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Abstract. The volume, heat and freshwater transports in thebe computed with the constraints applied. The recircula-
Fram Strait are estimated from geostrophic computationgion is found strongest close to 7H.
based on summer hydrographic data from 1984, 1997, 2002
and 2004. In these years, in addition to the usually sampled
section along 79N, a section between Greenland and Sval-
bard was sampled further north. Quasi-closed boxes bounded Introduction
by the two sections and Greenland and Svalbard can then
be formed. Applying conservation constraints on these boxe&§ram Strait with a 2600 m sill depth is the most important
provides barotropic reference velocities. The net volume fluxPassage between the Arctic Ocean and the Nordic Seas for
is southward and varies between 2 and 4 Sv. The recirculatio@ceanic transports of heat and freshwater and for sea ice
of Atlantic water is about 2 Sv. Heat is lost to the atmosphere(Fig- 1). On the eastern side of the strait, the West Spitsbergen
and the heat loss from the area between the sections averag€dirrent transports warm and saline water towards the Arctic
over the four years is about 10 TW. The net heat (temper-ocean- On the western side, cold and low salinity surface wa-
ature) transport is 20 TW northward into the Arctic Ocean, t€r is transported southward by the East Greenland Current.
with large interannual differences. The mean net freshwater Ne exchanges through the strait play an important role in the
added between the sections is 40 mSv and the mean fresheat and freshwater budgets of the Arctic Ocean and have ef-
water transport southward across F9is less than 60 mSy, fects on the Arctic sea ice cover as well as on the meridional
indicating that most of the liquid freshwater leaving the Arc- OVverturning circulation, which is, at least partly, responsi-
tic Ocean through Fram Strait in summer is derived from sedPle for the mild climate in the North-Western Europe. The
ice melt in the northern vicinity of the strait. exchanges through the strait have been monitored contin-
In 1997, 2001 and 2003 meridional sections alondpd-  Uously by hydrographic observations and by direct current
gitude were sampled and in 2003 two smaller boxes carfNéasurements since 1997 (Schauer et al., 2008), and irreg-
be formed, and the recirculation of Atlantic water in the ularly for 30yr. The dynamic nature of the exchanges, with
strait is estimated by geostrophic Computations and Conti_strong bOUndary currents on both sides of the Strait, time vari-
nuity constraints. The recirculation is weaker close tog0  ability, intense baroclinic and barotropic eddy activity and
than close to 78N, indicating that the recirculation is mainly Substantial recirculation (e.g., Teigen et al., 2011), makes it
confined to the south of 8. This is supported by the difficult to accurately define and determine the transports be-
observations in 1997 and 2001, when only the northernfween the Nordic Seas and the Arctic Ocean.

part of the meridional section, from 78l to 80° N, can The geostrophic transports of volume/mass, heat and
salt/freshwater through Fram strait have previously been
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Fig. 1. Fram Strait bathymetry and AW circulation (red AW and Fig- 2. Fram Strait bathymetry (IBCAO) with 1984, 1997, 2002 and
orange AAW). Green arrow is Norwegian Coastal Current.2yp 2004 stations. Map produced with GMT (Wessel and Smith, 1998).
Yermak Plateau, SAE Saint AnnaTrough.

find similar fluctuations as in the current metre array and no

computed from hydrographic sections extending fromannual cycle in the net transport.
Greenland to Svalbard with different approaches to de- In this paper the exchanges of volume, heat and freshwa-
termine the reference velocities by, e.g., Palfrey (1967),ter in the Fram Strait are estimated as well as the recircula-
Rudels (1987), Bourke et al. (1988) and Schlichtholz andtion in the strait. The transports of volume, heat and fresh-
Houssais (1999). One recent attempt was made by Rudelwater through Fram Strait are obtained by computing the
et al. (2008), who dealt with the problem of the unknown geostrophic transports through two CTD sections, one sec-
reference velocities by applying constraints on the salt andion located in Fram Strait at about /9 and the second
volume transports in the deep waters and by evaluating théaken north of the strait extending from Svalbard to Green-
Arctic Ocean volume and freshwater balances. land (Fig. 2). A set of conservation constraints are applied on

The transports have also been estimated from direct curvolume, heat and salt for the boxes defined in the north and
rent observations; first only in the West Spitsbergen Currensouth by the CTD sections, to the east by the Svalbard slope
(Aagaard et al., 1973; Aagaard and Greisman, 1975) and imnd to the west by the Greenland slope. The undetermined
the East Greenland Current (Foldvik et al., 1988), but laterreference velocities can then be estimated using a variational
through a full section at 780 N that has been monitored approach, without having to pre-define, for example, the net
continuously since 1997 (e.g., Fahrbach et al., 2001; Schauesalt and volume transports in the deeper layers as was done
et al., 2004, 2008). However, in spite of the large number ofin a previous study by Rudels et al. (2008).
moorings, the small scale features of the flow field are still Only few complete oceanographic sections have been oc-
not resolved and undersampling could lead to aliasing of thecupied between Greenland and Svalbard north of Fram Strait
results and to large variations in the transport estimates.  beyond the recirculation area that can be combined with the

A seasonal signal in the Fram Strait exchanges has beer9 N section. (Figs. 2 and 3). The summers studied are 1984,
reported by e.g., Fahrbach et al. (2001) and Schauer €t997, 2002 (with one section taken in spring) and 2004.
al. (2004) who noted a minimum volume transport in the The exchanges of volume, heat and freshwater as well as
West Spitsbergen Current in summer with large monthly fluc-the transports of different water masses are determined. The
tuations. In the East Greenland Current the seasonal signal @vailability of two zonal (east-west) sections also makes it
less clear (Fahrbach et al., 2001; Schauer et al., 2004) alpossible to estimate the summer ice melt in the Fram Strait
though de Steur et al. (2009) found a summer minimum alsas well as the local net heat loss in the area between the sec-
in the East Greenland Current. tions. The heat and freshwater transports are compared with

The exchanges through the Fram Strait have also beeatmospheric forcing to evaluate their credibility.
estimated from models, e.g., Karcher et al. (2003, 2008), The recirculation in the Fram Strait is not fully under-
Maslowski et al. (2004) and Fieg et al. (2010). The transportsstood. The zonal section pair computations are also used to
are similar or somewhat smaller than those obtained from diseparate the recirculation in the Fram Strait from the ex-
rect current measurements and geostrophy. Fieg et al. (201@hanges between the Arctic Ocean and the Nordic Seas. The
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Fig. 3a.Caption on next page.
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Fig. 3b. Caption on next page.
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Fig. 3c. (a)Potential temperaturéh) salinity and(c) velocity with constraints applied from the zonal sections in 1984, 1997, 2002 and 2004
(Fig. 2). The constraint boundaries, potential density Gurface 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/2@@4ti@ns.
Colour coding of the sections (North for the northern section, afidNj%ollows that of Fig. 2.
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Fig. 5. Velocity with constraints applied from the meridional sec-
tions in 1997, 2001 and 2003 (Fig. 4) showing the constraint bound-
ary, potential densityoly) surface 28.06 (yellow lines). Positive
(negative) velocities are westward (eastward).

