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Abstract. We present the late summer distribution and trans-1  Introduction
ports of freshwater components in the upper western part of
the Fram Strait during 1998, 2004 and 2005. HydrographicThe Greenland-lceland-Norwegian Seas and the Arctic
data and and wate¥'®0 values are analyzed to distinguish Ocean input around 160 mSv of freshwater (FW) in liquid
Atlantic Water, ice melt (SIM) and freshwater removal from and solid form into the North AtlanticAagaard and Car-
ice formation (IFB), and Meteoric Water (precipitation and mack 1989, a large part of which is exported from the
riverine sources; MW). Concentrations of these water massearctic through the Fram Strait. Model studies have shown
are combined with volume transport estimates from an in-that variability of this FW input changes conditions in the re-
verse model. The average liquid freshwater transport relativeyions of deep water formation in the North Atlantic, which
to a reference salinity of 34.92, was 2500%ym or 80mSv  can influence the large-scale ocean circulatibiakkinen
southward, which is at the upper end of values reported in thed999 Haak et al. 2003 and potentially climate. Not only
literature. Our results indicate that not only the region of thethe Meridional Overturning Circulation (MOC), but also the
continental slope but also parts of the East Greenland Sheliorizontal gyresBrauch and Gerde2005 may be affected.
are important for freshwater transports. However, the processes associated with storage and export
We estimate the average transports of of MW and IFB toof FW in Arctic Ocean and the Nordic Seas are not yet well
be between 130 to 160 mSv (4100 to 500¢km) and 60to  understood (e.gHakkinen and Proshutinsk004. We re-
90 mSv (1900 to 2800 kdyr) southward, respectively. The fer the reader t@ickson et al(2007) for a recent review of
southward transport of MW was higher in 2005 than in 1998, observational and modeling studies related to the Arctic FW
but was compensated by a higher IFB transport. These difbudget.
ferences in transports were associated with stronger south- The importance of the Fram Strait for FW transports has
ward velocities and the absence of northward velocities ovebeen shown in several modeling studies (&gberle and
the continental slope and the eastern East Greenland Shelf iBerdes 2007 Gerdes et a].2008. Observational estimates
2005. A simulation using the North Atlantic-Arctic Ocean of the volume transport through the Fram Strait from moored
Sea Ice Model (NAOSIM) shows that the high transport of instruments exist since the 1980s (e=gldvik et al, 1988,
MW in the Fram Strait in 2005 is in agreement with the tem- put they are limited to discrete locations and cover only the
porary storage of river water on the Siberian shelf in the mid-eastern and central part of the Fram Strait up to ab®u¥ 8
1990s, which reached the north of Greenland in 2003. OurHolfort et al, 2008 Schauer et al.2004 Fahrbach et al.
results indicate that the accumulation of increased amountg001). A recent modeling study suggests that a signifi-
of river water on the shelves is associated with enhanced iceant portion of the liquid FW transport occurs on the East
formation.

IThe freshwater transports were calculated relative to salinities
of 34.8 for the Canadian Archipelago and 34.93 for the Greenland-
Iceland-Scotland ridge system. The sum represents the freshwater

