θ(x, z)dxdz = C4

(5)
∫ ∫

γ 5

vb(x)dxdz = −

∫ ∫

γ 5

vbc(x, z)dxdz = C5

(6)
∫ ∫

γ 6

vb(x)dxdz = −

∫ ∫

γ 6

vbc(x, z)dxdz = C6 (B1)

where vb(x) is the depth-independent barotropic velocity,
vbc(x, z) is the baroclinic velocity from the geostrophic com-
putations. S is salt, θ heat and Ck constraint, k = 1, . . .,6.
A variational approach is used to find the least energetic

barotropic corrections needed to fulfil the constraints in a
way similar to the method in Rudels et al. (2008). The
barotropic velocity component vb is computed by minimis-
ing the kinetic energy of the barotropic part using the method
of Lagrangian multipliers (Lanczos, 1970; Wunsch, 1978;

Stommel and Veronis, 1981), where Lambda, λk , are the La-
grangian multipliers. Introducing Rk for salt, heat and vol-
ume in Eq. (B1) we get:

∂

∂vb




∫ ∫

γ 1

1
2

(
vb(x)

)2
dxdz+

6∑
k=1

λk



∫ ∫

γ k

vb(x)Rk(x, z)dxdz−Ck







= 0 (B2)

which in discrete form can be written as:

∂

∂vb

{
1
2

∑
i∈γ 1

(vb
i )

2
∑
j∈γ 1

aij +

6∑
k=1

λk

(∑
i∈γ k

(vb
i )

∑
j∈γ k

aijR
k
ij −Ck

)}
= 0 (B3)

where the sums are taken over the station halves i and depths
z(i,j) corresponding to the intervals from γ1 to γ6. The tem-
perature θij and salinity sij properties of each station are as-
sumed to extend halfway to the neighbouring stations and aij
is the area where the property is considered valid: half of the
distance to the neighbouring CTD station multiplied by the
layer thickness dh. The two halves of the same station are
treated separately and different reference velocities can be
added to them (Rudels, 1987). After derivation this results
to:

a1
i v

b
i +

6∑
k=1

λkr
k
i = 0 (B4)

where

aki =

∑
j∈γ k

aij

rki =

∑
j∈γ k

aijR
k
ij

i.e.vb
i +

6∑
k=1

λk
rki

a1
i

= 0 (B5)

i.e.vb
+ B
 = 0, where (B6)

B =

{
rki

aki

}
and 
 = {λk} .

Writing Eq. (B1) asAT vb
= C, where (B7)

A =

{
rki

}
and C = {Ck}
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and solving Eqs. (B6) and (B7) gives the barotropic velocity

vb
= B

(
AT B

)−1
C (B8)

and the new velocity becomes

vij = vbc
ij + vb

i . (B9)
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Beszczynska-Möller, A., Fahrbach, E., Schauer, U., and Hansen, E.:
Variability in Atlantic water temperature and transport at the en-
trance to the Arctic Ocean, 1997–2010, ICES J. Mar. Sci., 69,
852–863, doi:10.1093/icesjms/fss056, 2012.

Bourke, R. H., Tunnicliffe, M. D., Newton, J. L., Paquette, R. G. and
Manley, T. O.: Eddy near the Molloy Deep revisited, J. Geophys.
Res., 92, C7, 6773–6776, 1987.

Bourke, R. H., Weigel, A. M., and Paquette, R. G.: The westward
turning branch of the West Spitsbergen Current, J. Geophys.
Res., 93, 14065–14077, 1988.

Carmack, E. C., Macdonald, R. W., Perkin, R. G., McLaughlin, F.
A., and Pearson, R. J.: Evidence for warming of Atlantic water in
the Southern Canadian Basin of the Arctic Ocean: Results from
the Larsen-93 expedition, Geophys. Res. Lett., 22, 1061–1064,
doi:10.1029/95GL00808, 1995.

de Steur, L., Hansen, E., Gerdes, R., Karcher, M., Fahrbach, E.,
and Holfort, J.: Freshwater fluxes in the East Greenland Cur-
rent: A decade of observations. Geophys. Res. Lett., 36, L23611,
doi:10.1029/2009GL041278, 2009.

Dickson R., Rudels, B., Dye, S., Karcher, M., Meincke, J., and
Yashayaev, I.: Current estimates of freshwater flux through
Arctic and subarctic seas. Prog. Oceanogr., 73, 210–230,
doi:10.1016/j.pocean.2006.12.003, 2007.

Fahrbach, E., Meincke, J., Østerhus, S., Rohardt, G., Schauer, U.,
Tverberg, V., and Verduin, J.: Direct measurements of volume
transports through Fram Strait. Polar Res., 20, 217–224, 2001.

Fieg, K., Gerdes, R., Fahrbach, E., Beszczynska-Möller, A.,
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and solving Eqs. (B6) and (B7) gives the barotropic velocity

vb
= B

(
AT B

)−1
C (B8)

and the new velocity becomes

vij = vbc
ij + vb

i . (B9)
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Abstract The exchanges between the Nordic Seas and the Arctic Ocean are important for the ocean cir-
culation and climate. Transports are here estimated using summer hydrographic data from the Greenland
Sea and the Fram Strait. Geostrophic transports are computed from hydrographic sections at 758N in the
Greenland Sea and at about 798N in the Fram Strait. Geostrophic velocities are adjusted with summer veloc-
ities derived from Argo floats, and four conservation constraints are applied to a box closed by the two sec-
tions. The estimated net volume transports are 0.86 1.5 Sv southward. Net freshwater transports through
the Greenland Sea section are estimated at 546 20 mSv and through the Fram Strait section at 666 9 mSv.
Heat loss in the area between the two sections is estimated at 96 12 TW. Convection depths in the Green-
land Sea are estimated from observations and vary between about 200 and 2000 dbar showing no trend.
Water mass properties in the Greenland Sea are affected both by convection and lateral mixing. Vertical
mixing is estimated from hydrography and based on it about 1 Sv of diluted Arctic Ocean waters are esti-
mated to enter the Greenland Sea. The properties of Atlantic, intermediate, and deep waters are studied.
Deep water properties are defined using water mass triangles and are subject to decadal changes.

1. Introduction

Oceanographic processes active in the Greenland Sea and in the Arctic Ocean (Figure 1) are important for the
large scale circulation. The North Atlantic Current transports about 7.46 1.1 Sv (1 Sv5 106 m3/s) of warm and
saline Atlantic water (AW) across the Greenland-Scotland Ridge, and some over continental shelf areas into
the Nordic Seas (Greenland, Iceland, and Norwegian Seas) [Hansen et al., 2015]. While part of the AW remains
and participates in the processes in the Nordic Seas [e.g., Swift and Aagaard, 1981], a part flows to the Arctic
Ocean through the Barents Sea [e.g., Rudels, 1986; Blindheim, 1989; Ingvaldsen et al., 2004] and in the West
Spitsbergen Current (WSC) through the Fram Strait [e.g., Rudels, 1987], where part of the northward flowing
AW recirculates southwestward [e.g., Bourke et al., 1988]. Warm, subsurface AW was observed in the Arctic
Basin already by Nansen [1902] and the return flow of warm AW was observed in the East Greenland Current
in the Fram Strait by Ryder [1891]. At the surface cold and low-saline surface water from the Arctic Ocean flows
through the Fram Strait in the East Greenland Current (EGC) to the Greenland Sea and southward [e.g.,Manley,
1995; Fahrbach et al., 2001; Rudels et al., 2005]. The deep water exchanges between the Arctic Ocean and the
rest of the oceans are possible only through the 2600 m deep Fram Strait.

Cooling and sinking of the warm AW in the Nordic Seas is part of the thermohaline overturning circulation
renewing and ventilating the deep waters in the oceans [Rahmstorf, 1995]. Southward flowing dense water
crosses the Greenland-Scotland Ridge at several places, the most prominent being the Denmark Strait in
the west and the Faroe Bank Channel in the east. The source for the Denmark Strait overflow water was ini-
tially proposed to be the intermediate water formed in the Iceland Sea [Swift et al., 1980; Swift and Aagaard,
1981] but later also the Greenland Sea was considered to be a source for the denser part of the Denmark
Strait overflow [Smethie and Swift, 1989]. Deep water from the Norwegian Sea, formed by mixing between
the Greenland Sea and Arctic Ocean deep water [Aagaard et al., 1985; Rudels, 1986; Swift and Koltermann,
1988], was considered to supply the overflow in the Faroe Bank Channel [Dooley and Meincke, 1981; Boren€as
and Lundberg, 1988]. The processes in the basins of the Nordic Seas became regarded as major sources for
the overflow water and thus drivers for the thermohaline overturning circulation in the Atlantic Ocean
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(a detailed review provided by Hansen and Østerhus [2000]), and the convection in the Greenland Sea was
considered as the main process.

No convection events reaching to the bottom in the Greenland Sea or the subsequent deep and bottom water
renewal were documented in the Greenland Sea Project started in the 1980s, nor in the following experiments,
and tracer studies indicated a reduced ventilation of the deep water after the 1970s [B€onisch and Schlosser, 1995].
In the 1990s, the temperature-salinity structure of the Greenland Sea water column started to change. An inter-
mediate depth temperature maximum started to evolve and the doming of the isopycnals began to weaken. A
likely explanation is that the deep convection was reduced and the dense bottom water was no longer renewed.
This would have allowed for the less dense and warmer Amerasian (Canadian) Basin deep water, which before
had been forced to continue along the Greenland slope toward the Iceland Sea and Denmark Strait, to penetrate

Figure 1. Locations of the 798N and 758N hydrograph�ıc sections, and the Nordic Seas currents. Currents transporting AW (red), return AW
(orange), Norwegian Coastal Current (green), and the Greenland Sea convective gyre waters (cyan).
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from the rim into the central Greenland Sea gyre [Rudels, 1995]. The intermediate water formed in the Greenland
Sea became less dense and no longer sank deep enough to remove the intermediate temperature maximum.
The convection in the Greenland Sea became limited to the layers above the intermediate temperature maxi-
mum, which was gradually displaced downward from 800 to 2000 dbar [Bud�eus et al., 1998; Bud�eus and Ronski,
2009]. In an earlier paper, Quadfasel and Meincke [1987] state that in some years convection does not extend
below a few hundred meters so similar features may have existed before the 1990s.

The effects of the weakening deep convection on the overflow and the thermohaline overturning circulation
were in the 1990s considered with some alarm and Rahmstorf [1995] pointed out that the increase in freshwater
content in the upper layer might limit the dense water formation and result in a breakdown of the overturning
circulation and thus a change to a weaker estuarine circulation as proposed by Stommel [1961]. However, at
about the same time the importance of the dense water formations in the Greenland Sea and Iceland Sea gyres
for the overflow and the thermohaline circulation became questioned.Mauritzen [1996a, 1996b] noted that the
main increase in density of the Atlantic water entering the Arctic Mediterranean across the Greenland-Scotland
Ridge occurs in the Norwegian Sea, and proposed that the Atlantic water that recirculates in the Fram Strait as
well as the part that enters the Arctic Ocean and later returns in the East Greenland Current, were both already
in the Fram Strait dense enough to supply the Denmark Strait overflow water. The formation of dense water in
the deep basin gyres, by contrast, was regarded to be less important. This view of the origin of the Denmark
Strait overflowwater is still partly valid but has beenmodified since the discovery of the North Iceland Jet, which
supplies the densest Denmark Strait overflowwater from the Iceland slope [Jonsson and Valdimarsson, 2004].

At present, the Greenland Sea produces intermediate water with densities such that the water formed in
the Greenland Sea can now contribute more directly to the overflow than earlier, when the water was too
dense to cross the Greenland-Scotland Ridge. The Arctic Ocean deep waters that earlier were observed in
the Denmark Strait [Buch et al., 1996], and perhaps also present north of the Iceland continental slope
[Rudels et al., 1999], now penetrate into the Greenland Sea gyre and replace and transform, by mixing,
the deeper layers in the Greenland Sea [Meincke et al., 1997; Somavilla et al. 2013]. This not only affects the
Greenland Sea but also the deep waters advected from the Greenland Sea to the Fram Strait and into the
Arctic Ocean. Some of these changes in the deeper layers occurring in the Fram Strait and in the Greenland
Sea during the last 20 years have been reported [Bud�eus and Ronski, 2009; Rudels, 2010; Langehaug and
Falck, 2012; Rudels et al, 2012; von Appen et al., 2015; Wang et al., 2015].

In this paper, the water mass properties and their changes are studied in the Fram Strait and in the Greenland
Sea, and the transport of Arctic Ocean waters to the Nordic Seas, as well as the amount of waters transported to
the Arctic Ocean through the Fram Strait, are estimated. Hydrographic sections from 1999 to 2010 in the Fram
Strait and along 758N in the Greenland Sea, reaching from the Greenland shelf to the Svalbard continental slope
and the Barents Sea shelf, are combined to form a quasiclosed box. The oceanic transports of waters flowing
through a box limited by the two sections are estimated from geostrophy and constrained by continuity require-
ments on volume and salt for different parts of the box. The effect of convection at the 758N section is consid-
ered when defining the constraints. The velocities at 758N are additionally constrained by advection velocities
derived from Argo floats circulating in the Greenland Sea gyre. This work is an extension of the approach used
by Houssais et al. [1995] and Marnela et al. [2013]. In section 2, the data used are described. In section 3, the
method is described and the transports through the Fram Strait and the 758N section are derived. In section 4,
the mixing and water mass transformation in the Greenland Sea are examined and changes of water mass prop-
erties in the Greenland Sea and the Fram Strait are described. Section 5 contains the summary and discussion.

2. Data

Hydrographic sections have been obtained in 1999–2002, 2004, 2005, 2008, and 2010 through various proj-
ects, by mainly the Alfred Wegener Institute’s (AWI) research vessel Polarstern, and the 2000 Fram Strait sec-
tion by the Norwegian Polar Institute’s (NPI) research vessel Lance, with one section located at 758N
crossing the Greenland Sea and the other in the Fram Strait at approximately 798N (788 49’N to 798 10’N) so
that both sections reach from the western to eastern shelf (Table A1a). The instruments used were SBE
9111 CTD (Conductivity, Temperature, Depth) profilers.

The data have been averaged for every 1 dbar except for the 1999 Fram Strait data which have been aver-
aged to 2 dbar intervals, thus for the corresponding 758N section in 1999 every second value is used.
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from the rim into the central Greenland Sea gyre [Rudels, 1995]. The intermediate water formed in the Greenland
Sea became less dense and no longer sank deep enough to remove the intermediate temperature maximum.
The convection in the Greenland Sea became limited to the layers above the intermediate temperature maxi-
mum, which was gradually displaced downward from 800 to 2000 dbar [Bud�eus et al., 1998; Bud�eus and Ronski,
2009]. In an earlier paper, Quadfasel and Meincke [1987] state that in some years convection does not extend
below a few hundred meters so similar features may have existed before the 1990s.

The effects of the weakening deep convection on the overflow and the thermohaline overturning circulation
were in the 1990s considered with some alarm and Rahmstorf [1995] pointed out that the increase in freshwater
content in the upper layer might limit the dense water formation and result in a breakdown of the overturning
circulation and thus a change to a weaker estuarine circulation as proposed by Stommel [1961]. However, at
about the same time the importance of the dense water formations in the Greenland Sea and Iceland Sea gyres
for the overflow and the thermohaline circulation became questioned.Mauritzen [1996a, 1996b] noted that the
main increase in density of the Atlantic water entering the Arctic Mediterranean across the Greenland-Scotland
Ridge occurs in the Norwegian Sea, and proposed that the Atlantic water that recirculates in the Fram Strait as
well as the part that enters the Arctic Ocean and later returns in the East Greenland Current, were both already
in the Fram Strait dense enough to supply the Denmark Strait overflow water. The formation of dense water in
the deep basin gyres, by contrast, was regarded to be less important. This view of the origin of the Denmark
Strait overflowwater is still partly valid but has beenmodified since the discovery of the North Iceland Jet, which
supplies the densest Denmark Strait overflowwater from the Iceland slope [Jonsson and Valdimarsson, 2004].