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

Salues from the uppermost measurements and retaining these

C;I-:r.een\;rvmh(;ngndﬁn (Dlor:gnude) bet;Nien TEN and 80 N1997all the way to the surface. The instruments used were Seabird
(Figs. 4 and 5). The sections were taken in summers 911+ CTDs except in 1984 when a Neil Brown Mark Il

2001 and 2003. Boxes closed by CTD sections on three SideéTD was used. The CTD data, except in 1984, have been

?nd bé/ tg.e ireer:jland ?{r S\r/]gltiard slort)e tgn onr? tﬁ'de. dargrocessed using the Seabird software and the conductivity
ormed (Fig. 4) and geostrophic transports through the side as been calibrated against water samples. The salinity error

;)irf,r;?u%)geﬁgf acno dmsglftt igég?v\;;fg'ggi;:zii?stSted to fu'?'s about 0.003 except for the 199.7' Polarstern cruise, where it
n Sec't 2, the data are presented. In S.ect 3 the's 0.005. The 198_4 data had a_drlftlng pressure sensor and_the
geostrophi.c trémsport computations consfraints and.the variqlat.a _had to be adjusted overtime as well as cal!brat_ed against

ational method are described. In Se;:t 4 results are shown foSallnlty samples. Unfortunately many ofthe calibration sam-
’ j [Sles were destroyed as a geological sample was dropped on

volume transports and recirculation as well as for heat (tem- salinity box. The error in salinity on the 1984 data could,

perature) and freshwater transports. In Sect. 5 the tranSpoﬁ‘uerefore bek 0.004. The 1984 data have been processed
estimates from different methods and the sources oferrorarBy remO\;ing ins.tabili.ties through homogenising the under-

discussed. Sect. 6 contains the discussion and conclusion. lying layer to give static stability and the surface layer, 0 to
10dbar, has been given the salinity and temperature values
measured at 10 dbar.
2 Data Vessel mounted ADCP (Acoustic Doppler Current Pro-
filer) data are available underway from the Polarstern 2004
CTD (conductivity (salinity), temperature and depth) data cruise. The instrument is a narrow band 150 kHz ADCP from
obtained during various cruises (Figs. 2 and 4) are examRD Instruments. The ADCP pings have been averaged within
ined. The east-west section pairs (Fig. 2) used are two Lanc& min ensembles and 8 m bins. The velocity data used here
1984 (18 July to 29 August) sections, a VEINS (Variabil- have been de-tided using the AOTIM-5 model by removing
ity of Exchanges In the Northern Seas) section pair taken irall semi-diurnal and quarter-diurnal tidal constituents (Pad-
1997 with a northern Polarstern section (2 to 27 July) com-man and Erofeeva, 2004). The ADCP data were further av-
bined with a Lance section at 78l (25 August to 7 Septem- eraged onto 10 min and 10 m cells and reach from 25m to a
ber) and two Polarstern 2004 (17 July to 26 August) sectiongnaximum depth of 425 m.
taken during the ASOF (Arctic Subarctic Ocean Fluxes) pro- Era Interim Reanalyses, produced by the European Centre
gramme. A two-part Oden section in the north taken in 2002for Medium-Range Weather Forecasts (ECMWF) and pub-
(9 to 14 May) was also used together with a Polarstern seclicly available athttp:/data-portal.ecmwf.int/are used to
tion at 79 N (31 July to 15 August). (Figs. 2 and 3). The compute surface meteorological fluxes for 1984, 1997, 2002
north-south sections (Figs. 4 and 5) are from 1997 (24 Au-and 2004. The data used are 12 h cumulative values of surface

recirculation is computed more directly from north-south hy-
drographic sections located in the Fram Strait close to th

Ocean Sci., 9, 49919 2013 WWw.ocean-sci.net/9/499/2013/
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0 ‘ ‘ = going in the direction indicated by the direct current obser-
=== Station 154 traint; e . . . .
“““““ Station 155 no constraints s vations, that is northward in the east and southward in the
— Station 154 with constraints g . .
-200|- | — Station 155 with constraints e i west. For the stations in the central parts, on the shelf areas

e 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.

-400

800 3.2 Determination of the barotropic velocity correction

Pressure (dbar)

-800 - 3.2.1 Conservation constraints and the variational

approach

1000 bottom of the shallow cast]| C ; i f lated | db i
o - I \ (station 158) onser\_/at_lon constralnt_s are formulated on closed boxes in
acobsen and Jensen extension = a way similar to Houssais et al. (1995). In general form they

-1200f i read (See Appendix B for details):

4 3 2 A o 1 2 3
Velocity (cm/s) //vb(x)R(x, z)dxdz—f—//vbc(x, DR(x, 2)dxdz=C=0 (1)
Fig. 6. Velocity profiles with (solid lines) and with no (dashed lines) Y Y

constraints applied for two station halves between stations 154 and . . . .
155 in 2004 located on the Svalbard slope in th& N$ection (lo- where \P(x) is the depth-independent barotropic velocity,

bc . .. . .
cations shown in Fig. 3). Velocity is first set to zero at the bottom V(x, z) is the baroclinic velocity from the geostrophic com-

of the shallow cast and method of Jacobsen and Jensen is used R¥tations,R is eithers for salt transport; for heat transport
estimate the velocity below this level for the deep station. or 1 for volume transport ang 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
net solar and thermal radiation fluxes, surface latent and serand salt, but not water masses conserved. This allows for both
sible heat fluxes, precipitation and evaporation, at the spatiaisopycnal and diapycnal mixing between water masses. The
resolution of 0.7%(lat/lon). The wind fields in Fram Strait boxes are assumed to have no sources and sinks and the con-
are also obtained from the ERA Interim Reanalyses. straintsC become equal to zero.

Sea ice edge is visually located from the US National A variational approach is then used to find the least en-
Snow and Ice Data Center’s satellite based monthly se®rgetic barotropic corrections needed to fulfil the constraints
ice concentration and extent images on Sea Ice Indexn a way similar to the method in Rudels et al. (2008). The
(http://nsidc.org/data/seaidedex) and also obtained from barotropic velocity componen®vis computed by minimis-
the ERA Interim Reanalyses. 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;

3 Method Wunsch, 1978; Stommel and Veronis, 1981). The barotropic
. ' reference velocities are determined by solving the Moore-
3.1 Geostrophic computations Penrose inverse B@B)~1 with no error term introduced in

) the equations (See Appendix B for details).
The geostrophic method assumes a balance between the

Coriolis force and the pressure gradient. The geostrophic ve3.2.2  Zonal (east-west) sections

locities between station pairs are first computed with zero

velocity at the bottom of the cast of the shallower station of Geostrophic transports are computed for the 1984, 1997,

the pair. The method of Jacobsen and Jensen (1926) is the2002 and 2004 east-west section pairs, where one section

used for determining the velocities at the deeper station at alis located in Fram Strait at about 79 and the second far-

levels located below the deepest common level of the statiotther north, between 8N and 83 N (Fig. 2). All water ex-

pair (Appendix A). changed through Fram Strait is assumed to pass through the
From direct current observations it is known that the cur-two sections and constraints can be formulated for the box

rents in Fram Strait close to bottom tend to flow northward enclosed by the sections and by Greenland and Svalbard. A

on the eastern slope and southward on the western slope. iImaximum of 6 constraints are set on the transports through

the slope areas on all sections, the velocity is, therefore, set tthe CTD section sides of the boxes.