Corrgspgndence tCBj Rabe export from the Greenland-Iceland-Norwegian Seas and the Arctic
BY (benjamin.rabe@awi.de) Ocean into the North Atlantic.
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Greenland Shelf west of8V (Gerdes et al.2008. Obser-  analyzed bypodd (2008 andDodd et al(2009. They found
vations covering also the eastern shelf exist only in the formthat glacial melt-water runoff from Greenland shows proper-
of shipboard surveys; for example, the evolution of the lig- ties similar to MW.
uid FW transport along the East Greenland Current (EGC) In the early 1990s, the near-surface circulation in the Arc-
has recently been described hjisson et al.(2008 using  tic changed. Steele et al(2004 compared hydrographic
current profile measurements during late winter, 2002. measurements with a summer climatology of the 40 years
The FW is transported through the Fram Strait as an adprior to 1990 and found an anti-clockwise shift of the front
mixture of the upper ocean inflows into the Arctic Ocean, separating near-surface waters of Atlantic and Pacific ori-
which are Atlantic Water (AW), Pacific Water (PW) and gin. This in turn allowed PW to reach the Fram Strait.
Meteoric Waters (MW), the latter denoting river inflow The shift of the front was caused by a weakening of the
and precipitation. Some of the AW entering from the anti-cyclonic Beaufort Gyre associated with a positive Arc-
Greenland-Iceland-Norwegian Sea through the eastern Fraric Oscillation index and a dominant cyclonic circulation in
Strait and the Barents Sea is modified through cooling, freezthe atmosphere. Furthermore, the Eurasian river water left
ing/melting and mixing with MW to become part of the lower the Siberian shelves further eastward than before and did
halocline, overlying the warm AW core. Two distinct circula- not directly flow across the central Arctic toward the Fram
tion branches for the lower halocline have been identified byStrait and the Canadian Archipelagdchlosser et §l2002
their temperature and salinity characteristics to originate inGuay et al. 2001). Recently (post-1990s) oceanic condi-
the Fram Strait and the Barents SRaifels et al.2004). On tions in the Arctic, associated with a negative Arctic Oscilla-
the other hand, the circulation and temperature and salinityion, changed back to pre-1990s conditiokto(rison et al,
properties of the upper halocline are less clear and strongl2006. Therefore, the amount of river water was again in-
influenced by processes at the ocean surface throughout tteeasing in the Eurasian part of the Arctic Ocedongs et a).
whole Arctic Ocean. 2008a Anderson et a).2004 and PW no longer appeared to
To discriminate between the origins of upper ocean watergeach the Fram Strait, as seen in 2004 and 2005 hydrographic
in the Arctic, not only temperature and salinity but also nu- and nutrient measurements{ck et al, 2005 personal com-
trients falck et al, 2009, dissolved BariumTaylor et al, munication).
2003 and alkalinity Jones et al.20088 have been used. In this work we present an analysis of the water mass com-
Fractions of AW, MW and ice melt have been determined us-ponents of FW and their transports in the upper 400 m of the
ing measurements of salinity and the oxygen isoto}¥€s  Fram Strait from three shipboard surveys and mooring ob-
and 160, represented by the quanti®y80 (Jones et a).  servations from the late summer periods of 1998, 2004 and
20083 Yamamoto-Kawai et al2008 Ekwurzel et al.200%; 2005. Time series of the moorings show that the seasonal
Bauch et al.1995 Schlosser et 311994. MW, from precip-  amplitude of the FW transport is of similar magnitude as the
itation and input from North American and Eurasian rivers, annual meande Steur et al.2009. However, the moor-
is depleted int0, and hence has 108*80, due to low at-  ings capture only the flow up to the easternmost part of the
mospheric temperatures at high latitudes and repeated preshelf whereas the surveys allow to extend the analysis fur-
cipitation and evaporatiorSghlosser et gl2000. AW, on ther onto the East Greenland Shelf. The hydrographic and
the other hand, has a relatively high salinity arO val- mooring data from 1998 have been analyzed previously in
ues close to zero. Whereas Sea Ice Melt Water (SIM) isMeredith et al(2007). Here, the velocity data from moored
associated with a slightly higheét80 than that of the wa-  current meters and a vessel-mounted Acoustic Doppler Cur-
ter the ice was formed from, ice formation leads to an in-rent Profiler (ADCP), and hydrographic sections are used to
crease in salinity and lowering @f80 in the surrounding derive transport estimates across a meridional section along
water Melling and Moore 1999; such water will be termed  about 79 N using the Finite Element Method Section model
Ice-Formation brine Water (IFB) for the remainder of this (FEMSECT;Losch et al.2005. Fractions of MW, SIM and
work. Its volume is equivalent to the amount of liquid wa- AW are derived from salinity ans80 measurements using
ter contained in formed ice; however, the presence of IFBthe method byBauch et al.(1995. The hydrography and
in the Fram Strait does not imply that the ice is also presentvater mass content are analyzed in S8cand the veloc-
there. Rather, the southward transport of IFB through theity and transports are presented and discussed in&datir
Fram Strait represents a removal of brine, formed due to iceshipboard observations necessarily represent snapshots of the
formation, from the Arctic Ocean and hence the southwardsummer conditions in the western Fram Strait
transport of a freshwater deficit. PW has slightly lower salin-  Bearing this in mind, our observational results will be dis-
ity and 8180 than AW and cannot be distinguished without cussed in Secé in the light of changes known to have oc-
the use of other tracers, such as nutrients. In the Fram Straiturred throughout the Arctic between 1990 and 2005. We
Meredith et al.(2001) useds®0O and salinity from hydro-  further compare our observational results to a simulation of
graphic surveys to study the content of MW and SIM/IFB. riverine water distribution and variability using the North
Furthermore, the evolution of!80 and fractions of MW,  Atlantic-Arctic Ocean Sea Ice Model (NAOSIMSarcher
SIM and AW along the whole length of the EGC have beenet al, 2006 2005.
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2 Methods
2.1 Hydrography and §180 samples

Profiles of temperature and salinity were obtained during
ARK XIV/2 (1998), ARK XX/2 (2004) and ARK XXI/1b
(2005) from the RV Polarstern (Figb). The hydrographic
surveys and instrumentation are describeBahrbach et al.
(2007. Whenever we refer to our results from 1998, 2004
and 2005 throughout this work, it implies that data from
July, August and September have been used. Throughout
this paper, potential temperature relative to surface pressure
is denoted a8 and potential density by, (departures from

1000 kg/n?). Salinity will sometimes be referred to by the I ;
letter “S”. 4000 3500 3000 2500 2000 1500 1000 500 O
For determination of th&80/10 ratio in water (see also depth(m)

Mackensen2001), we collected 100ml from 101 Niskin b)
sampling bottles at several stations (Fi@). All water
samples were drawn into glass vials, sealed with wax un-
der £#C air temperature, and kept cool until further treat-
ment on shore. In the laboratory 7 ml of water were equi-
librated in 13 ml headspace with G@as by using an auto-
mated Finnigan equilibration device. Isotope equilibrium in  ¢)
the @ —H>0 system was attained by shaking for 430 min at
20°C. The equilibrated gases were purified and transferred
to an on-line connected Finnigan MAT Delta-S mass spec-
trometer. Isotope preparation and measurements were cal-
ibrated against Vienna Standard Mean Ocean Water (VS-
MOW) and Vienna Standard Light Antarctic Precipitation
(VSLAP) standard waters. At least two replicates (including
preparation and measurement) were run for each oxygen isd=ig. 1. Locations of thes'80 sample stationga), the temper-
tope determination. Results are reporteé-imotation 6180) ature and salinity profilegb) and the mooringgc): Polarstern
relative to the VSMOW-scale with an external reproducibil- cruises ARK XIV/2a (1998; magenta dots), ARK XX/2 (2004,
ity of 0.03%o. green crosses) and ARK IXX/1b (2005, blue diamonds). Color