At present, the Greenland Sea produces intermediate water with densities such that the water formed in
the Greenland Sea can now contribute more directly to the overflow than earlier, when the water was too
dense to cross the Greenland-Scotland Ridge. The Arctic Ocean deep waters that earlier were observed in
the Denmark Strait [Buch et al., 1996], and perhaps also present north of the Iceland continental slope
[Rudels et al., 1999], now penetrate into the Greenland Sea gyre and replace and transform, by mixing,
the deeper layers in the Greenland Sea [Meincke et al., 1997; Somavilla et al. 2013]. This not only affects the
Greenland Sea but also the deep waters advected from the Greenland Sea to the Fram Strait and into the
Arctic Ocean. Some of these changes in the deeper layers occurring in the Fram Strait and in the Greenland
Sea during the last 20 years have been reported [Bud�eus and Ronski, 2009; Rudels, 2010; Langehaug and
Falck, 2012; Rudels et al, 2012; von Appen et al., 2015; Wang et al., 2015].

In this paper, the water mass properties and their changes are studied in the Fram Strait and in the Greenland
Sea, and the transport of Arctic Ocean waters to the Nordic Seas, as well as the amount of waters transported to
the Arctic Ocean through the Fram Strait, are estimated. Hydrographic sections from 1999 to 2010 in the Fram
Strait and along 758N in the Greenland Sea, reaching from the Greenland shelf to the Svalbard continental slope
and the Barents Sea shelf, are combined to form a quasiclosed box. The oceanic transports of waters flowing
through a box limited by the two sections are estimated from geostrophy and constrained by continuity require-
ments on volume and salt for different parts of the box. The effect of convection at the 758N section is consid-
ered when defining the constraints. The velocities at 758N are additionally constrained by advection velocities
derived from Argo floats circulating in the Greenland Sea gyre. This work is an extension of the approach used
by Houssais et al. [1995] and Marnela et al. [2013]. In section 2, the data used are described. In section 3, the
method is described and the transports through the Fram Strait and the 758N section are derived. In section 4,
the mixing and water mass transformation in the Greenland Sea are examined and changes of water mass prop-
erties in the Greenland Sea and the Fram Strait are described. Section 5 contains the summary and discussion.

2. Data

Hydrographic sections have been obtained in 1999–2002, 2004, 2005, 2008, and 2010 through various proj-
ects, by mainly the Alfred Wegener Institute’s (AWI) research vessel Polarstern, and the 2000 Fram Strait sec-
tion by the Norwegian Polar Institute’s (NPI) research vessel Lance, with one section located at 758N
crossing the Greenland Sea and the other in the Fram Strait at approximately 798N (788 49’N to 798 10’N) so
that both sections reach from the western to eastern shelf (Table A1a). The instruments used were SBE
9111 CTD (Conductivity, Temperature, Depth) profilers.

The data have been averaged for every 1 dbar except for the 1999 Fram Strait data which have been aver-
aged to 2 dbar intervals, thus for the corresponding 758N section in 1999 every second value is used.
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Salinity spikes greater than 0.003 have been removed from the data. Gaps in the vertical have been linearly
interpolated over. Missing 2–4 m at the surface have been extrapolated to the surface using the uppermost
observation of the cast as a constant value. Instabilities are unremoved and unsmoothed.

At the 75�N section coherent vortices, long-lived regions of swirling flow [Gascard et al., 2002; Oliver et al., 2008],
can be present. Temperatures and salinities in these vortices differ from the surroundings and thus affect the
mean temperatures and salinities averaged for the sections as noted by Bud�eus and Ronski [2009]. Coherent vor-
tices have been removed from the Greenland Sea deep basin in 2001 (one station) and 2002 (four stations).

Historical temperature and salinity data from the Greenland Sea from the late 1970s onward as well as
newer data from the Greenland and Norwegian Seas and the Fram Strait (Table A1b) are used to provide
supplementary information about the changes in the water mass properties.

Argo floats provide year-round profiles from the Nordic Seas as well as an estimate for the drift. Argo floats usu-
ally follow the currents at a fixed pressure and take a temperature and salinity profile every 10 days between a
maximum depth of 2000 dbar and the surface. Most of the floats used in this study had a parking depth of
1000 dbar, but some had a parking depth of 500 or 1500 dbar. Argo data are collected and made freely avail-
able by the International Argo Program and the national initiatives that contribute to it (http://www.argo.net).
Argo is a pilot program of the Global Ocean Observing System. Argo data for the Greenland Sea area are avail-
able online from 2001 onward and for the Fram Strait from 2006 onwards. For this study, quality-checked
(Delayed Mode Quality Control - DMQC) Argo data not included in the grey list were downloaded from http://
www.coriolis.eu.org which is one of the two Global Data Assembly Centers (GDACs).

3. Method

3.1. Transport Estimates
3.1.1. Geostrophic Method
Transports between the Nordic Seas and the Arctic Ocean are estimated from 8 years of hydrographic measure-
ments between 1999 and 2010. Two hydrographic sections, one located at 758N in the Greenland Sea and the
other at approximately 798N in the Fram Strait have previously been studied separately [e.g., Bud�eus and Ronski,
2009; Langehaug and Falck, 2012; Somavilla et al., 2013], and are now combined to form a quasiclosed box in a
way similar to Houssais et al. [1995] and Marnela et al. [2013]. All water exchange between the Fram Strait and
the Nordic Seas is assumed to pass through the two sections. Geostrophic transports are computed setting the
velocity to zero near the bottom. The stations are not of equal depth and the method of Jacobsen and Jensen
[1926] is used to estimate velocities for the deeper station in a station pair, below the common depth of the
two stations that the geostrophic velocity is computed between. See Marnela et al. [2013] for details.
3.1.2. Conservation Constraints
Four conservation constraints are applied requiring a balance between the net transports consisting of the
transports carried by the baroclinic part of velocities obtained from the geostrophic computations and by
the unknown barotropic part of the velocities. The constraints are set in a method similar to that described
in Houssais et al. [1995] and Marnela et al. [2013] and are:
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where vb(x) is the depth-independent barotropic velocity to be determined, vbc(x,z) is the baroclinic veloc-
ity, S is salinity 3 density and gk (k5 1,. . .,4) stands for the area of the CTD sections over which the
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Figure 2. (a) A salinity profile from the central Greenland Sea in 2008 with the convection depth, salinity maximum, salinity maximum layer, gradient layer, and the homogeneous bot-
tom layer marked with arrows. (b) The seasonal cycle (from November 2007 to October 2008) in the central Greenland Sea as observed in the potential temperature and salinity profiles
obtained from Argo floats. The month of observation is shown in color in the profiles and on the map.
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Four conservation constraints are applied requiring a balance between the net transports consisting of the
transports carried by the baroclinic part of velocities obtained from the geostrophic computations and by
the unknown barotropic part of the velocities. The constraints are set in a method similar to that described
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ð ð

g1

vbðxÞSðx; zÞdxdz5C12
ð ð

g1

vbcðx; zÞSðx; zÞdxdz (1)

ð ð

g2

vbðxÞdxdz5C22
ð ð

g2

vbcðx; zÞdxdz (2)

ð ð

g2

vbðxÞSðx; zÞdxdz5C32
ð ð

g2

vbcðx; zÞSðx; zÞdxdz (3)

ð ð

g3

vbðxÞdxdz5C42
ð ð

g3

vbcðx; zÞdxdz; (4)

where vb(x) is the depth-independent barotropic velocity to be determined, vbc(x,z) is the baroclinic veloc-
ity, S is salinity 3 density and gk (k5 1,. . .,4) stands for the area of the CTD sections over which the

Journal of Geophysical Research: Oceans 10.1002/2015JC011312

MARNELA ET AL. FRAM STRAIT AND GREENLAND SEA TRANSPORTS 2317

Figure 2. (a) A salinity profile from the central Greenland Sea in 2008 with the convection depth, salinity maximum, salinity maximum layer, gradient layer, and the homogeneous bot-
tom layer marked with arrows. (b) The seasonal cycle (from November 2007 to October 2008) in the central Greenland Sea as observed in the potential temperature and salinity profiles
obtained from Argo floats. The month of observation is shown in color in the profiles and on the map.

Journal of Geophysical Research: Oceans 10.1002/2015JC011312

MARNELA ET AL. FRAM STRAIT AND GREENLAND SEA TRANSPORTS 2318



constraint is applied. The boxes are assumed to have no sources and sinks and the constraints Ck are equal
to zero.

Salt balance is required for the whole area (constraint 1). Two additional constraints require a balance of vol-
ume (2) and salt (3) transports between an estimated maximum depth of the Greenland Sea convection
during the 1999–2010 observation period, 1900 dbar, and the Fram Strait sill depth (Figure 2 and Table 1).
The upper limit is kept constant at 1900 dbar due to difficulty in annually estimating the convection depth
with certainty, and to avoid the influence of upper ocean processes during years of shallow convection. In
2001 and 2002, coherent vortices are found in the GS section that reach deeper than 1900 dbar, in 2001 to
about 2000 dbar, and in 2002 to 2500 dbar. These vortices are removed and their effect assumed local. The
sill depth is at about 2600 dbar [Klenke and Schenke, 2002], but since the deepest Fram Strait stations reach
below 2700 dbar, 2700 dbar is used as the lower limit. A volume balance is also required for the deep
Greenland Sea below 2700 dbar (constraint 4).

A variational approach is then used to find the least energetic barotropic corrections needed to fulfil the
constraints in a way similar to the method in Rudels et al. [2008]. The barotropic velocity component vb is
computed by minimizing the kinetic energy of the barotropic part using the method of Lagrangian multi-
pliers [Lanczos, 1970; Wunsch, 1978; Stommel and Veronis, 1981]. The barotropic reference velocities are
determined by solving the Moore-Penrose inverse with no error term introduced in the equations. See
details in Marnela et al. [2013].
3.1.3. Argo-Based Velocity Adjustment
In an extension to the approach, the drift estimated from Argo floats with parking depths at 1000 and 1500
dbar (Figure 3) is used to adjust the geostrophic velocities at the 75�N section. The difference between
1000 and 1500 dbar velocities was found small, under 0.3 cm/s in most of the Nordic Seas, by Voet et al.
[2010] and velocities at both pressures are considered representative of the velocity at 1000 dbar. Argo
velocities are estimated from two consequent surface observations: from the last location before the dive
and the first location after the dive. Thus derived velocities are assigned a location halfway between the
two observations. Voet et al. [2010] provide a detailed analysis of the errors involved in the velocity estima-
tion from the Argo floats, e.g., about the actual route of the float versus a straight line estimate, and the

Table 1. Convection Depths Estimated From Hydrography (CTD, and Argo Floats When Available) in the Greenland Sea at About
756 0.58N and Between 58W and 18E, and the Salinity and Potential Temperature at the Bottom From 1999 to 2013a

Year
Convection
Depth (dbar)

Convection Depth
From Literature (dbar) S Bottom u Bottom (8C)

1999 700 700 (BR) 34.902 21.16
2000 1400 1400 (BR) 34.902 21.14
2001 1400–2000 1400 (BR) 34.903 21.13
2002 1600–2500 1600 (BR), 1100 (LQ),

1500 (L)
34.905 21.11

2003 200 1600 (BR),
200 (LQ, L)

34.906 21.10

2004 800 1000 (BR) 34.907 21.09
2005 700 800 (BR)

600 (LQ, L)
34.908 21.07

2006 800 800 (LQ),
1200 (L)

34.9095 21.06

2007 600 (LQ),
1400 (L)

34.911 21.05

2008 1700 1500 (M),
1800 (L)

34.9125 21.03

2009 700–1800 1700 (L) 34.9135 21.01
2010 200 400 (L) 34.914 21.00
2011 1900 1900 (L) >34.915 <20.97
2012 400 300 (M) >34.916 <20.96
2013 1500 34.918 20.96

aThe 2011 and 2012 values are estimated from shallower CTD data by adding 0.002 to salinity and subtracting 0.028C from potential
temperature based on differences in the temperature and salinity profiles during the other years. The 2011 and 2012 CTD data are not
from the center of the GS gyre and the actual values inside the gyre may be slightly colder and more saline. A range is given when
coherent vortices are present (2001, 2002) or when distinguishing whether the maximum observed convection depth originates from
an earlier year (2009). The values obtained by other studies are presented: Ronski and Bud�eus [2005] Bud�eus and Ronski [2009] (BR),
Latarius and Quadfasel’s [2010] (LQ), Latarius [2013] (L), and Moore et al. [2015] (M).
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inaccuracy of the surface positioning system. A seasonal minimum in the velocities during summer is noted
by Voet et al. [2010], which is when the hydrographic data have been collected. Argo summer data (June–
August) between years 2001 and 2010 from within 60.5 degree of the 75�N latitude are thus selected for
adjusting the geostrophic velocities. The north-south components corresponding to the directions of geo-
strophic velocities across the zonal Greenland Sea section are shown in Figure 3b. For example, Voet et al.
[2010] describe a cyclonic flow along the rims of the Greenland Sea basin. The Argo velocities tend to be
highest at the rims of the Greenland Sea gyre, at 758N the velocities estimated from the drift of the
floats are on the rims as high as 20 cm/s at 500 and 1000 dbar levels, and above 10 cm/s during summer
(Figure 3, only velocities at 1000 and 1500 dbar are shown) and in the center close to zero or variable. At
about 798N the maximum velocities from the floats drifting at 1000 dbar are about 10 cm/s.

A linear fit is applied to the Argo derived north-south velocity components from the GS section between
12.5�W and 15�E, i.e., for the section part deeper than the parking depth of the Argo floats (1000 dbar). The
linear fit gives 0.0012 m/s 3 longitude1 0.0013 m/s. In order to not add a net transport to the section
based on this simple approximation, the slope of the linear fit is kept but a new constant term is found

Figure 3. (a) Velocities averaged from June to August Argo float data in 2001–2010 at 1000 and 1500 dbar. Map produced with GMT
[Wessel and Smith, 1998]. (b) Argo derived northward-southward velocities (m/s) from June to August 2001–2010 with a linear fit. Velocities
in northward direction are positive and in southward negative.
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to zero.
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during the 1999–2010 observation period, 1900 dbar, and the Fram Strait sill depth (Figure 2 and Table 1).
The upper limit is kept constant at 1900 dbar due to difficulty in annually estimating the convection depth
with certainty, and to avoid the influence of upper ocean processes during years of shallow convection. In
2001 and 2002, coherent vortices are found in the GS section that reach deeper than 1900 dbar, in 2001 to
about 2000 dbar, and in 2002 to 2500 dbar. These vortices are removed and their effect assumed local. The
sill depth is at about 2600 dbar [Klenke and Schenke, 2002], but since the deepest Fram Strait stations reach
below 2700 dbar, 2700 dbar is used as the lower limit. A volume balance is also required for the deep
Greenland Sea below 2700 dbar (constraint 4).