zero either at the bottom of the cast of the shallow station or Constraint 1 is applied on the whole water column,and

at the bottom of the cast of the deep station of the station pairequires that salt is conserved in the whole box. This allows

(Fig. 6). The choice is made in order to have the flow in thefor input and removal of freshwater at the sea surface, e.g.,

deep part, below the maximum depth of the shallow station by ice melt or freezing. The salinity of sea ice is taken to be

WWWw.ocean-sci.net/9/499/2013/ Ocean Sci., 9, 4999 2013
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Table 1.Baroclinic volume transports (Sv) from zonal sections (no constraints applied) througlftNean@ 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 -151 4.25 —-9.01 -4.76
mean 7.37 —10.23 -2.86 3.70 —8.21 —-4.52
std 2.13 226 140 0.46 0.86 0.48

zero. The volume change caused by the melting or freezingt Results

seaice is allowed to leave or enter the box. Mainly melting is

expected during the summer observation period. Because of 1  Volume transports and recirculation
the air-sea-ice interactions heat is not conserved. Constraints

2—4 are applied on the part of the water columi=ys=ya, 411 Transports from zonal section pairs
excluding Sofia Deep area, below and at the potential density

(0g) surface 28.06 and above the 2744 dbar pressure leve

The upper boundary of this volume is assumed to be belo uted from the baroclinic velocities obtained from the hy-

the influence of the atmosphere and local convection. Th rographic sections (Fig. 3a, b) with velocity set to zero near

isopycnal glso intersects Yerma.k Plateau, thus, separating tr}'ﬁe bottom and with no constraints applied are estimated as
Fram Strait proper from the Sofia Deep. The lower boundary4_5 Sv southward through the northern section and 2.9 Sv

IS tr;_e bo'gom ?ept? 20f the_deepe]st station C?St. otnstﬁeNlt79 outhward through the 7% section averaged over the four
section. Constraint 2 requires volume, constraint 3 sa amgast-west sections (Table 1).

constraint 4 heat to be conserved within the above describe The net volume transport through Fram Strait with the

{)hart207f£2%\évater column.l Cor|15trat|r:1t Sis ta;]pplled bglow a:jnd & onstraints applied is estimated as 3.1 Sv southward averaged
ez h atlr prlessurg evelon degolr em jectj}'g%l db over the four northern and four 78l sections. The trans-
requires that volume Is conserved below and at Alhorts are about 2 Sv for 1984 and 2004, and 4 Sv for 1997
preventing any ne_t transport n the_northe_rn section deeloeEnd 2002 (Table 2). The mean total northward flow &tN9
than the 79N section. Constraint 6 is applied below and at is about 8 Sv, and at the northern section 5 Sv. The southward

750dbar in the Sofia Deeps, and requires that volume is lowis 11 Sv at 79N and 8 Sv at the northern section (Fig. 7
conserved. The 750 dbar boundary is the approximate dept able 2) '

gelow WZ'(;E tr::ere |S,S:1o_§i|rect exk():hange be;tmee& thlf’ SOf'? The transports of different water masses are also com-
€ep and e Fram Strait proper because of the bIocking €ty iy Here we use the simplified water mass classification

fect of the Ye_rmak Plateau. The 2.004 .Polarstern.crwse doeg/ith six water masses introduced by Rudels et al. (2008). The

not cross Sofia Deep anq constraint 6 is not required. For th9vater masses are separated by isopycnals except in the inter-

otheryears all 6 constraints are required. . . ediate layer where both the dense Atlantic Water (dAW)
The 2002 Oden sections north of Fram Strait are combmecg]nd the Intermediate Water (IW) occupy the same density in-

and used together with a_PoIarstern section &tN\/8aken terval, but are separated by thé®isotherm (Fig. 8). The
two months later. A gap exists between the western and easfy ves of the different waters are shown in Fig. &8 dia-

ern Oden section and these sections were, therefore, treat ams

separately in a previous transport estimate (Marnela et al.; The main net southward transports occur in the surface
2008) (Fig. 2). The eastern section was given zero velocity afayer where the low salinity cold Polar water is exported

the surface by them. Here the sections are combined and thfnd i,n the intermediate density range (dAW and IW) wheré
initial velocity is set to zero near the bottom (see above). Anthe net outflow is close to 2 Sv in all years. This is in,agree-

additional problem here is that the first two stations west ofment with Rudels et al. (2008). These two outflows reflect,

the gap °F"V reach 1_200m (Fig. 3), which compromises theln the upper part, the river runoff and net precipitation, and
conservation constraints.

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

1rhe net volume transports through the Fram Strait com-

Ocean Sci., 9, 49919 2013 WWw.ocean-sci.net/9/499/2013/
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Table 2. Transports from zonal sections through th& Reand 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 tempaefenence temperature (c) Freshwater
transports (mSv) relative to a varying reference salinity. Northward (southward) transports are negative (positive) when the transport has
salinity < reference salinity.

7 N North

Year Northward  Southward Net Northward Southward Net
()

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 RefT" 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 1.9 357 -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 0.9 304 -4.8 23.7 18.9
std 0.294 7.4 52 105 1.0 6.4 5.7
Year RefS Northward Southward Net Northward Southward Net
(©

1984 34.756 —-53.4 -8.1 -61.6 10.6 —347 -24.2
1997 34.650 -10.7 -84 -19.0 —-45 -6.5 -11.0
2002 34.672 —-34.6 —-445 -79.1 -15.5 -5.3 -20.7
2004 34.752 —24.8 —-42.0 -66.7 -11.6 56 —-6.0
mean 34.710 -30.9 —-25.7 -56.6 -5.2 -10.2 -15.5
std 0.045 15.6 175 22.6 9.9 14.9 7.3

through a section show that waters in the upper part, surand intermediate waters at the°™ section have become
face water and Atlantic water (AW), coming from the south, warmer and more saline in the 2000s.
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)4.1.2 Volume transports from vessel mounted
At the upper levels the waters from the north become ADCP data
warmer between the northern and southern sections, but

while the surface water becomes less saline, except in 198 .
’ P L{'/essel mounted ADCP data are available from the Polarstern

reflecting ice melt between the sections, the Arctic Atlantic . Iy
S - .. 2004 cruise. The largest ADCP velocities from the 2004
Water (AAW) becomes more saline indicating mixing with cruise are found at the 78,8l section. On the 78°8N sec-

recirculating AW. tion there are rather regular fluctuations in the direction
At the deeper levels the intermediate (belowd) and on the eastern side of the strait south-westward and north-

waters from the north (bl ts in Fig. t nel . :
deep waters fro e nortt (blue spots g. 8c, op pa e}Nestward and on the western side mainly south to south-
are warmer and more saline than the corresponding waters

from the south (red spots in Fig. 8c) and in general the water%’veStward' On both the nort.hern an_d the T@Bsection, .
from the north become colder and less saline and the Watergorthward transports are mainly confined to the eastern side

from the south warmer and more saline, except in 2002 th of the sections (West Spitsbergen Current) and southward

. i ?Iow can be seen on the western side (East Greenland Cur-
opposite, as they pass through the strait (Fig. 8c). The deePent) but also as fluctuations along tr(1e°V\Bsection 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 abeatfons from ADCP velocities taken at every
0.25° and from geostrophy with constraints applied. Transports are positive northward and negative southward.