shading represents the seafloor topography of the survey region
A[though 8180 §amples were taken for many of the CTD thge IB%AO database]akobssonpe? algoé& Gray contgur ’
profiles in 2005, in the region of the East Greenland Frontji,os denote the 100. 200 and 1000 m isobaths.
(EGF) only twos'80 samples were taken (Fig). How- ’
ever,580 samples in the 2004 section cover this region. A
piecewise regression of the 2004 data (Rx).shows thatthe nental slope. Differences for the transports of MW cumulate
salinity <32.7 (>32.7) accounts for 90% (%47) of tha80 to 20% and for SIM/IFB to 28%. Errors from all sources are
variability. Using this regression, we can reconstruct the gapdiscussed in Appendi&.
in the §*80 data in 2005 using salinity from CTD casts, in-
terpolated to 10 m depth levels. The regression ignores th@.2 Velocity measurements
direct mixing between saline Atlantic water and low-salinity, o )
low-6180 water. To test the impact of ignoring those data We use meridional velocity data along about RBfrom two
points on the regression, we calcula®®O from the 2004  different sources:
salinity from CTD casts and compare it to the actual mea-
surements 08180. The reconstructett®0 (not shown) pre-
serves the overall pattern of the actual measurements while
having weaker maxima, in particular around the EGF. This
is due to the non-linear nature of the salinity ¥20 rela-
tionship for high salinities, where the linear regression under- 1l Continuous underway velocity profiles obtained with a

| Point measurements by Aanderaa RCM and FSI cur-
rent meters and profiles from three near-surface upward
looking ADCP. The instruments were moored along the
stations of the hydrographic survey (see Hig.

estimatess80 for a given salinity. Therefore, we find that vessel-mounted ADCP during the three hydrographic
the water mass transports from reconstructed values overes- surveys in the Fram Strait in the summer periods of
timate those from measured data, in particular over the conti- 1998, 2004 and 2005.
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Velocity from moored instruments was averaged for each3 Hydrography and FW components

month where the majority of the hydrographic survey took

place. In cases where recovery and deployment of the in3.1 Temperature, salinity ands80

struments lead to large gaps in the mooring records, an adja-

cent month was chosen instead. The 2-min ensemble profile§he upper 400 m of all our three hydrographic sections near
of the vessel-mounted ADCP were extracted in 10 m depth/9” N showed a distinct front around the zero isotherm in
intervals and detided using predictions from the barotropicthe vicinity of the shelf edge in the west, the East Greenland
Arctic Ocean Tidal Inverse Model (AOTIM-5Padman and ~ Front (EGF; Fig3b). East of the EGF we found warmer and
Erofeeva2004. This model is only an approximation to the relatively salty waters of mainly Atlantic origin (e.§chauer
real ocean tides, that, in addition, have a baroclinic compo-£t al, 2004 Schlichtholz and Houssai2001). To the west
nent dependent on the bathymetry and ocean stratificatiorf this front we observed waters much fresher than in the
However, the discrepancy between tides in the model an@ast, which have been termed Polar Surface Waters (PSW),
those measured by current meters moored alofigN4@ the defined by salinities below 34.&¢hlichtholz and Houssais
Fram Strait has been found to be about 0.01 m/s in the deep&003). Most of the PSW have negati¥é’0, whereas the wa-
parts of the section and less in the upper layers, where FWers of Atlantic origin are characterized by values between 0
is observedBehrend;2008. The detided underway ADCP  and 05%. (Fig.3a). On the shelf, in the deep channel around
profiles were median-averaged to hourly values; standard del 7> W, 6180 above 0%. confirm the Atlantic origin, as was
viations for the data within each hour were generally belowsuggested bfdudeus et al(1997) andBourke et al(1987).

0.1m/s. West of the EGF the minima of both salinity astfO are
near the surface, whereas the lowest temperatures lie between
2.3 Inverse analysis 50 and 100 m (not shown). The low temperatures are closest

to freezing at salinities of 33 and 34.3 (Figp). At salin-
To obtain a physically consistent estimate of meridional ve-jties above 34.3 the temperature increases, which forms a
locity and transport from our data, we use an inverse analysigharp bend in thé vs. salinity diagram (Fig2a). This bend
model, FEMSECT l(osch et al, 2003. The model uses the has been associated with Lower Halocline Water (LHW) that
baroclinic thermal wind equation as its physical basis, addi-is formed by freezing, winter convection and melting in the
tionally allowing a non-zero barotropic velocity. The initial Eram Strait branchRudels et a].2004. Waters of similar
model fields consist of our hydrographic data, from which sainity but higher temperature are associated with the Bar-
geostrophic velocity is calculated, setting the barotropic ve-ents Sea branch of the lower halocline. The LHW 50O
|0City to zero. These initial fields are Subsequently mOdiﬁedva|ue5 close to zero, Confirming LHW to be primar"y Origi-
in an iterative procedure, where the data constraints are useghting in AW, as suggested [Rudels et al(2004).
to minimize the model-data differences. The model is con-  The distribution ofs180 vs. salinity (Fig.2b) enables us
strained by observations of temperature, salinity and veloctg further distinguish waters with low salinity, overlying the
ity. It recalculates each of these quantities on the model grid Hw: Most of such waters, with salinities below34.3, de-

for each iteration, minimizing an objective function that rep- part from the direct mixing line of AW and MW; we assume
resents the model-data differences in a least squares sensfat MW has a value 0§280~—18%., based ofEkwurzel