A variational approach is then used to find the least energetic barotropic corrections needed to fulfil the
constraints in a way similar to the method in Rudels et al. [2008]. The barotropic velocity component vb is
computed by minimizing the kinetic energy of the barotropic part using the method of Lagrangian multi-
pliers [Lanczos, 1970; Wunsch, 1978; Stommel and Veronis, 1981]. The barotropic reference velocities are
determined by solving the Moore-Penrose inverse with no error term introduced in the equations. See
details in Marnela et al. [2013].
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In an extension to the approach, the drift estimated from Argo floats with parking depths at 1000 and 1500
dbar (Figure 3) is used to adjust the geostrophic velocities at the 75�N section. The difference between
1000 and 1500 dbar velocities was found small, under 0.3 cm/s in most of the Nordic Seas, by Voet et al.
[2010] and velocities at both pressures are considered representative of the velocity at 1000 dbar. Argo
velocities are estimated from two consequent surface observations: from the last location before the dive
and the first location after the dive. Thus derived velocities are assigned a location halfway between the
two observations. Voet et al. [2010] provide a detailed analysis of the errors involved in the velocity estima-
tion from the Argo floats, e.g., about the actual route of the float versus a straight line estimate, and the
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temperature based on differences in the temperature and salinity profiles during the other years. The 2011 and 2012 CTD data are not
from the center of the GS gyre and the actual values inside the gyre may be slightly colder and more saline. A range is given when
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inaccuracy of the surface positioning system. A seasonal minimum in the velocities during summer is noted
by Voet et al. [2010], which is when the hydrographic data have been collected. Argo summer data (June–
August) between years 2001 and 2010 from within 60.5 degree of the 75�N latitude are thus selected for
adjusting the geostrophic velocities. The north-south components corresponding to the directions of geo-
strophic velocities across the zonal Greenland Sea section are shown in Figure 3b. For example, Voet et al.
[2010] describe a cyclonic flow along the rims of the Greenland Sea basin. The Argo velocities tend to be
highest at the rims of the Greenland Sea gyre, at 758N the velocities estimated from the drift of the
floats are on the rims as high as 20 cm/s at 500 and 1000 dbar levels, and above 10 cm/s during summer
(Figure 3, only velocities at 1000 and 1500 dbar are shown) and in the center close to zero or variable. At
about 798N the maximum velocities from the floats drifting at 1000 dbar are about 10 cm/s.

A linear fit is applied to the Argo derived north-south velocity components from the GS section between
12.5�W and 15�E, i.e., for the section part deeper than the parking depth of the Argo floats (1000 dbar). The
linear fit gives 0.0012 m/s 3 longitude1 0.0013 m/s. In order to not add a net transport to the section
based on this simple approximation, the slope of the linear fit is kept but a new constant term is found

Figure 3. (a) Velocities averaged from June to August Argo float data in 2001–2010 at 1000 and 1500 dbar. Map produced with GMT
[Wessel and Smith, 1998]. (b) Argo derived northward-southward velocities (m/s) from June to August 2001–2010 with a linear fit. Velocities
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Figure 4. Potential temperature-salinity diagrams with waters from the Greenland Sea (GS), Norwegian Sea (NS), and Fram Strait (FS west
and FS east) from 1982 to 2013 showing how the differences in the deep waters have become smaller. Pressure values are indicated with
colour. Potential density at 2000 dbar isolines from 37.375 to 37.5 kgm23 are shown. Water mass triangles with annually varying vertices
(water mass end-members) are shown. Map with the locations of the station profiles is produced with GMT [Wessel and Smith, 1998].
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annually that balances with area (the bottom description varies slightly depending on where the stations are
located). The constant term added to 0.0012 m/s 3 longitude varies between 20.00069 and 20.00039 m/s.
The function gives a velocity at 1000 dbar for the deep part of the GS section that is northward in the east
and southward in the west and one order of magnitude smaller than the maximum velocities obtained
from the Argo floats. This velocity is assumed to be absolute and the difference between this Argo linear fit
velocity and the geostrophic velocity at 1000 dbar is then added as a constant to the geostrophic velocities
of the whole water column. The four constraints used in the first approach are then applied.

3.2. Water Mass Transports and Changes
The water masses in the Greenland Sea and in the Fram Strait are first separated into six water mass classes
based mainly on densities (Table A2): (1) Surface water, (2) Atlantic Water (AW), (3) dense AW (dAW), (4)
intermediate water, (5) deep water I including Canadian Basin Deep Water (CBDW) and the lightest part of
the Nordic Seas Deep Water (NDW), and (6) deep water II including Eurasian Basin Deep Water (EBDW) and
the deeper part of the Nordic Seas Deep Water (NDW) following the definition by Rudels et al. [2005]
and Rudels et al. [2008]. However, changes in the Greenland Sea deep water mass properties, i.e., warming

Figure 4. (continued)
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and salinification [Somavilla et al., 2013], make it eventually impossible to distinguish between deep waters
of the Arctic Ocean and of the Nordic Seas origin using a constant salinity like in for example, Rudels et al.
[2005] (Figure 4) Also the Arctic Ocean water masses have become warmer, but not to the same degree
[Rudels et al., 2013; von Appen et al., 2015]. The deep water masses are therefore redefined by forming a set
of triangles where the vertices of the triangles represent potential temperature and salinity properties of

Figure 5. Northward, southward, and net volume transports (Sv) from geostrophy with Argo adjustment and four constraints applied.
Coherent vortices have been removed in 2001 and 2002.

Table 2. Net Volume Transports (Sv) From Geostrophy With (a) Four Constraints Applied, (b) With Argo Adjustment First and Then Four
Constraints Applieda

a)

Year 758N Northward 758N Southward 758N Net 798N Northward 798N Southward 798N Net

1999 13.5 214.5 21.0 6.9 27.9 21.0
2000 17.9 218.7 20.8 6.8 27.6 20.8
2001 14.7 215.7 20.9 11.2 212.2 21.0
2002 14.0 217.0 23.0 10.2 213.1 23.0
2004 14.2 216.0 21.7 8.1 29.9 21.8
2005 16.5 218.8 22.3 7.2 29.5 22.4
2008 11.3 214.6 23.3 8.4 211.8 23.4
2010 11.9 214.3 22.5 14.8 217.3 22.5
MEAN 14.3 216.2 21.9 9.2 211.2 22.0
STD 2.2 1.8 1.0 2.8 3.2 1.0

b)

1999 16.0 216.0 20.0 7.6 27.7 20.1
2000 18.7 218.9 20.3 7.3 27.6 20.3
2001 18.4 216.0 2.4 13.0 210.6 2.4
2002 14.3 216.8 22.6 10.7 213.2 22.5
2004 15.5 216.8 21.3 8.6 29.9 21.3
2005 18.2 219.7 21.6 7.5 29.0 21.6
2008 13.2 214.7 21.5 9.7 211.2 21.6
2010 14.8 216.0 21.2 15.6 216.8 21.2
MEAN 16.1 216.9 20.8 10.0 210.8 20.8
STD 2.1 1.7 1.5 3.0 3.0 1.5

aCoherent vortices have been removed from both for years 2001 and 2002.
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Figure 6. (a) Volume transports and properties of surface water, Atlantic waters, intermediate water, and deep waters following the water
mass classification of Rudels et al. [2005, 2008] in FS and GS, with Argo adjustment and four constraints applied. Northward transports are
positive and southward negative. (b) Intermediate and deep water volume transports (Sv) through FS and GS, with Argo adjustment and
four constraints applied. Triangle division with annually varying vertices is used. Northward transports are positive and southward nega-
tive. (c) Intermediate and deep water volume transports (Sv) through FS and GS, with Argo adjustment and four constraints applied. Trian-
gle division with fixed vertices, except AIW varying annually, is used. Northward transports are positive and southward negative.
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aCoherent vortices have been removed from both for years 2001 and 2002.
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Figure 6. (a) Volume transports and properties of surface water, Atlantic waters, intermediate water, and deep waters following the water
mass classification of Rudels et al. [2005, 2008] in FS and GS, with Argo adjustment and four constraints applied. Northward transports are
positive and southward negative. (b) Intermediate and deep water volume transports (Sv) through FS and GS, with Argo adjustment and
four constraints applied. Triangle division with annually varying vertices is used. Northward transports are positive and southward nega-
tive. (c) Intermediate and deep water volume transports (Sv) through FS and GS, with Argo adjustment and four constraints applied. Trian-
gle division with fixed vertices, except AIW varying annually, is used. Northward transports are positive and southward negative.
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Figure 7. Potential temperature (y axis) and salinity (x axis) volume bubbles from six water mass classes [Rudels et al., 2005, 2008] with
Argo adjusted geostrophy and four constraints applied. Deep waters are separated in a dense and less dense part (DWI and DWII; (a)–(c))
or based on water mass triangles with annually varying vertices (d).
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Figure 7. Potential temperature (y axis) and salinity (x axis) volume bubbles from six water mass classes [Rudels et al., 2005, 2008] with
Argo adjusted geostrophy and four constraints applied. Deep waters are separated in a dense and less dense part (DWI and DWII; (a)–(c))
or based on water mass triangles with annually varying vertices (d).
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deep and intermediate water masses present in the Fram Strait and in the Nordic Seas (Figure 4). Water
mass values inside the triangles can be thought to be a mixture of water mass properties found at the verti-
ces of the triangle. The fractions f (from 0 to 1 inside the triangle) of each end point member of water can
be found by solving a set of equations for each point i inside a triangle:

f1 � S11f2 � S21f3 � S35Si

f1 � h11f2 � h21f3 � h35hi

f11f21f351

(5)

Three triangles with the following vertices are formed: (1) AIW (Arctic Intermediate Water) – CBDW – NDW,
(2) EBDW – NDW – CBDW, and (3) EBDW– GSDWdeep – NDW (Figure 4). The end points are defined as: AIW

Figure 8. (a) Relative heat transports (relative to 20.18C), and (b) liquid freshwater transports (mSv) (relative to 34.9) at the FS and GS sec-
tions. Northward transports are positive and southward negative. The subtraction between GS and FS sections (black lines) is the heat/
freshwater divergence (negative) or convergence (positive) between the sections.
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as present in the Greenland Sea, CBDW at the Lomonosov Ridge sill depth in the Canada Basin, EBDW as in
the Nansen Basin at the Fram Strait sill depth, NDW in the Greenland Sea at the Fram Strait sill depth, and
GSDWdeep (Greenland Sea deep water closest to the bottom in the Greenland Sea). However, to fit in most
data inside the triangles, the vertices of AIW, NDW, and GSDWdeep need to be chosen slightly outside of the
values present in the Greenland Sea. The values for AIW, NDW, and GSDWdeep are allowed to vary annually
and are estimated from hydrographic data. CBDW properties are kept constant. EBDW changes are small
and estimated from sparse data using linear interpolation and when necessary slightly adjusted to fit data
inside the triangles.

Surface water, AW and dAW are defined as previously [Rudels et al., 2008]. Not just the deep waters but also
the intermediate waters are affected by the new definition. Instead of separating the intermediate and
deep waters at a constant density, the annually changing line AIW–CBDW is chosen as the boundary
between the intermediate and deep waters.

Transports through the FS and GS sections are computed for the six water masses in Table A2 from geostro-
phy with four constraints applied both without (Table 2, only transports for the whole water column are
shown, not for the individual water mass classes) and with Argo adjustment (Table 2, Figures 5 and 6). Each
of the two sections is further separated to 4–5 parts: deep basin split in two at the zero meridian, slopes on
both sides and the EGC shelf when available (Figure 7). Transports from the Argo adjusted velocities are
also computed based on the triangle water mass composition (Figures 6 and 7).

3.3. Mixing
Mixing is studied from the Greenland Sea hydrographic data collected between years 1977 and 2013 (earlier
data exists, but the necessary features are difficult to extract due to few stations or vertically sparse data) using
the method of Meincke et al. [1997]. The salinities (temperatures) are found at the deep salinity maximum and

Figure 9. Argo float WMO# 6900303 in 2004–2007: Float surface locations on a map and uS diagrams showing the seasonal and spatial changes in temperature and salinity.
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as present in the Greenland Sea, CBDW at the Lomonosov Ridge sill depth in the Canada Basin, EBDW as in
the Nansen Basin at the Fram Strait sill depth, NDW in the Greenland Sea at the Fram Strait sill depth, and
GSDWdeep (Greenland Sea deep water closest to the bottom in the Greenland Sea). However, to fit in most
data inside the triangles, the vertices of AIW, NDW, and GSDWdeep need to be chosen slightly outside of the
values present in the Greenland Sea. The values for AIW, NDW, and GSDWdeep are allowed to vary annually
and are estimated from hydrographic data. CBDW properties are kept constant. EBDW changes are small
and estimated from sparse data using linear interpolation and when necessary slightly adjusted to fit data
inside the triangles.

Surface water, AW and dAW are defined as previously [Rudels et al., 2008]. Not just the deep waters but also
the intermediate waters are affected by the new definition. Instead of separating the intermediate and
deep waters at a constant density, the annually changing line AIW–CBDW is chosen as the boundary
between the intermediate and deep waters.

Transports through the FS and GS sections are computed for the six water masses in Table A2 from geostro-
phy with four constraints applied both without (Table 2, only transports for the whole water column are
shown, not for the individual water mass classes) and with Argo adjustment (Table 2, Figures 5 and 6). Each
of the two sections is further separated to 4–5 parts: deep basin split in two at the zero meridian, slopes on
both sides and the EGC shelf when available (Figure 7). Transports from the Argo adjusted velocities are
also computed based on the triangle water mass composition (Figures 6 and 7).

3.3. Mixing
Mixing is studied from the Greenland Sea hydrographic data collected between years 1977 and 2013 (earlier
data exists, but the necessary features are difficult to extract due to few stations or vertically sparse data) using
the method of Meincke et al. [1997]. The salinities (temperatures) are found at the deep salinity maximum and
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Figure 10. Sections of potential temperature, salinity, and velocity as end points, (b) Constant vertices at 1999 level, except AIW varies annually. with four constraints applied (1999,
2004, and 2010), and with the Argo adjustment and four constraints applied (1999–2010).
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Figure 10. Sections of potential temperature, salinity, and velocity as end points, (b) Constant vertices at 1999 level, except AIW varies annually. with four constraints applied (1999,
2004, and 2010), and with the Argo adjustment and four constraints applied (1999–2010).
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in the near constant salinity layer above bottom (Figure 2a and Table A3). Vertical salinity and temperature gra-
dients (gradS and gradu) are computed between the salinity maximum and the deep layer as

gradS 5 Smax2Sdeep
� �

=hgrad and (6)

gradh 5 hSmax2hdeep
� �

=hgrad (7)

where Smax (umax) is the salinity (potential temperature) at the deep salinity maximum, Sdeep (udeep) is the
salinity (potential temperature) of the homogeneous bottom layer, and hgrad is the thickness of the gradient
layer below the salinity maximum (Figure 2a). If the bottom layer is homogeneous a turbulent vertical diffu-
sion coefficient KvS (KvT) can be estimated from the temporal changes between the salinity (potential tem-
perature) at the salinity maximum and the deep layer.

KvS 5 ðSdeepðt2Þ2Sdeepðt1ÞÞ � ðhblðt1Þ1 hblðt2ÞÞ=2
ðt22t1ÞðgradSðt1Þ1gradSðt2ÞÞ=2

(8)

Kvh 5 ðhdeepðt2Þ2hdeepðt1ÞÞ � ðhblðt1Þ1 hblðt2Þ Þ=2
ðt22t1Þðgradhðt1Þ1gradhðt2ÞÞ=2

(9)

where hbl is the thickness of the bottom layer and t1 is the time of the first observation and t2 is the time of
the second observation.

The amount of Arctic Ocean deep waters entering the central Greenland Sea from the rim is estimated from
the differences between salinities at the salinity maximum in the rim and in the center of the Greenland
Sea gyre using the diffusion coefficient KvS following Meincke et al. [1997].
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where D is the thickness of the salinity maximum layer (averaged over the salinity maximum layers in the
rim and in the central gyre over time), R is the Greenland Sea gyre radius, assumed to be 150 km, DSM is the
observed change over time of the salinity at the salinity maximum in the central Greenland Sea gyre, u is
the zonal velocity component (positive from the rim towards the gyre center), and DSR is the difference
between the salinities averaged over the salinity maximum layer in the rim and in the central gyre. The
transport from the rim toward the central gyre is assumed to take place over one quarter of the circumfer-
ence of the gyre.