Longitude —12°...-1C° —-10°...-5° —5°...0° 0°...5° 5°...1° 100...12°
range P]

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 -069 -041 -0.26 -0.15 -0.12 -0.16 -048 -1.44 -0.07 -0.04
Southward

North Net —-0.36 —-0.01 -044 -0.28 -0.11 -0.01 0.21 -0.03 0.03 -0.17 0.02 0.52
7N 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 -248 -201 -238 -1.17 -0.89 -0.54 - -
Southward

7NNet -0.09 -0.02 -0.86 -041 -124 -093 -0.03 0.97 0.57 0.09 - -

@ Volume ®) Nt Heat Flux © Net Freshwater Flux averaged geostrophic velocity and the ADCP velocity com-
e " % ponent normal to the line connecting the CTD stations in the
é ® 2 40 surface layer and AW layer are then added to the geostrophic
§ : 0 Eo @0 velocities of the corresponding water masses to obtain an
g e 2 . u o ADCP referenced velocity (see water mass definitions in
2 o w0 Fig. 8a, b). The correlation between the ADCP mean veloc-
15 584 19972002 2004 1984 1957 2002 2004  ° 1984 1997 2002 2004 ities and geostrophic mean velocities at thé MNS%ection is
o FW P 0.75 for surface water layer and 0.63 for AW layer, but in the
?:/3; oOICIOE) e IOJOIC) northern section there isyno correlation for eith?e/r water mass.
" Volume Net Heat Flux g0, et Freshwater Flux The results from the ADCP referenced geostrophy give net
S 40 southward transports of both surface water and AW through
s 20]_._'_[ o both sections. The net surface water volume flow is 1.5 Sv
§ @_5 2o go southward thr_ough the Y™ section and 1.2_Sv through the
& 20 0 northern section. The net AW volume flow is 1.8 Sv south-
40 ward through the 79N section and 1.6 Sv southward through
1% e84 19972002 2004 1984 1997 2002 2004  ° 1954 1997 2002 2004 the northern section. A gap in the stations at the N$ec-

tion at about BE misses a substantial part in the geostrophy

Fig. 7. Transports ofa) volume (red northward, blue southward, of the southward flow visible in the ADCP measurements

black net) of the whole water column afio) the net heat an(t)

net freshwater fluxes relative to the mean temperature and salinin;':'g' 9).
of the total transports through the two sections in each year. The 1h€ ADCP transports are also computed for a 35 to 425m

heat loss and freshwater input between the sections are shown wit@yer, where ADCP mean is taken every 0.25At 79°N
numbers in the centre. 5.5Sv is found to flow northward and 7.1Sv southward
(net 1.6 Sv southward). Divided between western and eastern
parts of the strait, to the west of thérfieridian the transports
just north of Svalbard and on the western flanks of Yermakare 1.6 Sv northward and 3.8 Sv southward, and to the east
Plateau, at about 8N, 7°E. (Fig. 9). _ - 3.8Sv northward and 3.3 Sv southward. Through the north-
The ADCP data are used for comparison with the veloci-ern section the transports are 1.3 Sv northward and 2.0 Sv
ties determined by geostrophy. The ADCP data for the comsouthward (net 0.7 Sv southward) (Table 3).
putations are selected corresponding to the centre points of From geostrophy the transports for a 35 to 425 m layer at
where the geostrophic velocities with constraints applied arezge N are 4.2 Sv northward and 4.5 Sv southward. West of
thought to be valid, i.e., between two neighbouring CTD sta-o° E the transports are 1.5 Sv northward and 2.8 Sv south-
tions at ¥4 and % of the in-between distance. ADCP veloc-ward, and east of tE 2.8 Sv northward and 1.7 Sv south-
ities are averaged over an area withif.1° in longitude  ward. Through the northern section the net transport is 0 Sv
and+0.02 in latitude to these points. Both the ADCP and with 2.3 Sv both northward and southward (Table 3).
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-
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Fig. 8.6S volume diagrams with mean potential temperatures and salinities for different water masses for eddeye@an 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) o
each water mass in the centre and theN%ection in the bottom panel. The water masses used in the computati¢gasandace water SW

(09 <27.70),(b) AW (27.70< 0y < 27.97, here further separated by@isotherm into AW and AAW) and dAWb{y > 27.97,00 5 < 30.444,

0 > 0°C), (c) intermediate water (IW) (separated b§@© isotherm from dAW) and deep waters (DWly(s > 30.444,01 5 < 35.142) and

DWII (o1 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 ceptin 1997, and about 25 % of the water flowing southward
through 79 N is estimated to be recirculating water returning

An estimate for the recirculation can be obtained from thet© the south. _ o _
zonal sections. Here it is defined as northward transport The amount of AW recirculating is about 2 Sv except in
through 79 N section minus northward transport through 1997 close to zero (Fig. 8b). Of the AW entering the strait
the northern section. In 1984 2.6 Sv is estimated to recircuffom the south alimost 50 % recirculates. The recirculating
late in the strait, in 1997 no recirculation is found, in 2002 surface and Atlantic waters become colder and less saline
6.9 Sv and in 2004 2.6 Sv (Table 2). The recirculation in the (Fig: 8). The deepest water mass recirculates towards north
strait is larger than the net southward volume transport, exby 0.5Sv in 1997 and 2004 (southward flow through the
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Table 4. Volume transports (Sv) (positive westward) from the Table 5. Volume transports (Sv) (positive westward) from the

meridional sections with no constraints applied. meridional (north-south) sections with constraints applied.
78°-78.8 N 78.8-80° N Year 1997 2001 2003

Year Westward Eastward Net Westward Eastward Net  Latitude 788-80°N 78.8-80C°N 78-788N 78.8-80N
Surface water 0.14 —0.00 0.11 0.29

1997 2.56 —-1.87 0.69 1.80 -1.14 0.66 AW 0.37 0.06 0.70 0.50

2001 231 —-1.34 0.97 2.10 —-2.67 -0.57 Dense AW 0.19 —0.02 0.41 0.28

2003 261 ~155 1.06 1.89 —0.65 1.23 Intermediate water 0.04 —0.19 —0.03 0.08
Deep water | -0.02 —-0.07 —-0.01 —0.04
Deep water | 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 and 78.8N and 0.6 Sv eastward
between 78.8N 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 alorfgn@eridian and
the others along 7828\ and along about 8IN. The south-
ern box is closed by the Greenland slope in the west and by
three CTD sections, one in the east alongnteridian and
the others along 78N 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 Dlongitude this should give a reasonable esti-
mate since all the stations along-feridian are deep. Two
of the 2003 station casts in the alontH@eridian part of the