The velocity measurements are linearly interpolated onto theyt g1.(2007).

measurement grid of the hydrography before being used as pey values lie to the left of this mixing line and are
a data constraint by FEMSECT. For further details we re-mqstly found at depths shallower than 25m in our observa-
fer the reader td.osch et al.(2003. The final optimized  ons (Fig.3). Such properties are generally associated with
model solution not only gives velocity and transport esti- g (e.g. Ekwurzel et al, 2001 Bauch et al. 1995. To

mates but also an error estimate dependent on the modefne right of the mixing line, there is a distinct bend around
data differences of the final solution and the observatlonaI{S:337 5180=—2.5%q}. This suggests a mixing triangle be-

error estimates. The latter include both the instrumental eryyeen the water at this bend, which we will refer to as
ror and the time variability of each measured parameter durgram Strait Upper Halocline Water (FUHW), and the cor-
ing the survey. We choose the same a-priori erroiso#eh  ners marked in Fig2a. These corners are located around
et al.(2009: 0.01 m/s for the monthly averaged current me- (=343, §180=0} (LHW) and {S=30, §180=—2.6%0}. As

ter velocity, TC for temperature and 0.1 for salinity. For the Fypwy Jies to the right of the AW-MW mixing line, it is
hourly averaged underway ADCP profiles, we assume thejkely to contain IFB from winter ice formation, which is fur-

non-tidal variability of velocity during the ship surveys to be {qr supported by the near-freezing temperatures we observe
0.10 m/s; for comparisomNilsson et al (2008 states tempo- (Fig. 2a).

ral (non-tidal) flow variations, as captured by their Lowered Similarly shaped departures from the MW-AW mixing

ADCP survey along 79N, of the order of 0.10 m/s. line have been observed in other parts of the Arctic: North
of the Fram Strait and across the central Arctic toward the
Bering StraitEkwurzel et al(2001) observed a bend at about
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Fig. 2. (a)Potential temperaturd, vs. salinity andi1gO in color, with contours of potential densityy (kg/m3), from our observations in

1998, 2004 and 2005. The dashed line shows the freezing tempeaiuBalinity vs.s180, where direct mixing between the MW and AW
end-members would be along the cyan dashed line. The dashed arrows show the direttibféievelopment during ice formation (IFB)

and melting (SIM). For other abbreviations see tég} Piecewise linear regression of salinity afdoina longitude band of 1.5to 12.8V

for pressures below 310 dbar (see text for details). The red and green colors represent the data leading to each of the two regressions. Th
reconstruction of thé180 values from salinity based on these regressions are represented by the green dots. Also shown are the regression
equations and the square of the correlation coefficieﬁbs (

the same salinity~33) but at highes'®0 values 2 to et al. (2005 “bend water” was formed from. If originat-
~—1.5%0). They found water with such properties to be a ing from the AW-MW mixing line, fractionation would re-
mixture of IFB, MW and PW and termed it Upper Halo- quire a source water mass t§=30.5, §180=—2.3%} for
cline Water. In the continental shelf areas of the Laptevour FUHW value in the Fram Strait. A second possibil-
and Kara Sea$Bauch et al(2005 observed a bend around ity is indicated by the analysis bgauch et al(2009, who
{§=30, §180=—4%0} during the summer periods of 1999 to state that their bend water and waters with salinity lower than
2001. Since ice on the Eurasian shelves is formed from wa30 do not follow the same pathways during export from the
ter that is a mixture of AW and MWBauch et al.(2005 shelves into the deep basins. Hence, it is conceivable that
also associated this bend with winter ice formation, i.e. IFB.their bend water mixes with LHW after leaving the shelves,
Our FUHW has a higher salinity antf®0 than the “bend  and that the mixture subsequently encounters water with sim-
water” described byauch et al(2009. However, FUHW ilar §180, lying on the AW-MW mixing line. However, with-
does not lie on a direct mixing line between their water andout further information, such as data from additional tracers,
LHW. There are two possibilities how FUHW may have we cannot determine if one or both of the two scenarios are
been formed: First, it could be generated directly throughtrue.

ice formation from other Arctic shelf water than tBauch
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Fig. 3. Distribution of$180 (a) and salinity(b) along 79 N in the Fram Strait observed during the late summer periods of 1998, 2004 and

2005. The bottom axes represent longitude. Station positions are show as red dots. The labeled contours denote the fractions of MW (a), an

SIM (positive) and IFB (negative; b). ThéQ isotherm is represented by the thick black line.

3.2 Water mass content faw + fmw + fam =1 (1)
To quantify the content of the different water masses in the faw xSaw + fmw X Smw + fsiMXSsim = S 2
western Fram Strait during our surveys we employ a three-

end-member balance involving salinity asd®0 (Bauch  faw x8aw + fmw Xdmw + fsiMX8sim = 8: 3

et al, 1995 Schlosser et 311994 @stlund and Hut1984).
For each sample point, the following equation gives the waterS and § denote salinity ands®0 values, respec-
mass fractions of AW faw), MW ( fmuw) and SIM (fsim): tively, and no subscripts denote the values measured
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at the sample point. We choose the following end- distance (km)

member values based oBauch et al.(1999 and Ek- 0__50 100 150 200 250 300 350 400 450 500 550 600
wurzel et al. (200D):  Siaw.mw,simy={34.92 0, 3} and
8iaw, Mw,simy={0.3, —18, surf + 2.1}%o, where “surf” de-

o0k Line Year: Area

notes the surface value at the sampling site. The fraction 16W to 4E
related to sea icefsu, can be either positive or negative, 15¢ -=1998: 4.6 km2
denoting SIM and IFB, respectivel§g ;v was chosen as out- 10t - 220(?(;'5_ ';‘(\) km2.