The Argo data reach a maximum depth of 2000 dbar which allows for the study of intermediate waters dur-
ing all seasons. B€onisch et al. [1997] found only small variations in their intermediate waters (200–2000 m)
between 1952 and 1980, and a warming trend from 1981 onward with only small variations in salinity. Since
then Atlantic water properties and volumes have changed and the variations have become larger [Karsten-
sen et al., 2005; Latarius and Quadfasel, 2010; Walczowski et al., 2012]. The seasonal (Figure 2b) and annual
progress of convection in the Greenland Sea can be followed in the Argo data available for the Greenland
Sea from 2001 onward for the convection has mainly been shallower than 2000 dbar during the recent
years except for in some narrow coherent vortices [e.g., Beszczynska-M€oller and Dye, 2013].

4. Results

4.1. Volume Transports
The net volume transports obtained from geostrophy and with four constraints applied for 8 years between
1999 and 2010, are 21.96 1.0 Sv (southward) (Table 2, Figure 5). The individual northward and southward
volume transports are larger through the GS section (146 2 Sv northward and 166 2 Sv southward) than
through the FS section (96 3 Sv northward and 116 3 Sv northward) except in 2010 when both the north-
ward and southward transports through the FS section are 3–4 Sv larger than during any of the other years.
Net transports are southward in all years.

The net volume transports estimated using the linear fit to Argo float velocities and then applying four con-
straints average to 20.86 1.5 Sv (southward) (Table 2). The northward and southward volume transports
through the Fram Strait and southward volume transports through the Greenland Sea section average at
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in the near constant salinity layer above bottom (Figure 2a and Table A3). Vertical salinity and temperature gra-
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where Smax (umax) is the salinity (potential temperature) at the deep salinity maximum, Sdeep (udeep) is the
salinity (potential temperature) of the homogeneous bottom layer, and hgrad is the thickness of the gradient
layer below the salinity maximum (Figure 2a). If the bottom layer is homogeneous a turbulent vertical diffu-
sion coefficient KvS (KvT) can be estimated from the temporal changes between the salinity (potential tem-
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where hbl is the thickness of the bottom layer and t1 is the time of the first observation and t2 is the time of
the second observation.

The amount of Arctic Ocean deep waters entering the central Greenland Sea from the rim is estimated from
the differences between salinities at the salinity maximum in the rim and in the center of the Greenland
Sea gyre using the diffusion coefficient KvS following Meincke et al. [1997].
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where D is the thickness of the salinity maximum layer (averaged over the salinity maximum layers in the
rim and in the central gyre over time), R is the Greenland Sea gyre radius, assumed to be 150 km, DSM is the
observed change over time of the salinity at the salinity maximum in the central Greenland Sea gyre, u is
the zonal velocity component (positive from the rim towards the gyre center), and DSR is the difference
between the salinities averaged over the salinity maximum layer in the rim and in the central gyre. The
transport from the rim toward the central gyre is assumed to take place over one quarter of the circumfer-
ence of the gyre.

The Argo data reach a maximum depth of 2000 dbar which allows for the study of intermediate waters dur-
ing all seasons. B€onisch et al. [1997] found only small variations in their intermediate waters (200–2000 m)
between 1952 and 1980, and a warming trend from 1981 onward with only small variations in salinity. Since
then Atlantic water properties and volumes have changed and the variations have become larger [Karsten-
sen et al., 2005; Latarius and Quadfasel, 2010; Walczowski et al., 2012]. The seasonal (Figure 2b) and annual
progress of convection in the Greenland Sea can be followed in the Argo data available for the Greenland
Sea from 2001 onward for the convection has mainly been shallower than 2000 dbar during the recent
years except for in some narrow coherent vortices [e.g., Beszczynska-M€oller and Dye, 2013].

4. Results

4.1. Volume Transports
The net volume transports obtained from geostrophy and with four constraints applied for 8 years between
1999 and 2010, are 21.96 1.0 Sv (southward) (Table 2, Figure 5). The individual northward and southward
volume transports are larger through the GS section (146 2 Sv northward and 166 2 Sv southward) than
through the FS section (96 3 Sv northward and 116 3 Sv northward) except in 2010 when both the north-
ward and southward transports through the FS section are 3–4 Sv larger than during any of the other years.
Net transports are southward in all years.

The net volume transports estimated using the linear fit to Argo float velocities and then applying four con-
straints average to 20.86 1.5 Sv (southward) (Table 2). The northward and southward volume transports
through the Fram Strait and southward volume transports through the Greenland Sea section average at
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approximately the same as without adjusting the velocities with Argo data, and the northward transports
through the Greenland Sea section 1–2 Sv larger. The net volume transports are southward, except in 2001
northward. Fieg et al. [2010] report a net southward volume flux from moorings in the Fram Strait in 1997–2005
to be 1.756 5.01 Sv and from a fine resolution model 2.06 1.26 Sv. The net volume flux from the same moored
array but averaged over the period concurrent with the present study (1999–2010) is 2.86 3.5 Sv southward
(updated time series from Schauer and Beszczynska-M€oller [2009]). Using a pan-Arctic inverse model for summer
2005, Tsubouchi et al. [2012] estimate the net volume transport through the Fram Strait at 1.66 3.9 Sv south-
ward. This result is lower, but considering the large variability, still in the same range.

The volume transports are estimated through five section parts. The net volume transports are 0.4–0.5 Sv
southward in the Greenland shelf at both the FS and GS sections. The net volume transport is northward in
the eastern slope at both the FS and GS sections, and also in the eastern half of the Greenland Sea deep
basin, and southward elsewhere. The Argo adjustment enhances the northward volume transports in the
eastern Greenland Sea and southward volume transports in the western Greenland Sea as would be
expected across a line through a cyclonic gyre. The net volume transports at the Greenland Sea section
parts become 5 Sv through each, southward at the two western section parts and northward at the two
eastern section parts, with the largest variability in the east (Figure 7).

4.2. Heat and Freshwater Transports
Heat loss between the GS and FS sections is estimated at 96 12 TW (Figure 8). Although the northward
flowing surface water and AW at the Greenland Sea section are mainly warmer than at the Fram Strait sec-
tion, most of them do not continue northward to the Fram Strait, but follow a cyclonic path at the rims of
the Greenland Sea. This cyclonic path can be seen in the drift estimated from Argo floats during summer
months (Figure 3). A larger cycle is captured by Argo float WMO# 6900303 (Figure 9). The northward flowing
surface waters in the western slopes are about 0.58C cooler at the FS section than at the GS section and AW
is cooled about 0.18C on its northward way between the sections.

Liquid freshwater transports are estimated relative to salinity 34.9. A net southward freshwater transport is
found that is larger at the FS section, 666 9 mSv, than at the GS section, 546 20 mSv (Figure 8). The fresh-
water transport at the FS section compares well with the estimate by de Steur et al. [2009], who obtained an
annual mean freshwater flux of 66 mSv (comprising 40.46 14.4 mSv measured in the East Greenland Cur-
rent by a moored array and 25.66 11.3 mSv estimated for the East Greenland shelf). The salinities of the
southward flowing surface waters, where most of the freshwater transport lies, are higher in the GS than in
the FS section. On average 12 mSv of freshwater is lost between the two sections.

4.3. Water Mass Transports, Properties, and Transformations
Volume transports are estimated for six water mass classes [Rudels et al., 2005, 2008]. Net volume transports
give a reasonable southward flow of 1–2 Sv (Table 2) as compared with previous estimates, but some of the
individual water mass transports seem questionable, e.g., a larger net volume transport of AW northward
through the FS than through the GS section during some of the years (Figure 6). The transports with the
Argo adjustment and four constraints applied are presented in the text below from surface to bottom.

The surface water net volume transports are southward through both the FS and GS sections with an aver-
age of 0.6–0.7 Sv. The net transports through the GS section are larger than those through the FS section in
2002 and 2010, which could be explained by melting between the sections, an interpretation supported by
a net freshwater input between the sections in 2002 (Figure 8). In 2008, the net volume transport of surface
water is larger through the FS section, which could be due to the missing East Greenland shelf at the GS
section where a substantial amount of surface water is estimated to flow southward during most of the
other years (Figure 10, velocities). During the other years, the net volume transports of surface water
through the two sections are within 60.1 Sv of one another (Figures 6 and 7). Separating the sections to a
western and eastern part at 0 meridian gives a net southward volume transport of surface water in the
western FS section 0.86 Sv and GS section 1.21 Sv, and in the east a net northward transport in FS section
0.19 Sv and in GS section 0.36 Sv.

Net AW volume transports are estimated at about 0.9 Sv northward through the GS section and 0.7 Sv
northward through the FS section (Figure 6). Over the observation period from 1999 to 2010 AW has
become about 0.48C warmer and over 0.005 more saline (Figure 7). At the GS section, the temperature
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Figure 11. Deep water volume transport proportions by water mass using the triangle division with (a) annually varying triangle vertices (water mass end-members), (b) constant
triangle vertices at 1999 level, except AIW varying annually.
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approximately the same as without adjusting the velocities with Argo data, and the northward transports
through the Greenland Sea section 1–2 Sv larger. The net volume transports are southward, except in 2001
northward. Fieg et al. [2010] report a net southward volume flux from moorings in the Fram Strait in 1997–2005
to be 1.756 5.01 Sv and from a fine resolution model 2.06 1.26 Sv. The net volume flux from the same moored
array but averaged over the period concurrent with the present study (1999–2010) is 2.86 3.5 Sv southward
(updated time series from Schauer and Beszczynska-M€oller [2009]). Using a pan-Arctic inverse model for summer
2005, Tsubouchi et al. [2012] estimate the net volume transport through the Fram Strait at 1.66 3.9 Sv south-
ward. This result is lower, but considering the large variability, still in the same range.

The volume transports are estimated through five section parts. The net volume transports are 0.4–0.5 Sv
southward in the Greenland shelf at both the FS and GS sections. The net volume transport is northward in
the eastern slope at both the FS and GS sections, and also in the eastern half of the Greenland Sea deep
basin, and southward elsewhere. The Argo adjustment enhances the northward volume transports in the
eastern Greenland Sea and southward volume transports in the western Greenland Sea as would be
expected across a line through a cyclonic gyre. The net volume transports at the Greenland Sea section
parts become 5 Sv through each, southward at the two western section parts and northward at the two
eastern section parts, with the largest variability in the east (Figure 7).

4.2. Heat and Freshwater Transports
Heat loss between the GS and FS sections is estimated at 96 12 TW (Figure 8). Although the northward
flowing surface water and AW at the Greenland Sea section are mainly warmer than at the Fram Strait sec-
tion, most of them do not continue northward to the Fram Strait, but follow a cyclonic path at the rims of
the Greenland Sea. This cyclonic path can be seen in the drift estimated from Argo floats during summer
months (Figure 3). A larger cycle is captured by Argo float WMO# 6900303 (Figure 9). The northward flowing
surface waters in the western slopes are about 0.58C cooler at the FS section than at the GS section and AW
is cooled about 0.18C on its northward way between the sections.

Liquid freshwater transports are estimated relative to salinity 34.9. A net southward freshwater transport is
found that is larger at the FS section, 666 9 mSv, than at the GS section, 546 20 mSv (Figure 8). The fresh-
water transport at the FS section compares well with the estimate by de Steur et al. [2009], who obtained an
annual mean freshwater flux of 66 mSv (comprising 40.46 14.4 mSv measured in the East Greenland Cur-
rent by a moored array and 25.66 11.3 mSv estimated for the East Greenland shelf). The salinities of the
southward flowing surface waters, where most of the freshwater transport lies, are higher in the GS than in
the FS section. On average 12 mSv of freshwater is lost between the two sections.

4.3. Water Mass Transports, Properties, and Transformations
Volume transports are estimated for six water mass classes [Rudels et al., 2005, 2008]. Net volume transports
give a reasonable southward flow of 1–2 Sv (Table 2) as compared with previous estimates, but some of the
individual water mass transports seem questionable, e.g., a larger net volume transport of AW northward
through the FS than through the GS section during some of the years (Figure 6). The transports with the
Argo adjustment and four constraints applied are presented in the text below from surface to bottom.

The surface water net volume transports are southward through both the FS and GS sections with an aver-
age of 0.6–0.7 Sv. The net transports through the GS section are larger than those through the FS section in
2002 and 2010, which could be explained by melting between the sections, an interpretation supported by
a net freshwater input between the sections in 2002 (Figure 8). In 2008, the net volume transport of surface
water is larger through the FS section, which could be due to the missing East Greenland shelf at the GS
section where a substantial amount of surface water is estimated to flow southward during most of the
other years (Figure 10, velocities). During the other years, the net volume transports of surface water
through the two sections are within 60.1 Sv of one another (Figures 6 and 7). Separating the sections to a
western and eastern part at 0 meridian gives a net southward volume transport of surface water in the
western FS section 0.86 Sv and GS section 1.21 Sv, and in the east a net northward transport in FS section
0.19 Sv and in GS section 0.36 Sv.

Net AW volume transports are estimated at about 0.9 Sv northward through the GS section and 0.7 Sv
northward through the FS section (Figure 6). Over the observation period from 1999 to 2010 AW has
become about 0.48C warmer and over 0.005 more saline (Figure 7). At the GS section, the temperature
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Figure 11. Deep water volume transport proportions by water mass using the triangle division with (a) annually varying triangle vertices (water mass end-members), (b) constant
triangle vertices at 1999 level, except AIW varying annually.
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difference between northward and southward flowing AW is above 0.58C and in FS the difference has
diminished from about 0.4 to 0.18C. The difference in the Fram Strait getting smaller could be interpreted as
AW making a shorter loop north of the FS section at the end of the observation period, or cooling less. A
likely cause for the decreasing temperature difference in the Fram Strait is the significantly warmer west-
ward recirculation of Atlantic water directly in the Fram Strait in the late 2000s as reported by Beszczynska-
M€oller et al. [2012] and de Steur et al. [2014]. Another cause could be the presence of more or stronger
eddies since in 2010 the AW northward and southward transports at the FS section are both about 7 Sv as
compared with the 2–5 Sv during the other years (Figures 6 and 10, velocities). AW at the GS section is
warmer and more saline than at the northern FS section. The warmest and most saline AW is found to flow
northward through GS section and the coolest and least saline southward through FS section. The south-
ward flowing AW is not systematically warmer and saltier at either section, the properties depending on
how much cooling and mixing the water mass has undergone. A seasonal cycle has been observed in AW
by e.g., Latarius and Quadfasel [2010] and by Beszczynska-M€oller et al. [2012]. The FS section is taken immedi-
ately, or within a month or two, after the GS section but both observations are still made in summer and
the differences due to seasonality between the two sections is expected to be small.

Separating the sections into 4–5 parts allows for following the water masses in more detail (Figure 7). The
warmest and most saline AW (e.g., in 2010 3.938C, 35.11) is found flowing northward in the eastern slope of
the GS section, while a large part with similar properties flows southward west of it, suggesting a large-scale
eddy structure. The northward flowing AW in WSC in FS is already slightly cooler and less saline (in 2010
3.638C, 35.09). The AW flowing southward in the western FS is significantly cooler and less saline (in 2010
1.818C, 34.90), and the southward flowing AW in the western GS section is again slightly cooler and less
saline (in 2010 1.658C, 34.90).

The net volume transports of dAW are estimated at 0.5 Sv southward through the whole FS section and 0.8
Sv southward through the GS section. Over the study period, dAW has become warmer and more saline
(Figure 7). The dAW in the FS section is warmer and more saline than in the GS section. This could be due
to AW being cooled between the two sections, becoming denser, and entering the dAW range. Northward
flowing dAW is more saline and warmer than southward flowing.