76°N

Fig. 9. Velocity vectors at approximately 160 m depth from geostro- . .
phy with constraints applied (red) and from vessel mounted ADCPSOUthem box, however, miss a} substantial amount of the wa-
at 0.25 intervals (black) with only the velocity component approx- t€F column near the bottom (Fig. 5).
imately normal to the hydrography sections (northern section is di- 1he westward recirculation between °A8 and 80 N
vided into 3 subsections for averaging the directions) shown. Mapin 2003 with the constraints applied is estimated from
produced with GMT (Wessel and Smith, 1998). the meridional sections as 2.3Sv. The transport of re-
circulating AW is 1.2Sv and of dAW 0.7 Sv, with
slightly larger westward transport between 78-788han
northern section minus southward flow through thé N9  between 78.8—8(N, (Table 5).

section; Fig. 8c). In 1997 and 2001 it is not possible to form both a north-
ern and a southern box covering thifer@eridian from 78 N
4.1.4 Meridional (north-south) sections and to 8C¢° N, but only the northern box whose western section
recirculation reaches from 788N to 80 N. In 1997, the net transport

between 78.8N and 80 N is 0.7 Sv westward and in 2001
Geostrophic transports are computed for the 1997, 2001 and.2 Sv eastward. The transports of AW are westward in both
2003 north-south sections in Fram strait &lodgitude be-  years, but that of dAW is eastward in 2001 (Table 5).
tween 78 N and 80 N to get a better estimate of the re-
circulation in Fram Strait. The transports through a north-4.2 Heat and freshwater transports
south section extending from 7Bl to 80° N are computed
with velocity set to zero near the bottom and with no con-4.2.1 Reference temperature and salinity
straints applied (Table 4). The transport for 2003 is estimated
as 2.3 Sv westward, for 2001 0.4 Sv westward and for 1997The choice of reference temperature and salinity used to esti-
1.2 Sv westward. The volume transports in 2003 and 199mate the heat and freshwater transport is largely arbitrary and
are divided almost equally between the RBto 78.8 N 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 soutbfrom the area between the sections is
ward volume transport through Fram Strait and, hence, no
mass balance. Often the term temperature flux is used insted#fw = ow X Viw
of heat flux in situations where a net volume transport oc-
curs. Traditionally the heat transports into the Arctic Ocean
have been computed relative +60.1°C and the freshwater
fluxes relative to 34.8, these_ values being taken as the meap — A fy,q x mey
temperature and mean salinity of the Arctic Ocean water col-
umn (Aagaard and Greisman, 1975; Aagaard and CarmackyhereA Hs,s = 3.33 x 10°J kg1 is the latent heat of fusion
1989; Dickson et al., 2007). Whether or not it was possi-of water.
ble to determine an adequate mean temperature and salinity In 2004, the freshwater imbalance is 61 mSv, correspond-
of the Arctic Ocean at that time is questionable. It is alsoing to a heat input of 21 TW (Table 6a). In 2004, the lat-
likely that the mean temperature and salinity would haveeral convergence of heat, i.e., the ocean heat loss in the area
changed in 40yr considering the reported variability of the between the sections, is only 2 TW. Year 2004 is studied in
inflow temperature and salinity and the increased temperamore detail and the other years are presented in Table 6a.
ture observed in the AW layer in the Arctic Ocean (Quad- It is first estimated whether the additional 19 TW of the heat
fasel et al, 1991; Carmack et al., 1995; Polyakov et al., 2005needed in 2004 to melt the ice corresponding to the net fresh-
Beszczynska-Nller, 2012). water divergence could be added from the atmosphere and
Rudels et al. (2008) used, when working on single sec-the radiation. From the ERA Interim data the atmospheric
tions, variable reference temperatures and salinities. Théeat input averaged over two months (July, August) is 16 TW
mean temperature of the (southward) outflow and the meaffor an area located between the sections, from a spatial res-
salinity of the (northward) inflow, respectively, were com- olution of 0.7%, (latitude 79.5 to 825N, and longitude
puted for each section and used as reference values for tha2> W to 9.75 E). This could melt 47 mSv of ice, which is
section. The choice made the outflow carry no heat and thén the same order of magnitude as the 61 mSv of freshwater
inflow carry no freshwater and the fluxes were then closelyestimated to leave the area. With the additional ice melt of
connected to the actual situation in Fram Strait during the ob-7 mSv from the heat lost by the ocean, the ice melt occurring
servation time. Here, with two sections, the heat and freshin the strait based on geostrophic computations is nearly ex-
water fluxes for each year are computed relative to the meaplained. In the other years the atmospheric heat input for the
temperature and mean salinity of the total transports (intoareas between the sections, combined with oceanic heat loss,
and out of the box in both cases). This choice again relatess sufficient to melt the estimated amount of ice (Table 6).
the heat (temperature) transport to the waters present at the The freshwater input from total precipitation is also es-
actual time of the observation and also gives a possibility totimated. Evaporation is small. The cumulative precipitation
relate the variations of the temperature and freshwater transand evaporation from ERA Interim data are integrated over
ports to the variations of the mean salinity and temperaturdime (July—August) and amount to 0.062 m per unit area in
of the waters present (Table 2). The choice diminishes the2004. The net precipitation minus evaporation for an area
effect of the violated mass conservation by keeping the refbetween the two sections is, thus, 1.0%10°. This amount
erence temperature (salinity) close to the mean temperaturequals to 1.9 mSyv, about 3% of the estimated freshwater
(salinity) of the exchanged waters. This minimises the effecttransport in 2004 (Table 6b). Adding this to the above com-
of the mass (im)balance since the excess mass flux has terputed values of atmospheric ice melt (47 mSv) and oceanic
perature (salinity) close to the reference temperature (salinice melt (7 mSv) gives 56 mSv as compared to the 61 mSv
ity). The heat loss and freshwater input in the strait howeverfrom geostrophy. The other years are presented in Table 6.
are almost independent of the reference value. 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
4.2.2 Results 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-
Heat and freshwater transports (Fig. 7) are computed for thable reference temperature and salinity values. The transports
east-west section pairs relative to the mean temperature andere also computed relative to temperatw®@.1°C and to
the mean salinity of the total volume transport (Table 2). Thesalinity 34.8, as well as relative to salinity 34.9, which has
transports of heat and freshwater would be the same througheen used by various authors, e.g., Holfort et al. (2008) and
both of the sections if there was no exchange with the at-de Steur et al. (2009) for Fram Strait computations.
mosphere and with sea ice. For all four years there is net heat The heat loss averaged over 4 yr from the ocean between
transport into the box and freshwater transport out of the boxthe two zonal sections can be estimated as 11 TW. A lit-
The mass of ice equivalent to the net freshwater divergencdéle over 30 % of the heat transported northward through the

wherepy, is the density of sea water andyVis the volume
of freshwater. The heat needed to melt this mass of ice is
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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 (columr
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 mel
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 %.