S
5]
lined in AppendixB, and errors from uncertaintiesinthe end- &
member properties are detailed in Appendix §
We find the maximumfyuw over the shelf and the shelf £
g

=

edge at depths of less than 25m (FBg). Near the sur- =57 Line Year1:6WAtr§%E'
face, we observe near-zero or even posifég, manifest- -10f ~_ 1998: -2.6 km2
ing summer melting (Fig3b). IFB is mostly found between _15- — 2004 NA
50 m to 100 m, withfsv as low as—0.08 (Fig.3b). - 2005: -3.1 km2
We define the inventory of MW for each profile by = o
Hyw = / fuwdz, 4) g 400¢ L
z=0m 0 50 100 150 200 250 300 350 400 450 500 550
distance (km)

wherez represents depth.

The inventory for SIM,Hs)v, is defined in the same man-
ner. The results show thdis)y is nearly always negative
(Fig. 4), meaning that more IFB than SIM is present in most

of '_[he profiles. The inventories co-vary along the section, 8Srig. 4. Water mass inventories of MWHyy; black lines) and
pointed out for the 1998 data ieredith et al(2001). Most  gim/IFB (Hgy; blue lines) along the 7aN sections in the Fram
of the MW and IFB is located on the shelf, although the in- strait for the years 1998 (dashed lines), 2004 (thin lines) and 2005
ventories have minima over shallow topography, for examplethick lines). The bottom panel shows the topography along the sec-
around 18W. Only some small lenses of MW or SIM/IFB tion from the IBCAO database. For 2005 and 1998 the integrated
are found east of-4° W; therefore, the analysis in the fol- water mass content (“Area”) between 16\ and # E was calcu-

lowing sections will only consider the strait west Gf&. lated. No value is given for 2004 as measurements only extended to
12°W.

18WI6W14WI2WI0W 8W 6W 4W 2W OE 2E 4E 6E 8E

4 Transport of FW components ) ) N )
only higher barotropic velocities on the shelf. They also in-

4.1 \Velocity distribution fluence the baroclinic structure through the thermal wind bal-
ance and subsequent adjustment of the temperature and salin-
In order to evaluate the impact of the various data sourcegty fields in FEMSECT.
used for the FEMSECT velocity estimate, we discuss solu- East of the EGF, we observed alternating bands of north-
tions derived from different subsets of data: and southward velocity (Figb), that have been associated
. . with Recirculating Atlantic Water from the West Spitsber-
A Temperature and salinity prqﬂles from_ fche CTD surveys gen Current (e.gFahrbach et al2001 Losch et al, 2005.
and monthly averaged moaring velacities. Above the continental slope west of the EGF the flow was

B Same as solution A and, additionally, detided hourly- Predominantly southward in all years (Fig). The width

averaged velocities from the vessel-mounted ADCP sur-°f the southward flow above the slope, defined by the dis-
veys. tance between the zero isotach on either side, was approxi-

mately 100 km in 2004 and 2005 (Figb, ¢, e and f). This

These solutions will be referred to as A and B for the remain-is in agreement with velocity from lowered ADPC profiles
der of this work. (Nilsson et al. 2008 and annually averaged velocities from

The maximum southward velocities in each of our esti- mooring datafahrbach et al2001). West of the shelf edge,
mates ranged from 20 to 40 cm/s (F&). Geostrophic esti- much of the flow was southward in all years, although some
mates alone (not shown) were at the higher end of this rangejorthward flow was observed (Fi§). In particular, solu-
but the constraints of the monthly mean mooring velocitiestion A (Fig. 5¢) showed alternating south- and northward
lead to a reduction in solution A (Fidga to c). However, flow over the continental slope and parts of the shelf. We
solution B showed velocities of similar magnitude as the observed a strong northward current close to the Greenland
geostrophic estimate west of the EGF (Figl. to ). The  coastin 2005 in solution B (Figf). Budéus et al(1997) also
vessel-mounted ADCP velocities in solution B introduce notfound this feature, the Northeast Greenland Coastal Current
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Fig. 5. Meridional velocity (colors, positive southward) amgl (contours, in kg/mi) section of the upper 400 m in the Fram Strait ne&rN9
(see Figl), as estimated by FEMSECT: Solution A (without vessel-mounted ADCP data) for(a39804(b) and 2005c) and solution
B (with vessel-mounted ADCP data; d-f). The position of the EGF is the surface outcrop 6fGhsdherm (Fig3).