The effect on intermediate water transports of the choice between using Argo adjustment or not is 3.0 Sv in
the GS section. The level at which the Argo adjustment is applied to the velocities, 1000 dbar, is mostly
located within the intermediate water layer of Rudels et al. [2008]. The individual northward and southward
volume transports at the GS section decrease to about 3 Sv after the Argo adjustment, remaining 1.4 Sv
larger than at the FS section. The net volume transport of intermediate water however is about 0.5 Sv south-
ward with both methods (Figure 6). The intermediate water contains both AIW originating from the Nordic
Seas and upper Polar Deep Water (uPDW) originating from the Arctic Ocean, a separation between the two
has not been attempted. The intermediate waters have become warmer and more saline over the observa-
tion period at the GS section but show no clear trend at the FS section. Intermediate waters are warmer and
more saline at the FS section than at the GS section, and the difference gets smaller between 1999
and 2010, starting from above 0.28C for temperature and 0.02–0.03 for salinity and ending at about 0.18C
and very small or no difference in salinity (Figure 7).

The deep waters can be separated into two classes based on their densities (Table A2). The net deep water vol-
ume transports are close to zero, being sometimes southward and sometimes northward. The density division
alone does not allow for distinguishing between the Arctic Ocean and the Nordic Seas deep water masses. The
deep waters are observed, both in the Greenland Sea [Somavilla et al., 2013] and in the Fram Strait [Langehaug
and Falck, 2012] to be warming and becoming more saline. Using the definitions by Rudels et al. [2008] and sepa-
rating between EBDW, CBDW, and NDW at salinity 34.915 seems to work best, as estimated visually, in mid-
2000s (Figure 4). Since 2007 parts of the NDW have become more saline than the 34.915 limit of Rudels et al.
[2008] and Marnela et al. [2013] and in 2013 the salinity of GSDW, part of NDW, is already close to 34.92, a limit
used for separating between Arctic Ocean and Nordic Seas originated waters by e.g., Langehaug and Falck
[2012]. The EBDW can have salinities up to 34.93 in FS and it is no longer possible to distinguish between the Arc-
tic Ocean and Nordic Seas originated deep water masses merely based on their salinities and temperatures with-
out at least inspecting the individual uS curves. Von Appen et al. [2015] have noted that the different deep waters
present in Fram Strait have become more similar and estimated for the deep waters of the northern and south-
ern origins to have the same temperature in Fram Strait in 2020. The salinities are getting similar too (Figure 4).
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The deep water masses are more saline and warmer at the FS section than at the GS section (Figure 7). The
deep waters have in general become warmer and more saline, with the largest changes observed in the
Greenland Sea, about 0.018C/yr in temperature and 0.007/yr in salinity. The less dense deep water flowing
southward through the FS section however has become colder and less saline. This could be due to CBDW,
the warmest of the deep waters becoming more diluted with colder and less saline AIW or NDW.

Deep waters are distinguished using the triangle method [Mamayev, 1975] with potential temperature and
salinity values dedicated to a specific water mass at the vertices of the triangles. These end points are
allowed to vary annually (see Figure 4 for how the annually varying triangle vertices are defined). The water
mass triangles also affect the intermediate water transports by up to 1 Sv due to the changing lower limit
of the defined intermediate water layer. Allowing the triangle end points to vary annually shows a decrease
in the Fram Strait CBDW volume transport proportion of deep waters flowing southward from 50% to about
30–40% (Figure 11a). The decrease could at least partially be caused by the big changes in AIW properties
with AIW becoming warmer and more saline and thus more similar to CBDW whose properties remain
nearly constant (and in this work are kept constant). EBDW volumes are very small and the southward vol-
ume transport also decreases during 1999–2010. The southward flowing volume proportion of NDW
increases as the fraction of Arctic Ocean waters diminishes. NDW, including the small amounts of deep
GSDW, represents about 60–70% of the northward flowing deep waters in the Fram Strait. No clear trends
are found in the northward flow in the FS section. In the GS section no clear increase or decrease of trans-
ports of any specific deep water mass is found and the NDW constitutes 80% of the deep waters.

The volume transports for the deep waters are also estimated fixing the triangle vertices to values from
1999, except for AIW which is allowed to vary annually, to estimate the changes in the proportional water
mass volumes that have taken place in over a decade. NDW in the Greenland Sea has become warmer and
more saline, from the late 1970s to 2013 the salinity has increased from 34.89 to 34.918 and potential tem-
perature from 21.288C to 20.958C. Over the observation period 1999–2010, salinity increased from 34.902
to 34.914 and temperature from 21.168C to 21.008C (Table 1 and Figure 4). In the Greenland Sea, the NDW
volume transport, including the deep GSDW, therefore decreases from 80% to 60% while the Arctic Ocean
deep waters increase from 20% to 40% (Figure 11b). In the Fram Strait, the changes are small.

4.4. Mixing
Mixing in the Greenland Sea is estimated in the same way as in Meincke et al. [1997] between the deep
salinity maximum and the near bottom homogeneous layer. The mean vertical salinity gradient between
the two years 1982 and 1993 given in Meincke et al. [1997] is 4.4�1026 m21 and computed from their values
5.1�1026 m21. From salinities between 1999 and 2010, a salinity gradient of 4.0�1026 m21 is estimated and
from temperatures a temperature gradient of 9.5�10258C�m21.

Using data in Table A3 for the observation period from 1999 to 2010 KvS(99-10) is estimated at 1.6�1023

m2s21 and KvT(99-10) at 8.5�1024 m2s21. The values are smaller than those of Meincke et al. [1997] who
obtained 3.7�1023 m2s21 for KvS, but the ratio of KvS:KvT5 2:1, is the same.

Meincke et al. [1997] estimated a 0.3 Sv inflow of EBDW to the Greenland Sea from their KvS of 3.7�1023. In
this work for the whole available period from 1977 to 2013, an averaged value of 2.3�1023 m2s21 is esti-
mated for the vertical diffusivity from salinities, and for 1999–2010 1.8�1023 m2s21. The value is larger in the
beginning, 6.2�1023 m2s21 averaged for 1977–1988 (Table A3). The velocity from the rim of the Greenland Sea
to the center is estimated in a way following Meincke et al. [1997] at 0.86 0.5 cm/s for a period of 1999–2006.
From 2008 onward, the salinity differences at the salinity maximum layers at the rim and in the central Green-
land Sea are too small, or the salinity is smaller in the rim, to make this kind of estimation. The volume transport
of EBDW into the central Greenland Sea gyre is estimated averaged over 1999–2006 at about 0.96 0.6 Sv. More
than the 0.446 0.09 Sv estimated by Somavilla et al. [2013], but in the same range as estimated by Jeansson
et al. (personal communication, 2016) based on salinity differences between 1982 and 2002.

5. Summary and Discussion

The amount of Arctic Ocean waters transported to the Nordic Seas as well as the amount of waters trans-
ported through Fram Strait to the Arctic Ocean, i.e., AW, intermediate waters formed in the Greenland Sea,
and NDW, are estimated from geostrophy adjusted with Argo float velocities from summer, and by applying
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difference between northward and southward flowing AW is above 0.58C and in FS the difference has
diminished from about 0.4 to 0.18C. The difference in the Fram Strait getting smaller could be interpreted as
AW making a shorter loop north of the FS section at the end of the observation period, or cooling less. A
likely cause for the decreasing temperature difference in the Fram Strait is the significantly warmer west-
ward recirculation of Atlantic water directly in the Fram Strait in the late 2000s as reported by Beszczynska-
M€oller et al. [2012] and de Steur et al. [2014]. Another cause could be the presence of more or stronger
eddies since in 2010 the AW northward and southward transports at the FS section are both about 7 Sv as
compared with the 2–5 Sv during the other years (Figures 6 and 10, velocities). AW at the GS section is
warmer and more saline than at the northern FS section. The warmest and most saline AW is found to flow
northward through GS section and the coolest and least saline southward through FS section. The south-
ward flowing AW is not systematically warmer and saltier at either section, the properties depending on
how much cooling and mixing the water mass has undergone. A seasonal cycle has been observed in AW
by e.g., Latarius and Quadfasel [2010] and by Beszczynska-M€oller et al. [2012]. The FS section is taken immedi-
ately, or within a month or two, after the GS section but both observations are still made in summer and
the differences due to seasonality between the two sections is expected to be small.

Separating the sections into 4–5 parts allows for following the water masses in more detail (Figure 7). The
warmest and most saline AW (e.g., in 2010 3.938C, 35.11) is found flowing northward in the eastern slope of
the GS section, while a large part with similar properties flows southward west of it, suggesting a large-scale
eddy structure. The northward flowing AW in WSC in FS is already slightly cooler and less saline (in 2010
3.638C, 35.09). The AW flowing southward in the western FS is significantly cooler and less saline (in 2010
1.818C, 34.90), and the southward flowing AW in the western GS section is again slightly cooler and less
saline (in 2010 1.658C, 34.90).

The net volume transports of dAW are estimated at 0.5 Sv southward through the whole FS section and 0.8
Sv southward through the GS section. Over the study period, dAW has become warmer and more saline
(Figure 7). The dAW in the FS section is warmer and more saline than in the GS section. This could be due
to AW being cooled between the two sections, becoming denser, and entering the dAW range. Northward
flowing dAW is more saline and warmer than southward flowing.

The effect on intermediate water transports of the choice between using Argo adjustment or not is 3.0 Sv in
the GS section. The level at which the Argo adjustment is applied to the velocities, 1000 dbar, is mostly
located within the intermediate water layer of Rudels et al. [2008]. The individual northward and southward
volume transports at the GS section decrease to about 3 Sv after the Argo adjustment, remaining 1.4 Sv
larger than at the FS section. The net volume transport of intermediate water however is about 0.5 Sv south-
ward with both methods (Figure 6). The intermediate water contains both AIW originating from the Nordic
Seas and upper Polar Deep Water (uPDW) originating from the Arctic Ocean, a separation between the two
has not been attempted. The intermediate waters have become warmer and more saline over the observa-
tion period at the GS section but show no clear trend at the FS section. Intermediate waters are warmer and
more saline at the FS section than at the GS section, and the difference gets smaller between 1999
and 2010, starting from above 0.28C for temperature and 0.02–0.03 for salinity and ending at about 0.18C
and very small or no difference in salinity (Figure 7).

The deep waters can be separated into two classes based on their densities (Table A2). The net deep water vol-
ume transports are close to zero, being sometimes southward and sometimes northward. The density division
alone does not allow for distinguishing between the Arctic Ocean and the Nordic Seas deep water masses. The
deep waters are observed, both in the Greenland Sea [Somavilla et al., 2013] and in the Fram Strait [Langehaug
and Falck, 2012] to be warming and becoming more saline. Using the definitions by Rudels et al. [2008] and sepa-
rating between EBDW, CBDW, and NDW at salinity 34.915 seems to work best, as estimated visually, in mid-
2000s (Figure 4). Since 2007 parts of the NDW have become more saline than the 34.915 limit of Rudels et al.
[2008] and Marnela et al. [2013] and in 2013 the salinity of GSDW, part of NDW, is already close to 34.92, a limit
used for separating between Arctic Ocean and Nordic Seas originated waters by e.g., Langehaug and Falck
[2012]. The EBDW can have salinities up to 34.93 in FS and it is no longer possible to distinguish between the Arc-
tic Ocean and Nordic Seas originated deep water masses merely based on their salinities and temperatures with-
out at least inspecting the individual uS curves. Von Appen et al. [2015] have noted that the different deep waters
present in Fram Strait have become more similar and estimated for the deep waters of the northern and south-
ern origins to have the same temperature in Fram Strait in 2020. The salinities are getting similar too (Figure 4).
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The deep water masses are more saline and warmer at the FS section than at the GS section (Figure 7). The
deep waters have in general become warmer and more saline, with the largest changes observed in the
Greenland Sea, about 0.018C/yr in temperature and 0.007/yr in salinity. The less dense deep water flowing
southward through the FS section however has become colder and less saline. This could be due to CBDW,
the warmest of the deep waters becoming more diluted with colder and less saline AIW or NDW.

Deep waters are distinguished using the triangle method [Mamayev, 1975] with potential temperature and
salinity values dedicated to a specific water mass at the vertices of the triangles. These end points are
allowed to vary annually (see Figure 4 for how the annually varying triangle vertices are defined). The water
mass triangles also affect the intermediate water transports by up to 1 Sv due to the changing lower limit
of the defined intermediate water layer. Allowing the triangle end points to vary annually shows a decrease
in the Fram Strait CBDW volume transport proportion of deep waters flowing southward from 50% to about
30–40% (Figure 11a). The decrease could at least partially be caused by the big changes in AIW properties
with AIW becoming warmer and more saline and thus more similar to CBDW whose properties remain
nearly constant (and in this work are kept constant). EBDW volumes are very small and the southward vol-
ume transport also decreases during 1999–2010. The southward flowing volume proportion of NDW
increases as the fraction of Arctic Ocean waters diminishes. NDW, including the small amounts of deep
GSDW, represents about 60–70% of the northward flowing deep waters in the Fram Strait. No clear trends
are found in the northward flow in the FS section. In the GS section no clear increase or decrease of trans-
ports of any specific deep water mass is found and the NDW constitutes 80% of the deep waters.

The volume transports for the deep waters are also estimated fixing the triangle vertices to values from
1999, except for AIW which is allowed to vary annually, to estimate the changes in the proportional water
mass volumes that have taken place in over a decade. NDW in the Greenland Sea has become warmer and
more saline, from the late 1970s to 2013 the salinity has increased from 34.89 to 34.918 and potential tem-
perature from 21.288C to 20.958C. Over the observation period 1999–2010, salinity increased from 34.902
to 34.914 and temperature from 21.168C to 21.008C (Table 1 and Figure 4). In the Greenland Sea, the NDW
volume transport, including the deep GSDW, therefore decreases from 80% to 60% while the Arctic Ocean
deep waters increase from 20% to 40% (Figure 11b). In the Fram Strait, the changes are small.

4.4. Mixing
Mixing in the Greenland Sea is estimated in the same way as in Meincke et al. [1997] between the deep
salinity maximum and the near bottom homogeneous layer. The mean vertical salinity gradient between
the two years 1982 and 1993 given in Meincke et al. [1997] is 4.4�1026 m21 and computed from their values
5.1�1026 m21. From salinities between 1999 and 2010, a salinity gradient of 4.0�1026 m21 is estimated and
from temperatures a temperature gradient of 9.5�10258C�m21.

Using data in Table A3 for the observation period from 1999 to 2010 KvS(99-10) is estimated at 1.6�1023

m2s21 and KvT(99-10) at 8.5�1024 m2s21. The values are smaller than those of Meincke et al. [1997] who
obtained 3.7�1023 m2s21 for KvS, but the ratio of KvS:KvT5 2:1, is the same.

Meincke et al. [1997] estimated a 0.3 Sv inflow of EBDW to the Greenland Sea from their KvS of 3.7�1023. In
this work for the whole available period from 1977 to 2013, an averaged value of 2.3�1023 m2s21 is esti-
mated for the vertical diffusivity from salinities, and for 1999–2010 1.8�1023 m2s21. The value is larger in the
beginning, 6.2�1023 m2s21 averaged for 1977–1988 (Table A3). The velocity from the rim of the Greenland Sea
to the center is estimated in a way following Meincke et al. [1997] at 0.86 0.5 cm/s for a period of 1999–2006.
From 2008 onward, the salinity differences at the salinity maximum layers at the rim and in the central Green-
land Sea are too small, or the salinity is smaller in the rim, to make this kind of estimation. The volume transport
of EBDW into the central Greenland Sea gyre is estimated averaged over 1999–2006 at about 0.96 0.6 Sv. More
than the 0.446 0.09 Sv estimated by Somavilla et al. [2013], but in the same range as estimated by Jeansson
et al. (personal communication, 2016) based on salinity differences between 1982 and 2002.