@)

Year 1.Heatreq.to 2. Oceanic 3. Heatinputfrom +2
balance fw transport  heat loss atm. (ECMWF data)
1984 13TW 25TW 12TW 37TW
1997 3TW 5TW 11TW 16TW
2002 20TW 14TW 16 TW 30TW
2004 21TW 2TW 16 TW 18TW
(b)
Year 1.Divergence 2.Seaicemelt 3.P 4. E 5Pper 14245 fw
of fw possible  possible from time area divergence
from oceanic ECMWEF atm.
heat loss fluxes
1984 72mSv 35mSv 0.053m —0.010m 0.6 mSv 108 mSv 37 mSv
1997 13mSv 32mSv 0.058m —0.009m 1.2mSv 46 mSv 8mSv
2002 42mSv 47 mSv 0.053m +0.002m 1.6 mSv 90 mSv 58 mSv
2004 7mSv 47 mSv 0.062m +0.002m  1.9mSv 56 mSv 61 mSv

79 N section is lost between the sections estimated fromward. In order to compare the present results with the results
varying reference temperatures. Using the reference tempenf Rudels et al. (2008), who obtained a mean transport of
ature—0.1°C gives a 60 % heat loss between the sections2.7 Sv before using budget considerations that brought the
The net freshwater transport southward averaged over 4 ynettransport down to 1.7 Sv (Table 7), the transports are com-
through 79 N is from varying reference salinities 57 mSv puted for a smaller section from the Greenland shelf break to
and 15 mSyv through the northern section. Using referenceéhe Svalbard shelf break at 7N, i.e., from & W to Q E.
salinities of 34.8 and 34.9, we get 66 and 75mSv acrossThis gives a somewhat smaller estimate of 2.7 Sv southward.
79 N and 25 and 34 mSv through the northern section. TheAbout 0.5 Sv was expected to flow southward on the Green-
freshwater addition from the area between the sections, thusand shelf by Rudels et al. (2008) and that seems to be reason-
is 41 mSv. 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

5 Critique Fram Strait.
The 2002 results are also compared with Oden results ob-
5.1 Comparison of transport estimates from different tained by Marnela et al. (2008) using the northern section.
methods They obtained 3.6 Sv northward on their eastern section and

5.1 Sv southward on the western section and 0.5 Sv north-
5.1.1 Northward and southward transports from zonal ~ ward between sections. Adding these values up gives a south-
sections ward transport of only 1 Sv through the northern section as
compared with the 4.1 Sv obtained here. For the less wide
We have estimated the transports and the recirculation irsection that Rudels et al. (2008) used for the section @79
Fram Strait for 1984, 1997, 2002 and 2004 as well as the3.4 Sv is here found, which is slightly less than the 3.6 Sv
transports through°@meridian between 7828\ and 86 N presented by Rudels et al. (2008).
for 1997, 2001 and 2003 from closed boxes, and for 2003 Using a similar method for 1984, Houssais et al. (1995)
also between 78N and 78.8 N. The transports througtf©  obtain a net southward transport of 1.6 Sv whereas here we
meridian were also computed for 1997, 2001 and 2003 befind 2.2 Sv southward. The differences are larger in the trans-
tween 78 N and 80 N with no constraints applied. ports of individual water masses. Both get the same amount
The mean net volume transport through Fram Strait base®f freshwater, 40 mSyv, added between the sections. Houssais
on the four zonal section pairs is estimated as 3.1 Sv southet al. (1995) also suggest that their 0.7 Sv of AW converging
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Table 7. Net volume transports at 7 from zonal sections and from Rudels et al. (2008). Full section and ffovd & 9° E. Negative
transports are southward

Whole 6 W-E Whole section BW-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 -15

* 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 thesmall spikes, e.g., the 2003 Lance data for the northern box
results presented here suggest that the 0.7 Sv of AW converdias a probable salinity spike of 0.004 present at a couple
ing in the area could be mixed with the intermediate watersof stations. Such a spike perturbs the velocities by about

below. 1x 10~>ms™1, which then affects the water column above
- _ _ _ the spike since the velocities are first set to zero near the
5.1.2 Meridional Sections and recirculation bottom. The transport estimate assuming the distance be-

tween stations to be 20 km and depth 1 km above the spike,
The transports through 78 can be computed for 2003 from - 3mounts to a missed volume of 0.2mSv. This difference is
the meridional section boxes. With constraints applied thegyg| enough to be ignored.
net volume transport across M is 3.1 Sv southward. This  The gata close to the surface often are of poor quality. The
is close to the 3.3 Sv obtained by Rudels et al. (2008) fromizrgest depths that have been extrapolated to the surface by
the same Lance data. The 2003 Polarstern section taken Ieg,ging constant values are on a station in 2001 from about

than one month later than the Lance section gave a transpoig gpar to the surface, and in 2003 on a station from 29 dbar
of 1.4 Sv southward (Rudels et al., 2008). Temporal variancgq the surface.

this Iz_;\rge is possible, as seen in the net volume f_Iow from  The data do not always reach close to the bottom of the
mooring data and also captured by the models (Fieg et al.gcean floor. Two of the 2002 and two of the 2003 station casts
2010, Fig. 9). miss more than or about 1000 m of the water column above

For 1997 and 2001 only the fluxes through the part of thethe pottom (Figs. 3 and 5). The transports for these missed
79 N section east of Dlongitude can be computed with con-  areas are not compensated for in the transport estimates. The
straints applied, the corresponding transports are 0.4 Sv anlansports were computed for the 2003 meridional section
0.7 Sv northward as compared with the 1.2 and 2.0 Sv northysoythern box) excluding these two shallow casts from the
ward from the method used by Rudels et al. (2008). Fromgection. The westward and eastward transports through the
the zonal section pairs with constraints applied the transporneridional section were reduced by over 1Sv, but the re-
for 1997 on the eastern side of the®T®section is 0.7SV  cjrcylation of both the total water column and of AW were
northward. . _ _ _ _ reduced by less than 0.1 Sv.

From the meridional section computations with and with-  The |ocation and length of the northern section vary from
out constraints applied the results between 78.&nd 86 N year to year, sometimes crossing the Yermak Plateau and
are of the same order and direction. The westward recirculaggmetimes not. The 73N sections also are of different
tion between 788N and 80 N is largest in 2003. lengths. The 1997 and 2002 sections are taken over 2 months