(NEGCC), that had been reported previously (Kigerich, not entirely closed in the south. Solution B indicates that
1945. the circulation during our surveys in 1998 and 2005 was less

spatially uniform than suggested Bypurke et al(1987 and
Geostrophic calculations Bourke et al(1987 indicate  Budéus et al(1997).

that the circulation on the shelf is anticyclonic. However,
Budeus et al.(1997 point out in their analysis of a 1993
spring/summer hydrographic survey that this circulation is
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Fig. 6. Meridional volume transports of M{&) and SIM/IFB(b) along the Fram Strait west of & for 2004 (red), 2005 (green) and 1998

(blue). Southward transports are positive, thin lines represent transports over 25 km wide segments (transport density) and thick lines denote
the cumulative transport from 10.8V to either end of the section. Results from FEMSECT solution A and solution B are shown in the top

and middle panels, respectively. The region not covered by moorings in all years is shaded in gray (in 1998, the westernmost mooring was
located around 7W). The bottom panel shows the topography along the section from the IBCAO database. Error estimates are discussed in
the text and given for the section transports in Tdble

4.2 Volume transports In all years, the majority of the MW transports were south-
ward and occurred on the eastern shelf and over the continen-
To estimate the volume transports of MW and IFB, we lin- tal slope (Fig.6a). Whereas solution A shows mostly small
early interpolatedfsy and fuw onto the FEMSECT grid  transports on the remainder of the shelf, solution B shows
and multiplied the fractions by the transport fields and thealternating south- and northward transports. As both the ve-
transport error estimates of the model solutions. The volumeocities and inventories of MW and SIM are spatially variable
transport of liquid FW was obtained in a similar way by using (Figs.4 and5), both influence the distribution of the respec-

the fractions of FW defined by tive transports along the section. SIM was mostly negative in

all years (Fig4), i.e. the negative SIM transports represent

few = M (5)  southward transports of IFB. Similar to the inventories, the
Sref transports of MW and IFB co-vary along the section (felg.

wheresSei=Saw=34.92, the salinity of the AW end-member A caveat of our transport estimates is that the west-

in Eq. ) ward extension of the survey varies from year to year. In
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Table 1. Volume transports of FW, MW and SIM/IFB (mSv, posi- et al, 2009. Estimates based.on mooring observations alon.e
tive southward) in the Fram Strait between F0/8and 4.0 E for &' much lower than ours, with an annual mean of approxi-
each of the three years and mean. Estimates are shown for FEMMately 30 mSv (1000 kdfyr, reference salinity of 34.94ol-
SECT solution A and B, and refers to transports betweeAW  fort et al, 2008, varying between 20 mSv to 42 mSv during
and 4.0 E. The transport errors are based on the inverse model erduly, August and Septembedg Steur et a].2009. These

ror estimates (Seck.3). There is also an error associated with the moorings are a subset of those used to obtain the velocity
assumption of constant end-member properties, which would leadiata in our study. If we calculate the transports only for the
to combined transport errors for solution B between 13 and 23 mSVregion covered by these moorings, they account for éﬂy

(AppendixA). 2
Transport estimates with the potential bias for 1998 and 2005 re-t 03 of the transports of MW and IFB between 10 and

moved (AppendixA) are marked byt, where the average trans- _4OW (Table1). For the summer months, our analys_ls us-
ports (Mearit) have been recalculated using values associated witi"d FEMSECT allows us to capture the transport outside the
Years 1998 , 2004 and 2005 for MW and Year 1998, 2004 and egion covered by the moorings. Our results are in agree-

2005 for IFB. ment with estimates of FW transports from direct velocity
measurements during winteNi{sson et al. 2008. From
Volume transports and errors (MSv) a survey in May 200ilsson et al. obtain a southward

Year MW MW  SIMIFB SIMIFB  FW FW FW transport (reference salinity of 35) of 50 mSv from Low-
_ A B A B A B ered ADCP measurements and 80 mSv from geostrophy ref-
1098 11046 160:13 _50:18  _80i5  60:28 9016 ergnced to zero bottom velocity. Fu.rthermore, mod_el simu-
2004 10633 130b10 —60+15 —8045 50415 60L4 Iat|0n§ byGerdes et alie.g.2008 are in agreement with the
2005  15@:58 190k14 —90+20 —120£5 70£25 80t6 magnitudes of our FW transport estimates.
Mean - 160412 - —90+7 - 8046

1998+ 80+46  12G£13 - - - -
2005" 120458 15014 —60+£20 —904+5 - -

5 Variability
Meant — 130+12 — —60+7 - —
1998 70 90 —30 —40 40 50 5.1 Content of MW and IFB
2004¢ 40 40 —-20 —20 20 20
2005 80 70 —40 -50 30 40

Our observations in the Fram Strait span a time period of
almost a decade, and we will analyze our results with respect
to the changes in the the upper ocean circulation in the Arctic

. from the mid-1990s until 2005.
2005 (solution B), the transports cumulate to zero between In 2004 and 20055180 values at~7% N were lower

18 W and 10.8 W. Since the sum of the transports betweenthan in 1998, in particular at depths100m over the shelf

10.6:W and 16 W is approximately the same in 2005 and (Fig. 3a), and the depth range of salinities between 32.8 and

1998, we assume that also in 1998 the flow east of°\M.6 : .
is balanced. This agrees with earlier statements of an (:m"-)’?"2 broadened (Figb). This means that more MW was

ticyclonic loop @ourke et al, 1987 Budéus et al, 1997) present on the shelf in 2005 than in 1998 (Bgand Fig4).
Therefore. we choose to caiculaté the mean tra.nsportls onlOn the continental slope, on the other hand, the inventories of