5. Summary and Discussion

The amount of Arctic Ocean waters transported to the Nordic Seas as well as the amount of waters trans-
ported through Fram Strait to the Arctic Ocean, i.e., AW, intermediate waters formed in the Greenland Sea,
and NDW, are estimated from geostrophy adjusted with Argo float velocities from summer, and by applying
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four conservation constraints, and averaged over eight summers between 1999 and 2010. The adjustment
uses a simple linear fit to the data although the transports in the center of the GS gyre are variable and at
the rims the velocities observed by Argo floats are one order of magnitude larger than those estimated
from the linear fit. The data are sparse and making another kind of fit would have required guesses and
those guesses would then affect the resulting transports. The effects of the slope of the linear fit were stud-
ied (not shown) and it was found that changing the slope steepness originally of 0.0012 by 0.0002 ((m/s)/
longitude), alters the net volume transport by about 0.2 Sv, with the net transport diminishing as the slope
increases, and the northward and southward transports at the GS section increasing correspondingly by on
average 0.8 Sv (southward flow) and 1.0 Sv (northward flow). At the FS section for every 0.0002 change in
the slope steepness, the northward flow increases by about 0.1–0.2 Sv and the southward flow decreases
slightly. The results obtained for the volume transports are thus rather sensitive to how the adjustment
based on Argo data is conducted. The net volume transports estimated in this study, 0.86 1.5 Sv south-
ward, are from a low range as compared with the recent estimates of 2–3 Sv southward for the Fram Strait.
Future studies with better Argo coverage could improve the estimates based on similar methods as pre-
sented in this work. The drift estimated from the Argo floats is also available as an ANDRO product at http://
wwz.ifremer.fr/lpo/Produits/ANDRO. The linear fit was estimated from the ANDRO data for comparison and
increased the slope from 0.0012 to 0.0014.

The water mass definitions used here follow those by Rudels et al. [2005, 2008] for surface water and Atlantic
waters. However, their deep water definitions separating the Arctic Ocean originated and Nordic Seas origi-
nated waters at salinity 34.915 are no longer valid for the most recent years due to the warming and salinifi-
cation of GSDW, reported by for example, Somavilla et al. [2013]. A water mass triangle approach is
therefore used for distinguishing between deep waters of different origin. The sections are separated into
4–5 parts to better distinguish the differences in the northward and southward flows.

The surface water net volume transport is 0.7 Sv southward. The least saline waters, partly due to ice melt,
are found in the surface layer. Most of the liquid freshwater transport is therefore located in the surface
layer. Liquid freshwater is accumulated in the area between the FS and GS sections, i.e., the southward
freshwater transports at the FS section are larger than the southward freshwater transports at the GS sec-
tion contrary to what might be expected should ice melt in the area between the sections. The observations
are from summer time and no sea ice formation therefore expected to remove liquid freshwater from the
area. However, there is a net heat loss between the sections and ice formation cannot be completely ruled
out. The individual northward and southward freshwater transports at the GS section relative to salinity 34.9
are smaller than corresponding transports at the FS section so the freshwater does not appear to be caught
in a cyclonic flow at the GS section either. An explanation might be the later observation time of the FS sec-
tion which would allow for more ice melt to have taken place at the FS section. The surface water proper-
ties, colder, and less saline at the FS than at the GS section (Figure 7), also support this hypothesis.
Advection of these melt waters southward to the GS section also introduces an additional time lag.

The time lag for waters traveling from one section to the other has been ignored. The Argo floats located in
the Nordic Seas show travel times at 1000 dbar level of about 2–3 months from the Fram Strait to 758N
in the EGC and from 2 months to a year in the opposite direction. The effect of the near surface drift on the
estimated Argo float drift at the intermediate depths was estimated by Voet et al. [2010] as max 5 km during
the 10 day cycle that the float makes. This and the other inaccuracies related to the use of Argo float data
are described in Voet et al. [2010] and here ignored, yet causing a small error.

The AW volume transports are estimated at about 0.9 Sv northward through the GS section and 0.7 Sv
northward through the FS section and dAW transports at 0.5 Sv southward through the FS section and 0.8
Sv southward through the GS section. Both the AW and dAW have become warmer and more saline during
1999-2010. Previous studies by e.g., Beszczynska-M€oller et al. [2012] show a maximum in the AW tempera-
ture and salinity in 2006 and a 5–6 year cycle in the AW properties, and warm and saline AW has been
observed e.g., in 1984, perhaps taking away some of the significance of the trend observed in 1999–2010.
When the sections are separated into 4–5 parts, the northward AW flow can be seen in the eastern sides of
the sections while somewhat cooled and diluted AW is found to return southward in the western sides (Fig-
ure 7). A substantial amount of the heat transport takes place within the AW. Heat is estimated to be lost
between the two sections by about 96 12 TW. Somewhat less than the 12.7 TW estimated by Cisewski et al.
[2003] from 1997 data to be lost between a 758N section and a section in the Fram Strait at 79840’N, and
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similar in magnitude to the about 11 TW estimated to be lost from a smaller area north of the FS section by
Marnela et al. [2013]. Some of the heat carried by AW continues northward past the Fram Strait while some
remains or is lost in the Nordic Seas. In this study, the budget for the Arctic Ocean is not closed and the
heat transports computed relative to a reference temperature through the individual sections are arbitrary
[see Schauer and Beszczynska-M€oller, 2009; Tsubouchi et al., 2012]. The FS and GS sections are treated as syn-
optic, but in fact they are not since the southern section is taken first and some of the northward transport
may even be observed twice, first at the GS and later at the FS section. Sometimes the waters can get
caught in an eddy as revealed by the Argo floats and take much longer, up to a year, between the sections.
Only a few Argo floats were carried into the Fram Strait from the Greenland Sea. They did not coincide with
the times of the hydrographic observations, and a more detailed study would be required to include them
into the present analysis.

The intermediate water transports are in this study affected by the choices of whether to use Argo adjustment or
not, and also by the deep water mass definitions. The net volume transport of intermediate water is estimated at
about 0.5 Sv southward. The intermediate waters have become warmer and more saline at the GS section, thus
decreasing the difference between the intermediate waters found in the two sections. The intermediate waters
have not here been separated into AIW and uPDW, although AIW as observed in the Greenland Sea is used as a
vertex for the water mass triangles. The separation between AIW and uPDW could be possible to some extent
based on their (uS) curves, or using additional parameters that have not been included in this study.

A temperature maximum in the intermediate waters in the Greenland Sea which appeared in the beginning
of the 1990s at the depth of 800 m had its origins in the Amerasian Basin warm waters. The intermediate
temperature maximum gradually descended downward [e.g., Meincke et al., 1997; Bud�eus et al., 1998;
Somavilla et al., 2013] (Figure 4). In 2005, another maximum appeared above it. Temperature maxima can
be created during shallow convection and descend downward unless erased by deeper convection events
or lateral advection in the following years. The 1990s pulse has already reached deep and its temperature
maximum has disappeared because of the temperature increase in the layers above.

Convection depths were estimated from CTD profiles and Argo data. Data from Argo floats allow for track-
ing the seasonal development of the convection. Since the Argo floats have been collecting data from the
Nordic Seas, some coherent vortices reaching deeper than the Argo floats profiles (i.e., below 2000 dbar),
have been present, e.g., in 2002 extending down to 2500 dbar. These depths cannot be covered with the
regular Argo floats, but deep profiling Argo floats would be needed. Mainly the convection has been

Table A1a. Cruises the Hydrographic Data for the Zonal Double Sections at the Greenland Sea (GS) and the Fram Strait (FS) Are
Obtained From

Ship, Cruise
Year and Month
of the FS Stations

Number of Stations
at the FS Section

Longitudes 8W/8E
Covered by the FS Section

Latitudes 8N Covered
by the FS Section

Polarstern, ar15 1999 Sep 38 213.24 to 9.01 78.83–79.17
Lance 2000 Aug–Sep 35 215.00 to 10.99 78.92–79.02
Polarstern, ar17 2001 Jul 39 211.77 to –10.01 78.83–79.02
Polarstern, ar18 2002 Jul–Aug 73 217.48 to 9.00 78.82–78.84
Polarstern, ar20 2004 Jul–Aug 49 211.47 to 9.00 78.83–78.84
Polarstern, ar21 2005 Aug–Sep 76 217.48 to 9.01 78.81–78.84
Polarstern, ar23 2008 Jul 58 210.99 to 9.01 78.82–78.85
Polarstern, ar25 2010 Jul 79 212.51 to 9.83 78.83–78.84

Ship, Cruise Year and Month
of the GS Stations

Number of Stations
Available at
the GS Section

Longitudes 8W/8E
Covered by the
GS Section

Latitudes 8N Covered by
the GS Section

Polarstern, ar15 1999 Jul 60 215.93 to 17.10 74.99–75.01
Polarstern, ar16 2000 Jul 57 213.68 to 17.10 74.92–74.98
Polarstern, ar17 2001 Jun–Jul 52 214.36 to 15.89 74.96 to 75.01
Polarstern, ar18 2002 Jul 62 216.42 to 17.10 75.00
Polarstern, ar20 2004 Jun–Jul 55 216.74 to 15.84 75.00–75.08
Polarstern, ar21 2005 Jul–Aug 56 217.09 to 15.82 74.99–75.01
Polarstern, ar23 2008 Jun 52 212.61 to 16.50 75.00–75.19
Polarstern, ar25 2010 Jun 62 217.99 to 17.00 74.60–75.01
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four conservation constraints, and averaged over eight summers between 1999 and 2010. The adjustment
uses a simple linear fit to the data although the transports in the center of the GS gyre are variable and at
the rims the velocities observed by Argo floats are one order of magnitude larger than those estimated
from the linear fit. The data are sparse and making another kind of fit would have required guesses and
those guesses would then affect the resulting transports. The effects of the slope of the linear fit were stud-
ied (not shown) and it was found that changing the slope steepness originally of 0.0012 by 0.0002 ((m/s)/
longitude), alters the net volume transport by about 0.2 Sv, with the net transport diminishing as the slope
increases, and the northward and southward transports at the GS section increasing correspondingly by on
average 0.8 Sv (southward flow) and 1.0 Sv (northward flow). At the FS section for every 0.0002 change in
the slope steepness, the northward flow increases by about 0.1–0.2 Sv and the southward flow decreases
slightly. The results obtained for the volume transports are thus rather sensitive to how the adjustment
based on Argo data is conducted. The net volume transports estimated in this study, 0.86 1.5 Sv south-
ward, are from a low range as compared with the recent estimates of 2–3 Sv southward for the Fram Strait.
Future studies with better Argo coverage could improve the estimates based on similar methods as pre-
sented in this work. The drift estimated from the Argo floats is also available as an ANDRO product at http://
wwz.ifremer.fr/lpo/Produits/ANDRO. The linear fit was estimated from the ANDRO data for comparison and
increased the slope from 0.0012 to 0.0014.

The water mass definitions used here follow those by Rudels et al. [2005, 2008] for surface water and Atlantic
waters. However, their deep water definitions separating the Arctic Ocean originated and Nordic Seas origi-
nated waters at salinity 34.915 are no longer valid for the most recent years due to the warming and salinifi-
cation of GSDW, reported by for example, Somavilla et al. [2013]. A water mass triangle approach is
therefore used for distinguishing between deep waters of different origin. The sections are separated into
4–5 parts to better distinguish the differences in the northward and southward flows.

The surface water net volume transport is 0.7 Sv southward. The least saline waters, partly due to ice melt,
are found in the surface layer. Most of the liquid freshwater transport is therefore located in the surface
layer. Liquid freshwater is accumulated in the area between the FS and GS sections, i.e., the southward
freshwater transports at the FS section are larger than the southward freshwater transports at the GS sec-
tion contrary to what might be expected should ice melt in the area between the sections. The observations
are from summer time and no sea ice formation therefore expected to remove liquid freshwater from the
area. However, there is a net heat loss between the sections and ice formation cannot be completely ruled
out. The individual northward and southward freshwater transports at the GS section relative to salinity 34.9
are smaller than corresponding transports at the FS section so the freshwater does not appear to be caught
in a cyclonic flow at the GS section either. An explanation might be the later observation time of the FS sec-
tion which would allow for more ice melt to have taken place at the FS section. The surface water proper-
ties, colder, and less saline at the FS than at the GS section (Figure 7), also support this hypothesis.
Advection of these melt waters southward to the GS section also introduces an additional time lag.

The time lag for waters traveling from one section to the other has been ignored. The Argo floats located in
the Nordic Seas show travel times at 1000 dbar level of about 2–3 months from the Fram Strait to 758N
in the EGC and from 2 months to a year in the opposite direction. The effect of the near surface drift on the
estimated Argo float drift at the intermediate depths was estimated by Voet et al. [2010] as max 5 km during
the 10 day cycle that the float makes. This and the other inaccuracies related to the use of Argo float data
are described in Voet et al. [2010] and here ignored, yet causing a small error.

The AW volume transports are estimated at about 0.9 Sv northward through the GS section and 0.7 Sv
northward through the FS section and dAW transports at 0.5 Sv southward through the FS section and 0.8
Sv southward through the GS section. Both the AW and dAW have become warmer and more saline during
1999-2010. Previous studies by e.g., Beszczynska-M€oller et al. [2012] show a maximum in the AW tempera-
ture and salinity in 2006 and a 5–6 year cycle in the AW properties, and warm and saline AW has been
observed e.g., in 1984, perhaps taking away some of the significance of the trend observed in 1999–2010.
When the sections are separated into 4–5 parts, the northward AW flow can be seen in the eastern sides of
the sections while somewhat cooled and diluted AW is found to return southward in the western sides (Fig-
ure 7). A substantial amount of the heat transport takes place within the AW. Heat is estimated to be lost
between the two sections by about 96 12 TW. Somewhat less than the 12.7 TW estimated by Cisewski et al.
[2003] from 1997 data to be lost between a 758N section and a section in the Fram Strait at 79840’N, and
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similar in magnitude to the about 11 TW estimated to be lost from a smaller area north of the FS section by
Marnela et al. [2013]. Some of the heat carried by AW continues northward past the Fram Strait while some
remains or is lost in the Nordic Seas. In this study, the budget for the Arctic Ocean is not closed and the
heat transports computed relative to a reference temperature through the individual sections are arbitrary
[see Schauer and Beszczynska-M€oller, 2009; Tsubouchi et al., 2012]. The FS and GS sections are treated as syn-
optic, but in fact they are not since the southern section is taken first and some of the northward transport
may even be observed twice, first at the GS and later at the FS section. Sometimes the waters can get
caught in an eddy as revealed by the Argo floats and take much longer, up to a year, between the sections.
Only a few Argo floats were carried into the Fram Strait from the Greenland Sea. They did not coincide with
the times of the hydrographic observations, and a more detailed study would be required to include them
into the present analysis.

The intermediate water transports are in this study affected by the choices of whether to use Argo adjustment or
not, and also by the deep water mass definitions. The net volume transport of intermediate water is estimated at
about 0.5 Sv southward. The intermediate waters have become warmer and more saline at the GS section, thus
decreasing the difference between the intermediate waters found in the two sections. The intermediate waters
have not here been separated into AIW and uPDW, although AIW as observed in the Greenland Sea is used as a
vertex for the water mass triangles. The separation between AIW and uPDW could be possible to some extent
based on their (uS) curves, or using additional parameters that have not been included in this study.