For 1997 no recirculation was found from the zonal sec-apart and, hence, not synoptic considering the variation in the

tion pair, but from the meridional section a recirculation of gyrait. Aliasing due to too few stations may also occur.
1.3 Sv westward was obtained. The data in the 1997 northern

section are sparse and aliasing is likely to occur. 522 Method

5.2 Sources of error )
We have assumed that the transports not observed in the

52.1 Data strait, because of the sections not reaching the coasts, are
about equal on both sections and cancel out, and that the net
Most of the data have not been smoothed. However, since thlow passing one section also has to cross the other section,
geostrophic computations integrate the density field, smalleapart from the added ice melt. No heat or salt is allowed to
disturbances tend to cancel out. Some spikes have been raccumulate in the deep part of the box during that time. These
moved by linear interpolation, but the datasets still containare assumptions. The part of the Greenland shelf missed by
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the sections is up to almost 200 km wide and on the Svalbardhe difference is due to the more positive fluxes (warm At-
shelf about 50 km is missed (Fig. 2). Rudels et al. (2008)lantic waters northward and cold deep water southward) at
estimated up to 1 Sv of water on the Greenland shelf pass79° N section.
ing southward beyond the standard RBsection. The trans-
port on the Svalbard shelf east of the standardN'8ection ~ 5.2.3 Strait dynamics
can be estimated from the 2003 data (frofrfESto 11 E)
as 0.1 Sv northward and has been estimated by Walczowskihere are eddies in Fram Strait and its vicinity, typically of
et al. (2005) as about 0.1 Sv northward at their section S (adiameter of 20-40 km with persistence time of 20-30 days
about 78 N) and about 0.1 Sv southward at their section Z (Johannessen et al., 1987; Quadfasel et al., 1987). Mesoscale
(about 7815’ N) from baroclinic computations. The defor- eddies are an important mechanism by which AW may be re-
mation radius on the Svalbard shelf is estimated as abougirculated from the WSC (Gascard et al., 1988; Schlichtholz
10km from the 2003 data. and Houssais, 2002). These eddies may be missed by the hy-
The velocities between stations cannot be readily deducedrographic sections or misinterpreted due to aliasing, e.g., if
from the density field close to the bottom due to the non-only one side of eddy is measured.
uniform topography. The method of Jacobsen and Jensen Fahrbachetal. (2001) reporta recirculation of2.6.1 Sv
used to estimate the velocities at the bottom of the deepejust east of O E between 780 N and 79 N, and some of the
station in a station pair only takes into account the differ- recirculation through the meridional section may be missed
ence between the station properties at the bottom depth of theaving it located at @meridian.
shallower station and the velocity for the deep station close With the constraints applied the convergence or divergence
to bottom is extrapolated from that single difference (Fig. 6). of a specific water mass in the box can be up to 0.5Sv or
Having the geostrophic velocity set to zero near the bottommore. The maximum convergence, 0.7 Sy, occurs in the AW
without applying constraints leads to convergences betweein 1984 and the maximum divergence, 0.9 Sy, in the surface
the zonal sections and imbalances with net inflows into thewater in 2004 (Fig. 8). This indicates that diapycnal mixing
box ranging from 0.5 Sv in 1997 to 3.5 Sv in 1984 and a netoccurs between the sections and affects a substantial fraction
outflow (divergence) of 0.7 Sv in 2002 (Table 1). of the water masses. The main mixing is isopycnal as can be
It is clear that the transports are highly dependent on theseen from the transformations of the water masses between
constraints (Table A1) used as well as on the available stathe waters entering and leaving the boxes. The temperature-
tions that form the section. The 1984 result is tested for aliassalinity shifts are mainly isopycnal (Fig. 8).
ing by removing one station from the data. The net transport The salinity of multi-year ice is about 2-3 psu and a little
changes very little if the station is removed from the deepbit more in the first year ice at the end of summer and again
part of the strait, up to about 0.1 Sv, but the northward angslightly more at the beginning of the summer (Untersteiner,
southward transports can both differ by 2 Sv. Although the1961). The salt contained in the sea ice crossing the box bor-
removal of a station from the section does not affect the neters is not considered in the computations, but the salt re-
transports much, it can have large impacts on the individualeased to the area between the zonal sections by melting is
northward and southward transports. However, if the statiorpresent in the data causing a small error less than 0.01 Sv
is removed from the West Spitsbergen Current or the Eastn volume transports and about 0.01-0.03mSv in freshwater
Greenland Current on the slopes, even the net transport cafiansports (estimated assuming 4 psu sea ice).
change by more than 1 Sv. The daily mean winds at 10 m height are obtained from the
The depth of about 2700 m (2744 dbar) is used to block theEra Interim Reanalyses of ECMWF. The Ekman transport of
deeper waters in the northern section from crossing the straitvater near the surface can be estimated from the data. Using
However, the sill depth is cited as 2600 m in literature andthe daily mean winds gives Ekman transports up to 0.5Sv
studies of the bottom bathymetry in the Fram Strait show aduring the measurement periods, however, these transports
very complex structure (e.g., Klenke and Schenke, 2002). Weearly cancel out during the whole length of the period being
have on the 79N sections 1-7 stations that reach deeper thare=0.005 Sv. The Ekman transports are considered small and
2600 m. Should we use that as a limiting depth, we wouldnot included in the computations.
need an extra constraint for the deep part of theN'8ec-
tion assuming that the sill is at its shallowest between the
sections. This is tested with the 2004 data and results gives Discussion and conclusions
nearly the same volume transport as already presented, the
difference between the results being less than about 2 %, exFhe mean net volume transport for the observed four years
cept for the deep waters and AW. The largest differences ar&aving velocity set to zero near the bottom and with no con-
in the order of 0.1 Sv. The freshwater produced between thestraints applied is 2.9 Sv southward through thé N&ec-
sections increases by 0.5 mSv. Heat/temperature seems to kien and 4.5 Sv southward through the northern section, with
the most sensitive of the three variables showing an increasan imbalance of 1.6 Sv between the sections. Applying the
of 23% (0.5 TW) of heat lost between the sections. Mainly 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 neange of the transports found from direct current measure-
volume transports obtained from applying the constraints fallments (Schauer et al., 2004, 2008). The smaller transports
between the volume transports at the two sections with ndhrough the northern sections indicate that a substantial heat
constraints applied, i.e., the net volume transports increase &bss occurs just north of 7N.
the 79 N section and decrease at the northern section except The transport of liquid freshwater, 60 mSv in 2004 and
in 2002 the opposite. The sections in 2002 are exceptional irb0 mMSv in 2002 and less in the earlier years, is almost as large
that the southward net transport without constraints is largeas the ice export (Dickson et al., 2007) and somewhat smaller
at the 79 N section than at the northern section. This is only than estimated by Rabe et al. (2009). The difference between
partly explained by the extending of the section &t MJur- the northern and southern sections shows that a large part
thest to the west in 2002, the flow estimated for the shelfof the freshwater is added to the water column just north of
part being 0.7 Sv (Fig. 2, Tables 1, 2 and 7). The transport-ram Strait, largely in the area between the sections, mainly
southward through the northern section is smallest in 2002through ice melt.
However, a gap with no observations between 1200 m and The results presented in Table 2 imply that when the wa-
the bottom exists on the northern section (see Fig. 3). ters inside the box are warm more heat is carried northward
The individual northward and southward volume fluxes and more heat is being used to melt sea ice inside the box.
are smaller than those obtained by direct current measureAcross 79 N the freshwater transport is largest (smallest)
ments (e.g., Schauer et al., 2008), but the net transports asghen the volume transport is largest (smallest). This might
of the same order, perhaps larger. If correct, this would re-be interpreted as the salinity of low-salinity surface water
quire a larger inflow over the Barents Sea than the slightlyhaving low year to year (summer) variance.
above 2 Sv that has previously been estimated (e.g., Smed- In the deep and in the intermediate waters below the den-
srud et al., 2010) or a smaller outflow through the Canadiarsity surface 28.06 there is a net southward transportai79
Arctic Archipelago than the 2 Sv given in most referencesof 0.6 Sv in 1984, 0.5 Sv in 1997, 0.7 Sv in 2002 and 0.1 Sv
(e.g., Melling et al., 2008). Recent results (e.g., Skagseth eborthward in 2004. The mean of the four years equals 0.4 Sv
al., 2011) find 3 Sv inflow to the Barents Sea. net southward transport, a single value that was used as one
The recirculation of AW in Fram Strait is estimated as constraint on the deep exchanges in the earlier work on the
about 2Sv from both the zonal and meridional sections.transports through single sections at” RB(Rudels et al.,
The recirculation of intermediate waters is smaller and that?2008), and suggests that such constraint on single sections
of surface waters only noticeable in 2002. The recircula-might be realistic.
tion seems to be largest at and south of M%and clearly The method used here is rather simple. It requires only
weakens northwards, as is seen from the meridional secthe use of hydrographic data with constraints. The individual
tions. This supports the assumption that the strong recircunorthward and southward transports obtained for heat (tem-
lation area is located south of 8182 as already suggested perature) and freshwater are somewhat arbitrary, due to the
by Rudels (1987). Part of the recirculation may be locatedchoice of reference temperature and salinity, but also due
east of the ® meridian and would then be missed in the to the limited number of stations available which allows for
meridional sections. Almost 50% of the AW entering the some smaller scale features to pass unnoticed. The results for
strait from the south recirculates as has previously been estthe net transports through Fram Strait as well as for the heat
mated by, e.g., Rudels (1987), Bourke et al. (1987) and Manlost and freshwater formed between the sections, however,
ley (1995). are comparable to those from more sophisticated methods.
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,lQSS;Append'X A
Bourke et al., 1987; Johannessen et al., 1987), which caus
the flow near 7930 N and 3 E to be westward north of
the eddy and eastward south of it. In 1997 and 2003, theand Jensen
westward transports betweer?3® 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.