X/IW and IFB in 2004/2005 were lower than in 1998 (F4y.
between 10'6W. and # E'. . In 2005 the area of MW between 1%/ and £ W was 8%
We only consider solution B for the average, as this should

give a better representation of the barotropic component OP rgerhthag n 1998;. the arlea was calcr:]ulatg d byl Integrating
the velocities on the shelf. We obtain average MW andf'\’IW that ao! been interpo _ated onto the triangu ated_FEM-
IFB transports of 16812 mSv (5000 kiyr) and 907 mSv SECT grid (Fig4). Hence this area only changed marginally

. between the 1998 and 2005 estimates, but MW was dis-
(2800 kn/yr) southward, respectively (Tablg. If we re- ) . '
move the estimated biases due to PW presence in 199 ibuted onto the shelf. The properties of FUHW changed to

and due to the interpolation @80 values in 2005 (Ap- igher salinity and lowe$-°O values (Fig2b). This means

; . that more brine from ice formation contributed to FUHW,
pendixA) we obtain averages of 1302 mSv (4100 krdyr) . . ; ) ’
and 6G-7 mSv (1900 krdfyr). respectively. The IFB trans- i.e. we found higher concentrations of IFB in 2004 and 2005

. . . relative to 1998 (Fig3b), and the area covered by IFB be-
port means that water in the Arctic, proceeding towards thetween 16 W and (4) \?Vw?als about 20% larger in 203/5 than in

Fram Strait, has been transformed to sea ice at this rat . o
Whether it is then exported as ice or still retained in the Arc—e:L998 (Fig.4). In 2005 a significant amount of IFB and MW

tic cannot be said from these data. In an iquid'as also found between 18/ to 18 W, but the 1998 survey
' y case, the liqui did not extend this far west

FW transport is, therefore, a combination of the MW and '

IFB transports. The result is a southward liquid FW trans-

port through the Fram Strait of 8B mSv or 2500 kriVyr

(Tablel). This is at the upper end of the FW transport esti-

mates reported in the literatur@ickson et al. 2007 Serreze
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5.2 Transports and dynamics water advected (2001, Figb) along the Transpolar Drift
path, and reached the northern shores of Greenland in 2003

Both FEMSECT solutions with and without vessel-mounted (not shown). In August 2004, the strong river water sig-
ADCP measurements show that the southward transports afal in the model can be seen in the northern Fram Strait,
MW and IFB increased between 1998 and 2005 (Tdhle but did not yet reach the latitude of our observations fur-
with those in 2004 being higher (lower) than the 1998 val- ther south (Fig7c). The simulations suggests that the larger
ues if we consider (ignore) the potential bias explained inMW transports we observe in 2005 relative to 1998 may in
AppendixA. Below we discuss if the changes in water masspart be a consequence of the changing pathways of Eurasian
transports are associated with changes in velocity or wateriver runoff since the mid-1990s and points out a buffering of
mass concentration for solution B. runoff inside the Arctic Ocean. The simulation Kyberle

The north-south velocity bands around the shelf edge inand Gerde$2007) identifies co-variability of the accumula-
2004 and 1998 and the shape of th€dsotherm suggests tion of FW on the shelves of the Arctic Ocean, the thickness
that an eddy was present within the EGC that was not evi-of the fresh PSW layer in the western Fram Strait and high
dent in 2005 (Fig5). This and the strong southward velocity southward FW transport. However, the forcing and processes
around 10W lead to the high MW and IFB transports in thatlead to such a distribution of FW remain, as yet, ambigu-
2005 (Fig.6). The higher velocities were associated with a ous.
change in the slope of the EGF between the 1998 and 2005 The ratio of the transports of IFB and MW through the
observations, seen in the westward displacement of the suFram Strait section is similar in all years, betweé_gn to

face outcrop of the T isotherm (Fig3b). On the shelf, 1 (see Fig$), suggesting some systematic covariability be-

the cold, fresh PSW layer deepened to almost the full depthiyween ice formation and the accumulation of river water in
whereas over the continental slope, in the vicinity of the EGF,parts of the Arctic.

this layer shallowed. At the same time, isopycnals became

steeper and horizontal pressure gradients were stronger in

2005 than in all other years. Hence, the southward baroclinié& Concluding remarks

geostrophic velocities were stronger. In a large scale model

simulation,Kdberle and Gerdg2007) found periods of high ~ This work presents new estimates of the amount, the com-

southward FW transports between 1948 and 2001 to be agponents and the meridional transport of freshwater along

sociated with an anomalously deep PSW layer and a steep7% N in the western Fram Strait. Based on late sum-

EGF. mer CTD, §180, mooring and ship-borne ADCP observa-
Since the MW content east of 108/ was lower in 2005 tions from 1998, 2004 and 2005, we distinguish contribu-

than in 1998, one may expect a decrease in southward Mwions from meteoric sources and fractions that were modified

transports in this part of the section. However, this decreas®y ice formation. The water mass distributions were com-

was not observed, as the strong southward velocities in 2008ined with volume transport estimates from the FEMSECT

lead to higher MW transports. inverse model. This method allowed us to obtain meridional
water mass transports for the whole width of the EGC, uti-
5.3 MW and IFB pathways lizing all available velocity and hydrography data in a physi-