A temperature maximum in the intermediate waters in the Greenland Sea which appeared in the beginning
of the 1990s at the depth of 800 m had its origins in the Amerasian Basin warm waters. The intermediate
temperature maximum gradually descended downward [e.g., Meincke et al., 1997; Bud�eus et al., 1998;
Somavilla et al., 2013] (Figure 4). In 2005, another maximum appeared above it. Temperature maxima can
be created during shallow convection and descend downward unless erased by deeper convection events
or lateral advection in the following years. The 1990s pulse has already reached deep and its temperature
maximum has disappeared because of the temperature increase in the layers above.

Convection depths were estimated from CTD profiles and Argo data. Data from Argo floats allow for track-
ing the seasonal development of the convection. Since the Argo floats have been collecting data from the
Nordic Seas, some coherent vortices reaching deeper than the Argo floats profiles (i.e., below 2000 dbar),
have been present, e.g., in 2002 extending down to 2500 dbar. These depths cannot be covered with the
regular Argo floats, but deep profiling Argo floats would be needed. Mainly the convection has been

Table A1a. Cruises the Hydrographic Data for the Zonal Double Sections at the Greenland Sea (GS) and the Fram Strait (FS) Are
Obtained From

Ship, Cruise
Year and Month
of the FS Stations

Number of Stations
at the FS Section

Longitudes 8W/8E
Covered by the FS Section

Latitudes 8N Covered
by the FS Section

Polarstern, ar15 1999 Sep 38 213.24 to 9.01 78.83–79.17
Lance 2000 Aug–Sep 35 215.00 to 10.99 78.92–79.02
Polarstern, ar17 2001 Jul 39 211.77 to –10.01 78.83–79.02
Polarstern, ar18 2002 Jul–Aug 73 217.48 to 9.00 78.82–78.84
Polarstern, ar20 2004 Jul–Aug 49 211.47 to 9.00 78.83–78.84
Polarstern, ar21 2005 Aug–Sep 76 217.48 to 9.01 78.81–78.84
Polarstern, ar23 2008 Jul 58 210.99 to 9.01 78.82–78.85
Polarstern, ar25 2010 Jul 79 212.51 to 9.83 78.83–78.84

Ship, Cruise Year and Month
of the GS Stations

Number of Stations
Available at
the GS Section

Longitudes 8W/8E
Covered by the
GS Section

Latitudes 8N Covered by
the GS Section

Polarstern, ar15 1999 Jul 60 215.93 to 17.10 74.99–75.01
Polarstern, ar16 2000 Jul 57 213.68 to 17.10 74.92–74.98
Polarstern, ar17 2001 Jun–Jul 52 214.36 to 15.89 74.96 to 75.01
Polarstern, ar18 2002 Jul 62 216.42 to 17.10 75.00
Polarstern, ar20 2004 Jun–Jul 55 216.74 to 15.84 75.00–75.08
Polarstern, ar21 2005 Jul–Aug 56 217.09 to 15.82 74.99–75.01
Polarstern, ar23 2008 Jun 52 212.61 to 16.50 75.00–75.19
Polarstern, ar25 2010 Jun 62 217.99 to 17.00 74.60–75.01
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shallower than 2000 dbar and the seasonal evolution can be observed in the Argo data starting in the
autumn with cooling waters gradually mixing deeper. Surface waters reach temperatures near freezing point
in November and December [Visbeck et al., 1995], and the maximum convection depth is reached in the
spring (Figure 2). Should the convection reach deeper than the Argo floats maximum profiling depth, some
small changes in the potential temperature and salinity properties might be detectable. The effect of having
chosen 1900 dbar as the Greenland Sea maximum convection depth during 1999–2010 and used as a limit
for the constraints was tested (not shown). The effect of changing the limit by 100 dbar is small, reducing
the net volume transports by 0–0.1 Sv. Changing the limit by 300 dbar results in a reduction of 0.1–0.3 Sv.

Over the past two decades, the deep waters in the Fram Strait have warmed substantially more (about
0.18C) than the source waters in the Arctic Ocean (0.028C). The Norwegian Sea deep water has become
slightly less than 0.18C warmer while the Greenland Sea deep water has warmed by 0.28C. The deep waters
in the Fram Strait, unlike in the central Greenland or Norwegian Seas (Lofoten Basin) show properties over a
wide range and von Appen et al [2015] observe substantial mixing of deep waters in the Fram Strait itself.
The Fram Strait stations for Figure 4 were chosen rather arbitrarily with an attempt to keep their number
down to two and to include maximal and minimal salinity values, often excluding waters with e.g., clear
Norwegian Sea Deep Water properties (yellow lines in Figure 4). The two stations should therefore not be
considered representative for the eastern or western parts of the strait. The bottom density development
toward less dense waters can yet be observed in Figure 4.

The deep water mass transports are estimated using water mass triangles. The results are affected by how
the vertices are chosen. We have chosen them as close to the waters observed as possible but yet altering

Table A1b. Other Cruises/Sources for Hydrographic Data From the Greenland Sea (GS), the Norwegian Sea (NS), and the Fram Strait
(FS)

Ship, Cruise or Source Year, Month Area

Pangaea.de 1977, 1978 GS
WOD13_CA 1982 Mar FS, GS, NS
Pangaea.de 1984, 1988 GS
WOD13_NO/Polarstern, ar09 1993 Nov/Mar NS, GS/FS
Pangaea.de 1994–1998 GS
WOD13_NO 1999 Jun NS
WOD13_NO 2000 May NS
WOD13_NO 2001 Jun NS
WOD13_NO 2002 Jun NS
Polarstern, ar19 2003 Apr–May GS
WOD13_NO 2005 Apr NS
WOD13_NO/Maria S Merian, ar22 2006 May/Jul–Aug NS/FS, GS
IPY database 2008 Jul NS
Polarstern, ar24 2009 Jun–Jul FS, GS
WOD13_NO 2011 Jun, Sep GS east, NS, FS east
Oceania, IOPAN AREX’12 2012 Jun, Jul GS east
WOD13_NO/Oceania, IOPAN Arex’13 2013 May, Jul/Jul NS, GS/FS east

Table A2. Water Mass Definitions of Rudels et al. [2008]

Water masses Density Range
Nordic Seas
Water Masses

Arctic Ocean
Water Masses

Surface water ru<27.70 Warm Surface Water (wSW) Polar Surface Water (PSW)
Atlantic water 27.70�ru<27.97 Atlantic Water (AW) Arctic Atlantic Water (AAW)
Dense Atlantic water ru�27.97

r0.5<30.444,
u>0

dense Atlantic Water (dAW)
S and u decreasing with depth

dense Arctic Atlantic Water (dAAW)
S increasing, u decreasing with depth

Intermediate water ru�27.97,
r0.5<30.444,
u�0

Arctic Intermediate Water
(AIW)upper S and u decreasing
with depth, lower S and
u increasing with depth

upper Polar Deep Water (uPDW)
S increasing, u decreasing with depth.

Deep Water I r0.5 �30.444,
r1.5<35.142

Nordic Seas Deep Water
I (NDWI), S<34.915

Canadian Basin Deep Water (CBDW)

Deep Water II r1.5�35.142 Nordic Seas Deep Water
II (NDWII), S<34.915

Eurasian Basin Deep Water (EBDW)
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Table A3. Greenland Sea Deep Salinity Maximum Properties and the Depth of Its Location, the Salinity of the Bottom Layer Below the
Gradient and the Thickness of the Layer, and the Thickness of the Gradient Layer in Betweena

a)

Year 2z Smax S at Smax S deep h gradient
h bottom

layer
Vertical

S gradient KvS
D of
Smax

S at
Smax rim

D of
Smax rim u (cm/s) Vol

1977 1500 34.894 34.890 1000 1200 4.0�1026

1978 1300 34.896 34.892 1400 1000 2.9�1026 2.0�1022

1982 1500 34.896 34.892 1000 1200 4.0�1026 0
1984 2200 34.900 34.894 1300 200 4.6�1026 5.2�1023

1988 2400 34.897 34.893 800 500 5.0�1026 25.8�1024

1993 2400 34.905 34.900 800 400 6.3�1026 3.5�1023 490 34.912 400
1994 2500 34.903 34.899 1000 200 4.0�1026 21.8�1023 620 34.909 440
1995 2400 34.905 34.900 1100 200 4.5�1026 1.5�1023 660 34.910 660 0.59 0.83
1996 2400 34.906 34.901 1100 200 4.5�1026 1.4�1023

1997 2000 34.904 34.898 1400 300 4.3�1026 25.4�1023

1998 2000 34.906 34.900 1300 300 4.6�1026 4.3�1023 560 34.908 400 0.51 0.69
1999 2200 34.907 34.902 1200 300 4.2�1026 4.3�1023 570 34.911 600 1.31 1.64
2000 2250 34.908 34.9025 1300 150 4.2�1026 8.5�1024 400 34.911 430 0.44 0.52
2001 2250 34.909 34.903 1250 200 4.8�1026 6.1�1024 460 34.911 490 0.34 0.35
2002 2300 34.910 34.905 1250 150 5.0�1026 2.5�1023 400 34.912 590 1.07 1.23
2004 2500 34.9115 34.907 1000 200 4.5�1026 1.3�1023 510 34.914 500 0.53 0.61
2005 2600 34.912 34.908 950 150 4.4�1026 1.3�1023 410 34.915 650 0.49 0.60
2006 2500 34.9135 34.9095 1100 100 3.6�1026 1.5�1023 470 34.915 420 1.44 1.66
2008 2750 34.915 34.9125 650 250 3.8�1026 2.2�1023 380 34.915 480
2009 2850 34.9155 34.9135 650 200 3.1�1026 2.1�1023 288 34.9155 539
2010 2850 34.916 34.914 650 200 3.1�1026 1.0�1023 490 34.916 490
2013 3100 34.919 34.918 400 200 3.8�1026 2.4�1023 400 34.919 300
Mean 4.2�1026 2.3�1023

Std 7.6�1027 4.6�1023

Mean77–88 4.1�1026 6.2�1023

Mean 93–99 4.6�1026 1.1�1023

Mean 00–13 4.0�1026 1.6�1023

Mean 99–10 4.1�1026 1.8�1023

b)

Year 2z Smax u at Smax u deep h gradient h bottom layer Vertical u gradient KvT

1977 1500 21.21 21.27 1000 1200 6.0�1025

1978 1300 21.16 21.28 1400 1000 8.6�1025 24.8�1023

1982 1500 21.18 21.29 1000 1200 1.1�1024 28.9�1024

1984 2200 21.18 21.25 1300 200 5.4�1025 5.4�1023

1988 2400 21.18 21.24 800 500 7.5�1025 4.3�1024

1993 2400 21.13 21.21 800 400 1.0�1024 1.6�1023

1994 2500 21.12 21.20 1000 200 8.0�1025 1.1�1023

1995 2400 21.09 21.19 1100 200 9.1�1025 7.4�1024

1996 2400 21.07 21.17 1100 200 9.1�1025 1.4�1023

1997 2000 21.00 21.17 1400 300 1.2�1024 0
1998 2000 21.00 21.17 1300 300 1.3�1024 0
1999 2200 21.01 21.16 1200 300 1.3�1024 7.3�1024

2000 2250 20.99 21.14 1300 150 1.2�1024 1.2�1023

2001 2250 20.98 21.13 1250 200 1.2�1024 4.7�1024

2002 2300 20.97 21.11 1250 150 1.0�1024 1.0�1023

2004 2500 20.98 21.09 1000 200 1.1�1024 5.0�1024

2005 2600 20.98 21.07 950 150 9.5�1025 1.1�1023

2006 2500 20.97 21.06 1100 100 8.2�1025 4.4�1024

2008 2750 20.96 21.02 650 250 9.2�1025 1.3�1023

2009 2850 20.96 21.01 650 200 7.7�1025 8.4�1024

2010 2850 20.95 21.00 650 200 7.7�1025 8.2�1024

2013 3100 20.93 20.955 400 200 6.3�1025 6.0�1024

Mean 9.5�1025 6.7�1024

Std 2.1�1025 1.7�1023

Mean77–88 8.1�1025 3.5�1025

Mean 93–99 1.1�1024 8.0�1024

Mean 00–13 9.4�1025 8.3�1024

c)

Year r0 at Smax r0 bottom r2 at Smax r2 bottom

1977 28.078 28.082 37.466 37.484
1978 28.077 28.084 37.462 37.486

Journal of Geophysical Research: Oceans 10.1002/2015JC011312

MARNELA ET AL. FRAM STRAIT AND GREENLAND SEA TRANSPORTS 2342



shallower than 2000 dbar and the seasonal evolution can be observed in the Argo data starting in the
autumn with cooling waters gradually mixing deeper. Surface waters reach temperatures near freezing point
in November and December [Visbeck et al., 1995], and the maximum convection depth is reached in the
spring (Figure 2). Should the convection reach deeper than the Argo floats maximum profiling depth, some
small changes in the potential temperature and salinity properties might be detectable. The effect of having
chosen 1900 dbar as the Greenland Sea maximum convection depth during 1999–2010 and used as a limit
for the constraints was tested (not shown). The effect of changing the limit by 100 dbar is small, reducing
the net volume transports by 0–0.1 Sv. Changing the limit by 300 dbar results in a reduction of 0.1–0.3 Sv.

Over the past two decades, the deep waters in the Fram Strait have warmed substantially more (about
0.18C) than the source waters in the Arctic Ocean (0.028C). The Norwegian Sea deep water has become
slightly less than 0.18C warmer while the Greenland Sea deep water has warmed by 0.28C. The deep waters
in the Fram Strait, unlike in the central Greenland or Norwegian Seas (Lofoten Basin) show properties over a
wide range and von Appen et al [2015] observe substantial mixing of deep waters in the Fram Strait itself.
The Fram Strait stations for Figure 4 were chosen rather arbitrarily with an attempt to keep their number
down to two and to include maximal and minimal salinity values, often excluding waters with e.g., clear
Norwegian Sea Deep Water properties (yellow lines in Figure 4). The two stations should therefore not be
considered representative for the eastern or western parts of the strait. The bottom density development
toward less dense waters can yet be observed in Figure 4.

The deep water mass transports are estimated using water mass triangles. The results are affected by how
the vertices are chosen. We have chosen them as close to the waters observed as possible but yet altering

Table A1b. Other Cruises/Sources for Hydrographic Data From the Greenland Sea (GS), the Norwegian Sea (NS), and the Fram Strait
(FS)

Ship, Cruise or Source Year, Month Area

Pangaea.de 1977, 1978 GS
WOD13_CA 1982 Mar FS, GS, NS
Pangaea.de 1984, 1988 GS
WOD13_NO/Polarstern, ar09 1993 Nov/Mar NS, GS/FS
Pangaea.de 1994–1998 GS
WOD13_NO 1999 Jun NS
WOD13_NO 2000 May NS
WOD13_NO 2001 Jun NS
WOD13_NO 2002 Jun NS
Polarstern, ar19 2003 Apr–May GS
WOD13_NO 2005 Apr NS
WOD13_NO/Maria S Merian, ar22 2006 May/Jul–Aug NS/FS, GS
IPY database 2008 Jul NS
Polarstern, ar24 2009 Jun–Jul FS, GS
WOD13_NO 2011 Jun, Sep GS east, NS, FS east
Oceania, IOPAN AREX’12 2012 Jun, Jul GS east
WOD13_NO/Oceania, IOPAN Arex’13 2013 May, Jul/Jul NS, GS/FS east

Table A2. Water Mass Definitions of Rudels et al. [2008]

Water masses Density Range
Nordic Seas
Water Masses

Arctic Ocean
Water Masses

Surface water ru<27.70 Warm Surface Water (wSW) Polar Surface Water (PSW)
Atlantic water 27.70�ru<27.97 Atlantic Water (AW) Arctic Atlantic Water (AAW)
Dense Atlantic water ru�27.97

r0.5<30.444,
u>0

dense Atlantic Water (dAW)
S and u decreasing with depth

dense Arctic Atlantic Water (dAAW)
S increasing, u decreasing with depth

Intermediate water ru�27.97,
r0.5<30.444,
u�0

Arctic Intermediate Water
(AIW)upper S and u decreasing
with depth, lower S and
u increasing with depth

upper Polar Deep Water (uPDW)
S increasing, u decreasing with depth.