e
C%eostrophic method and the method of Jacobsen

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

1lap

There is northward flow of AW in the east. The results y.2Qsing = — = - (A1)
also support the southward flow along Yermak Plateau’s p dx
eastern flank (Fig. 3). wherev is the velocity,Q is the angular velocity of Earth

There are large differences in the heat/temperature an@7.292x 10 °rads™1), o is latitude, p is density andp is
freshwater transports during the different years. The resultpressure.
are nevertheless reasonable. The net heat/temperature transAfter having set velocity to zero at the bottom of the
port across the southern sections is, except in 1997, in thehallower station of a pair, the method of Jacobsen and
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Table Al. 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
()

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 2.20 195 0.64 0.80 0.70 0.64
(©

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 2.13 226 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 2.14 205 0.74 0.89 057 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 -754 -3.17
std 2.15 220 1.33 0.99 0.65 0.69

Jensen (1926) is used for determining the velocities at thdoy a depth dependent sum. For laygief thickness dh below
deeper station at all levelslocated below the deepest com- the shallow station, we get:

mon level of the station pair. This involves computing the dif-

ference between the specific volume anomaly of the bottom- AS; <

most measurement of the shallow statioand the specific ~ Vi+1.j = m Z (AH; —k x dh) /AHj (A2)
volume anomaly at the corresponding pressure of the deep k=1

stationi + 1. The velocity is then obtained by dividing the wherej = 1,..., AH;/dh andA H; is the difference between

a}nomaly differenpeg& by the distangeL,» between fthe.sta— the bottom depth of the deep station and the bottom depth of
tions and by Coriolis terny’ (f = 2Q2sing), and multiplying the shallow station
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Appendix B Stommel and Veronis, 1981), where Lambilg,are the La-
grangian multipliers. Introducing, for salt, heat and vol-
Conservation constraints and the variational method ume in Eq. (B1) we get:

The conservation constraints are: (1) salt is conserved be—8 1 2 6

tween the sections, (2) volume, (3) salt, and (4) heat are con-— // = (vb(x)> drdz+ ) s

served between the sections below the density surface 28.08Y o1 2 k=1

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. // vP(x) Ry (x, )dxdz — G | § =0 (B2)
The net transports of the baroclinic transports are balanced vk

with barotropic velocities and the constraints become: o .
which in discrete form can be written as:

(1)//vb(x)S(x,z)dde= 5 [1 6
y1 Fr EZ(U?)ZZaii+;)‘k

ieyl jeyl

- vPe(x, 2)S(x, z)dxdz = C1
/V[ (Z(v?)zaijzeg_ck”:o (B3)

ieyk jeyvk

where the sums are taken over the station haleesl depths
(2)//vb(x)dxdz = —//vbc(x, )dxdz = C z(i, j) corresponding to the intervals fropa to ys. The tem-
2 2 peratured;; and salinitys;; properties of each station are as-
sumed to extend halfway to the neighbouring stationszand
is the area where the property is considered valid: half of the
(3)//Ub(x)5(x’ 2)dxdz = distance to the neighbouring CTD station multiplied by the
layer thickness dh. The two halves of the same station are
v3 treated separately and different reference velocities can be

_//ch(x’ 9)S(x. drdz = Cs added to them (Rudels, 1987). After derivation this results
PA to:
6
ajvp +) hrf =0 (84)
(4 / / WP (0)0(x, 2)dxdz = k=1
y4 where

_//vbc(x, 2)0(x, 7)dxdz = Cy4 aj = Z dij
y4

jevk
k_  pk
(5)//vb(x)dxdz: —//vbc(x, 2)dxdz = Cs i = ;k“uRij
JEY
¥5 y5
b\, I
ievy+ )Y A% =0 B5
(6)//vb(x)dxdz= —//vbc(x, z)dxdz = Ce (B1) l 1; kail .
y6 y6
where 1P(x) is the depth-independent barotropic velocity, i-6v°+BA =0, where (B6)
vP%(x, z) is the baroclinic velocity from the geostrophic com- '
putations.S is salt,6 heat andC; constraintk =1, ...,6. B— i and A = (i)
A variational approach is used to find the least energetic alf‘ '

barotropic corrections needed to fulfil the constraints in a

way similar to the method in Rudels et al. (2008). The

barotropic velocity component is computed by minimis-  Writing Eq. (B1) ad’»*=C, where (B7)
ing the kinetic energy of the barotropic part using the method

of Lagrangian multipliers (Lanczos, 1970; Wunsch, 1978;A = {rlk} and C={Cy}
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and solving Egs. (B6) and (B7) gives the barotropic velocity Fieg, K., Gerdes, R., Fahrbach, E., Beszczynskdldl A.,
and Schauer, U.: Simulation of oceanic volume transports
vb -B (ATB>_1C (B8) thrpugh Fram Strait 1995-2005. Ocean Dynam., 60, 491-502,
doi:10.1007/s10236-010-0263-2010.

Foldvik, A., Aagaard, K., and Tgrresen, T.: On the velocity field

of the East Greenland Current, Deep-Sea Res., 35, 1335-1354,
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