cally consistent way.
The fate of riverine MW in the Arctic has been simulated us- On average, the liquid FW transport was80mSv or
ing a model from the NAOSIM suite that includé®O asa 2500 kn¥/yr (reference salinity=34.92). It varied by about
passive tracerarcher et al.2006. The ocean and sea ice 40% between 2004 and the years 1998 and 2005, respec-
simulation is driven by NCEP/NCAR atmospheric reanaly- tively (Table1). Simulations with an ice-ocean model driven
sis data for the period 1948 to 2004. For the initialization by NCEP forcing illustrate that this was caused by the tempo-
of 5§80 a linear relation with salinity derived from obser- ral buffering of river water on the Arctic shelves. In the late
vational data has been applied (D. Bauch, personal commut990s, river water was held up in the East Siberian Sea and
nication, 2004). Inflow concentrations f6t80 vary from later transferred in the transpolar drift as a positive anomaly.
—15%. for Scandinavian rivers te22%o. for the easternmost In August 2004, an increased amount of river water arrived
Arctic rivers. For Atlantic Water at the southern boundary north of the Fram Strait. Later in 2004 and most notably in
near 48 N, a 5180 value of 1%. has been applied. In this 2005, as shown by the observations, high amounts of MW
experiment no fractionation @20 due to ice formation or  passed the PN latitude.
melt have been taken into account. Here, we concentrate on While the observed FW transport was almost the same in
the interpretation of the most recent decade. During the mid<1998 and 2005, the MW transport was 20% to 25% higher in
1990s river water accumulated in the Siberian shelf areas2005. However, the higher MW transport was largely com-
In the late 1990s, this water, represented by very low val-pensated by a respective increase in the IFB fraction, sug-
ues of8180, penetrated into the central Arctic basin north gesting that in phases when river water is retained on the
of the East Siberian Sea (Figa). Subsequently, this river shelves, more ice is formed at the same time.
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Appendix A
Errors associated with the choice of end-members
~ -5 The uncertainty in the water mass fractions calculated using

T Egs. (L to 3) depends on the estimated variation of our end-
member properties relative to the constants used in the equa-

" tions. The AW we observed in the Fram Strait showed some
4o 8180 values up to 0.7%. but was generally around 0.3%o (see
=80 Fig. 2b); hence, uncertainty in this end-membéy)(pro-
Iy duces only errors<1% in faw.mw.siv. Some AW found
L g% in the central Fram Strait sections had salinity greater than

w0 Sq. This water may have been Recirculating Atlantic Water

- from the Yermak Plateau, that had not circumvented the Arc-

N tic (see alsdRudels et al.2002 Manley, 1995. Although
E -z the inflow properties of AW changed during the time period
Lo covered by our observations, those changes 081f@ and
L -120 salinity distribution are not expected to have circumvented

the Arctic circulation system during that time. This sug-
-4 gests that the AW fraction present within the PSW is close

L10 to the one we obtain from Eqsl)(to (3). The meteoric end-

b -0 member varies between different rivers and regions of pre-
L om0 cipitation, between-24 to —13%o, although the four largest
| oz rivers and high-latitude precipitation lie approximately be-

' tween—16 to —20%. (Ekwurzel et al. 2001). We expect

i much of the water from the Eurasian rivers to mix before

041 leaving the shelf, so that the MW arriving in the Fram Strait

o can be expected to hav&®0 values close te-18%.. Sea ice

formation and transport depend on the Polar Mixed-layer cir-
culation and the ice drift. If formed in the Eurasian shelf re-
gions, sea ice may contain significant amounts of river water
(e.g.Eicken et al.2000. However, the riverine part of MW
is mixed relatively fast as it enters the ArctiBguch et al.
2009, so that the meaa’®0 value of sea ice is assumed
closer to that of AW than MW; for exampléauch et al.
(1995 states Laptev Sea surface values as low2%., still
higher than those found in the central Arctic. On the other
hand,Eicken et al(2000 mention minimum sea-ic&-80 of
Fig. 7. August near-surfac&'80 distribution (in %o) in the Arctic ~ —3.5%o in the Laptev Sea.
Ocean as simulated by NAOSIM for 1998), 2001(b) and 2004 We assume the following range of values for our end-
(c). members, similar to the ones usedikwurzel et al(2007):
34.92<Spw <35.00, Smw=0, 2<Sgm<4, 0.2<6AW <0.4,
—20<6MW<—-16 and —3.5<éSIM<0. Sensitivity tests
In addition, the zonal distribution of the FW flow in Fram -onducted on Egsi(to 3), based on these ranges of end-
Strait was different in the years of equal transport: In 2005, member values, lead to error estimates of 0.002, 0.016 and
the vertical extent of MW was greater on the shelf than abovey 16 for the fractions of AW, MW and IFB, respectively.
the continental slope, but the velocity was was higher overyytiplying these error estimates with the FEMSECT trans-
the slope. Alternating north- and southward transports, conyrt fields, we can obtain additional errors in the water mass
firming an anticyclonic shelf circulation as inferred from hy- transports.
drographic measurements budeus et al. 1997 Bourke The presence of PW could introduce additional errors.
et al, 1987, were observed only west of about®. We  gaych et al (1995 compared the results of the three end-
conclude that in some years a considerable part of the néhemper balance and a four end-member one, that included
southward FW transport takes place on the shelf rather thago p\v fraction and observations of Silica conteBauch
on the continental slope. et al.(1999 show for their stations closest to the Fram Strait
where PW was present that the three end-member balance

=1
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overestimates the contributions @fiw sim by up to 25%.  project ASOF-N (Arctic-Subarctic Ocean Flux Array for European
Falck et al.(2005 showed that PW had been present in the Climate: North), contract number EVK2-CT-200200139.
Fram Strait in 1998 but had disappeared by 2004. Therefore,
our MW transport estimates in 1998 may in reality have beenEdited by: K. J. Heywood
lower.
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