Deep Water I r0.5 �30.444,
r1.5<35.142

Nordic Seas Deep Water
I (NDWI), S<34.915

Canadian Basin Deep Water (CBDW)

Deep Water II r1.5�35.142 Nordic Seas Deep Water
II (NDWII), S<34.915

Eurasian Basin Deep Water (EBDW)
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Table A3. Greenland Sea Deep Salinity Maximum Properties and the Depth of Its Location, the Salinity of the Bottom Layer Below the
Gradient and the Thickness of the Layer, and the Thickness of the Gradient Layer in Betweena

a)

Year 2z Smax S at Smax S deep h gradient
h bottom

layer
Vertical

S gradient KvS
D of
Smax

S at
Smax rim

D of
Smax rim u (cm/s) Vol

1977 1500 34.894 34.890 1000 1200 4.0�1026

1978 1300 34.896 34.892 1400 1000 2.9�1026 2.0�1022

1982 1500 34.896 34.892 1000 1200 4.0�1026 0
1984 2200 34.900 34.894 1300 200 4.6�1026 5.2�1023

1988 2400 34.897 34.893 800 500 5.0�1026 25.8�1024

1993 2400 34.905 34.900 800 400 6.3�1026 3.5�1023 490 34.912 400
1994 2500 34.903 34.899 1000 200 4.0�1026 21.8�1023 620 34.909 440
1995 2400 34.905 34.900 1100 200 4.5�1026 1.5�1023 660 34.910 660 0.59 0.83
1996 2400 34.906 34.901 1100 200 4.5�1026 1.4�1023

1997 2000 34.904 34.898 1400 300 4.3�1026 25.4�1023

1998 2000 34.906 34.900 1300 300 4.6�1026 4.3�1023 560 34.908 400 0.51 0.69
1999 2200 34.907 34.902 1200 300 4.2�1026 4.3�1023 570 34.911 600 1.31 1.64
2000 2250 34.908 34.9025 1300 150 4.2�1026 8.5�1024 400 34.911 430 0.44 0.52
2001 2250 34.909 34.903 1250 200 4.8�1026 6.1�1024 460 34.911 490 0.34 0.35
2002 2300 34.910 34.905 1250 150 5.0�1026 2.5�1023 400 34.912 590 1.07 1.23
2004 2500 34.9115 34.907 1000 200 4.5�1026 1.3�1023 510 34.914 500 0.53 0.61
2005 2600 34.912 34.908 950 150 4.4�1026 1.3�1023 410 34.915 650 0.49 0.60
2006 2500 34.9135 34.9095 1100 100 3.6�1026 1.5�1023 470 34.915 420 1.44 1.66
2008 2750 34.915 34.9125 650 250 3.8�1026 2.2�1023 380 34.915 480
2009 2850 34.9155 34.9135 650 200 3.1�1026 2.1�1023 288 34.9155 539
2010 2850 34.916 34.914 650 200 3.1�1026 1.0�1023 490 34.916 490
2013 3100 34.919 34.918 400 200 3.8�1026 2.4�1023 400 34.919 300
Mean 4.2�1026 2.3�1023

Std 7.6�1027 4.6�1023

Mean77–88 4.1�1026 6.2�1023

Mean 93–99 4.6�1026 1.1�1023

Mean 00–13 4.0�1026 1.6�1023

Mean 99–10 4.1�1026 1.8�1023

b)

Year 2z Smax u at Smax u deep h gradient h bottom layer Vertical u gradient KvT

1977 1500 21.21 21.27 1000 1200 6.0�1025

1978 1300 21.16 21.28 1400 1000 8.6�1025 24.8�1023

1982 1500 21.18 21.29 1000 1200 1.1�1024 28.9�1024

1984 2200 21.18 21.25 1300 200 5.4�1025 5.4�1023

1988 2400 21.18 21.24 800 500 7.5�1025 4.3�1024

1993 2400 21.13 21.21 800 400 1.0�1024 1.6�1023

1994 2500 21.12 21.20 1000 200 8.0�1025 1.1�1023

1995 2400 21.09 21.19 1100 200 9.1�1025 7.4�1024

1996 2400 21.07 21.17 1100 200 9.1�1025 1.4�1023

1997 2000 21.00 21.17 1400 300 1.2�1024 0
1998 2000 21.00 21.17 1300 300 1.3�1024 0
1999 2200 21.01 21.16 1200 300 1.3�1024 7.3�1024

2000 2250 20.99 21.14 1300 150 1.2�1024 1.2�1023

2001 2250 20.98 21.13 1250 200 1.2�1024 4.7�1024

2002 2300 20.97 21.11 1250 150 1.0�1024 1.0�1023

2004 2500 20.98 21.09 1000 200 1.1�1024 5.0�1024

2005 2600 20.98 21.07 950 150 9.5�1025 1.1�1023

2006 2500 20.97 21.06 1100 100 8.2�1025 4.4�1024

2008 2750 20.96 21.02 650 250 9.2�1025 1.3�1023

2009 2850 20.96 21.01 650 200 7.7�1025 8.4�1024

2010 2850 20.95 21.00 650 200 7.7�1025 8.2�1024

2013 3100 20.93 20.955 400 200 6.3�1025 6.0�1024

Mean 9.5�1025 6.7�1024

Std 2.1�1025 1.7�1023

Mean77–88 8.1�1025 3.5�1025

Mean 93–99 1.1�1024 8.0�1024

Mean 00–13 9.4�1025 8.3�1024

c)

Year r0 at Smax r0 bottom r2 at Smax r2 bottom

1977 28.078 28.082 37.466 37.484
1978 28.077 28.084 37.462 37.486
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them just enough to fit in most of the waters observed at both sections. Dense waters produced in winter
on the Arctic shelves (western Barents Sea and Spitsbergen) due to brine release while the water freezes
are present at the FS section during some years (not shown). Those waters have been partly left out since
they would not fit into the category of being EBDW or CBDW. A signal of dense water plume in the deep
Fram Strait has after the first observations in 1986 [Quadfasel et al., 1988; Schauer and Fahrbach, 1999] been
observed several times afterwards: e.g., in 1988 and 2002 [Rudels et al., 1999, 2005] and in 2008 [Jardon
et al., 2014]. It reached maximal values of salinity (up to 34.945) and was the warmest (u about 20.678C) in
2002, while in 2000 and 2008 the water was slightly less saline and colder. The plumes are distinguished
from other deep waters as being warmer and more saline, while the density is similar to NDW density thus
allowing for the plume waters to mix with the other deep waters present in the Fram Strait.

The northward and southward flows of CBDW estimated are perhaps somewhat larger than expected, and
they may be overestimated due to having the other triangle vertices located closer together. The EBDW
transports are smaller (Figure 6). At the Fram Strait, the net volume transports of Arctic origin deep waters
should be southward, because no other passage exists for waters this deep between the Arctic Ocean and
the Nordic Seas. Combining CBDW and EBDW with their small net transports in the Fram Strait, into ‘‘Arctic
Ocean deep waters’’ gives an estimate of 0.01 Sv southward and at the GS section 0.02 Sv northward. These
numbers are very small and probably an underestimate due to the chosen method. Previous estimates for
EBDW transports entering the Greenland Sea gyre by Meincke et al. [1997] based on mixing estimates are
0.3 Sv and by Somavilla et al. [2013] 0.446 0.09 Sv. In this study, the amount of EBDW range water entering
the Greenland Sea gyre is estimated at 0.96 0.6 Sv from mixing estimates. This value is significantly higher
than the northward and southward transport estimates for the Arctic Ocean deep waters from geostrophy.
However, the water in the EBDW range penetrating from the Greenland slope into the center of the gyre is
EBDW that has been strongly diluted by mixing with NDW at the slope between Fram Strait and 758N
[Rudels et al., 2005]. In fact the northward and southward transports of NDW across the 758N section are
estimated from geostrophy as five to ten times larger than the corresponding transports of CBDW and
EBDW (Figure 6c). Most of the volume that penetrates into the center of the gyre thus consists of NDW, and
if the estimate of 1 Sv is correct, then about 20% of the deep water crossing the 758N section penetrates
into the gyre, while the bulk of the flow takes part in the recirculation in the Greenland Sea and Norwegian
Sea gyres. About as much Arctic Ocean deep waters that enter the Greenland Sea gyre from the rim are esti-
mated by Jeansson et al. (personal communication, 2016) to enter the Norwegian Sea. A small fraction of

Table A3. (continued)

c)

Year r0 at Smax r0 bottom r2 at Smax r2 bottom

1982 28.080 28.081 37.466 37.472
1984 28.083 28.0845 37.472 37.485
1988 28.077 28.076 37.460 37.463
1993 28.080 28.079 37.460 37.464
1994 28.080 28.079 37.459 37.463
1995 28.080 28.080 37.457 37.464
1996 28.080 28.080 37.456 37.462
1997 28.078 28.078 37.450 37.460
1998 28.076 28.079 37.448 37.462
1999 28.079 28.080 37.453 37.462
2000 28.079 28.080 37.450 37.461
2001 28.079 28.080 37.449 37.460
2002 28.079 28.081 37.449 37.460
2004 28.081 28.082 37.451 37.459
2005 28.081 28.082 37.452 37.458
2006 28.082 28.083 37.451 37.458
2008 28.083 28.0835 37.452 37.457
2009 28.083 28.084 37.452 37.456
2010 28.083 28.084 37.452 37.456
2013 28.085 28.085 37.453 37.453

aYears 1982 and 1993 are from Meincke et al. [1997]. (a) Vertical salinity and (b) temperature gradients are computed between the
salinity maximum and the deep layer. The vertical diffusion coefficients are from the year above to the year on the row where the value
is presented. Densities are presented in (c).
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the deep water will also join the overflow as Norwegian Sea water through the Faroe Bank Channel [Hansen
and Østerhus, 2000], while the Denmark Strait overflow initially is too light, only allowing the passage of
water in the AIW and CBDW density range. The volume transports through the FS and GS sections are thus
linked with the processes active in the Greenland Sea gyre.

The local formation of deep water in the Greenland Sea was up to the1980s estimated about 05Sv but has
declined to almost zero in the recent decades. Whether an active convection and deep and bottom water
formation in the Greenland Sea would intensify the exchanges between the rim and the center, or would
the Arctic Ocean deep waters rather bypass the dense central dome in the Greenland Sea as was suggested
by Figure 8 in Rudels [1995], remains an open question that might perhaps be answered by modelling
efforts rather than observations.
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them just enough to fit in most of the waters observed at both sections. Dense waters produced in winter
on the Arctic shelves (western Barents Sea and Spitsbergen) due to brine release while the water freezes
are present at the FS section during some years (not shown). Those waters have been partly left out since
they would not fit into the category of being EBDW or CBDW. A signal of dense water plume in the deep
Fram Strait has after the first observations in 1986 [Quadfasel et al., 1988; Schauer and Fahrbach, 1999] been
observed several times afterwards: e.g., in 1988 and 2002 [Rudels et al., 1999, 2005] and in 2008 [Jardon
et al., 2014]. It reached maximal values of salinity (up to 34.945) and was the warmest (u about 20.678C) in
2002, while in 2000 and 2008 the water was slightly less saline and colder. The plumes are distinguished
from other deep waters as being warmer and more saline, while the density is similar to NDW density thus
allowing for the plume waters to mix with the other deep waters present in the Fram Strait.

The northward and southward flows of CBDW estimated are perhaps somewhat larger than expected, and
they may be overestimated due to having the other triangle vertices located closer together. The EBDW
transports are smaller (Figure 6). At the Fram Strait, the net volume transports of Arctic origin deep waters
should be southward, because no other passage exists for waters this deep between the Arctic Ocean and
the Nordic Seas. Combining CBDW and EBDW with their small net transports in the Fram Strait, into ‘‘Arctic
Ocean deep waters’’ gives an estimate of 0.01 Sv southward and at the GS section 0.02 Sv northward. These
numbers are very small and probably an underestimate due to the chosen method. Previous estimates for
EBDW transports entering the Greenland Sea gyre by Meincke et al. [1997] based on mixing estimates are
0.3 Sv and by Somavilla et al. [2013] 0.446 0.09 Sv. In this study, the amount of EBDW range water entering
the Greenland Sea gyre is estimated at 0.96 0.6 Sv from mixing estimates. This value is significantly higher
than the northward and southward transport estimates for the Arctic Ocean deep waters from geostrophy.
However, the water in the EBDW range penetrating from the Greenland slope into the center of the gyre is
EBDW that has been strongly diluted by mixing with NDW at the slope between Fram Strait and 758N
[Rudels et al., 2005]. In fact the northward and southward transports of NDW across the 758N section are
estimated from geostrophy as five to ten times larger than the corresponding transports of CBDW and
EBDW (Figure 6c). Most of the volume that penetrates into the center of the gyre thus consists of NDW, and
if the estimate of 1 Sv is correct, then about 20% of the deep water crossing the 758N section penetrates
into the gyre, while the bulk of the flow takes part in the recirculation in the Greenland Sea and Norwegian
Sea gyres. About as much Arctic Ocean deep waters that enter the Greenland Sea gyre from the rim are esti-
mated by Jeansson et al. (personal communication, 2016) to enter the Norwegian Sea. A small fraction of

Table A3. (continued)

c)

Year r0 at Smax r0 bottom r2 at Smax r2 bottom

1982 28.080 28.081 37.466 37.472
1984 28.083 28.0845 37.472 37.485
1988 28.077 28.076 37.460 37.463
1993 28.080 28.079 37.460 37.464
1994 28.080 28.079 37.459 37.463
1995 28.080 28.080 37.457 37.464
1996 28.080 28.080 37.456 37.462
1997 28.078 28.078 37.450 37.460
1998 28.076 28.079 37.448 37.462
1999 28.079 28.080 37.453 37.462
2000 28.079 28.080 37.450 37.461
2001 28.079 28.080 37.449 37.460
2002 28.079 28.081 37.449 37.460
2004 28.081 28.082 37.451 37.459
2005 28.081 28.082 37.452 37.458
2006 28.082 28.083 37.451 37.458
2008 28.083 28.0835 37.452 37.457
2009 28.083 28.084 37.452 37.456
2010 28.083 28.084 37.452 37.456
2013 28.085 28.085 37.453 37.453

aYears 1982 and 1993 are from Meincke et al. [1997]. (a) Vertical salinity and (b) temperature gradients are computed between the
salinity maximum and the deep layer. The vertical diffusion coefficients are from the year above to the year on the row where the value
is presented. Densities are presented in (c).
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the deep water will also join the overflow as Norwegian Sea water through the Faroe Bank Channel [Hansen
and Østerhus, 2000], while the Denmark Strait overflow initially is too light, only allowing the passage of
water in the AIW and CBDW density range. The volume transports through the FS and GS sections are thus
linked with the processes active in the Greenland Sea gyre.

The local formation of deep water in the Greenland Sea was up to the1980s estimated about 05Sv but has
declined to almost zero in the recent decades. Whether an active convection and deep and bottom water
formation in the Greenland Sea would intensify the exchanges between the rim and the center, or would
the Arctic Ocean deep waters rather bypass the dense central dome in the Greenland Sea as was suggested
by Figure 8 in Rudels [1995], remains an open question that might perhaps be answered by modelling
efforts rather than observations.
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