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Abstract

Unprecedented summer-season sampling of the Arctic Oagargdhe perio?006—2008 makes
possible a quasi-synoptic estimate of liquid freshwat&W{) inventories in the Arctic Ocean basins.
In comparison to observations frorA92 — 1999, LFW content relative to a salinity &b in the layer
from the surface to th&4 isohaline increased 8400 + 2000 km? in the Arctic Ocean (water depth
greater thai00m). This is close to the annual export of freshwater (liquid aalid) from the Arctic
Ocean reported in the literature.

Observations and a model simulation show regional vanatio LFW were both due to changes
in the depth of the lower halocline, often forced by regiowaid-induced Ekman pumping, and a
mean freshening of the water column above this depth, agsocwith an increased net sea ice melt
and advection of increased amounts of river water from ther&in shelves. Over the whole Arctic
Ocean, changes in the observed mean salinity abovltis®haline dominated estimated changes in
LFW content; the contribution to LFW change by bounding adote depth changes was less than a

guarter of the salinity contribution, and non-linear effedue to both factors were negligible.

Keywords: Arctic; Freshwater; Observation; Model; IPY; Upper Ocean
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1 Introduction

Liquid freshwater (LFW) plays a major role in the Arctic Oceahe vertical stratification in the

halocline between the fresh surface layer and the saltymwatlantic Water (e.glRudels et a|.

2004) limits the upward transfer of heat and thus influenbesféormation and melting of sea ice

(e.q. ]112000). LFW affects not only the Arctic Ocean circulatiort biso influences the
circulation in the Atlantic, as it is exported via the Frama8tand the passages of the Canadian

Arctic Archipelago into regions of deep water formation lire tNordic Seas and the North Atlantic

Gerdes et a].2008). Model studies have shown that this LFW export infbgésnthe large scale
ocean circulation, such as the Meridional Overturning @aton (MOC; e.g Ko_emgk_at_al 2007;

Rennermalm et §12007) and the horizontal gerBrhuch and Gerd

AV

5). LFW from the Arctic

thus has a direct impact on climalddkkinen1999;jHaak et al, 2003)

The LFW budget of the Arctic Oceaisérreze et a)l200 D_Lcks.o.n_et_al 2007) consists of in-

puts from Eurasian and North American river runoff, the Negvan coastal current via the Eurasian
shelves, precipitation, ice melt and the inflow from the Ratirough the Bering Strait; sinks of LFW

are the export through the Canadian Arctic Archipelago aediestern Fram Strait, and the forma-
tion and export of sea ice. Inflow of saline Atlantic Water (Ad¢curs through the eastern Fram Strait

and, in modified form, via the Barents Sea. The variabilityhag LFW budget, for instance the stor-

age and export of LFW in the Arctic Ocean and the Nordic Seap liakKki indky

2004), is still not fully understood. From observatio itzeni2005) found that

19000 % 5000 km? of freshwateEI were added to the Nordic Seas and the Subpolar North Atlantic
basins between the ear965s and thel995. Model studies have shown two strong negative anoma-
lies in LFW export from the Arctic betwee®70 and the midl990s. On average, the annual LFW

export, referenced to a salinity 86, was500 km? higher betweer1970 and 1995 than during the

second half of the(th century, when the time-mean export véas0 km?/yr JKﬁb.eLI.&a.ndﬁﬂdﬁs

2007;IGerdes et 8].12008). The increased export represents a potential o0&\ for the Arctic

Ocean ofl 2500 km? between 970 and1995, close to the decline in the Arctic Ocean LFW reservoir

in the model experiments during this time period and comyara the LFW gain for the Nordic Seas

and the Subpolar Basins describe itzen(2005). Subsequent tM95, the model

they used the time average salinities fromthg0s in discrete layers as reference salinities to calculatééshwater

anomaly relative to that time period
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studies show an accumulation of LFW in the Arctic Ocean anélaeahse in LFW export up @)01.
On the other hand, an analysis of mooring based and ship lbasedvations estimates the export of

LFW from the Arctic Ocean through the western Fram Straitéapproximately constant between

1998 and2008 (de _Steur et &)i12009).

During the1990s the pathways of Pacific Water (PW) and Eurasian river wateugh the cen-

tral Arctic changed relative to the prevailing conditiongidg the previousl0 years Steele et &.

200 ‘;Nﬂm_o_n_et_ajl 2008). Model studies indicate that the changes in the hy-

2004,

Karcher et a

drography and circulation in the Arctic Ocean covary wittgiascale sea surface pressure and wind

N

stress patterns (e. ' 7;IDukhovskoy et all2004). Proshutinsky et

) analyzed observations in the Beaufort Gyre, whidbreds over the Beaufort Sea, the south-
ern Canada Basin and often over parts of the Chukchi PlateRy Figurdl). Their observations
during July/August/September (JAS) fram50 to 2007 show pronounced decadal variability and in-
dicate a shift of the center of the gyre related to the lar ind field. In an analysis based on the
sparse observational data available over the p#syears le;aa.kmLe_LJ (ZO_O.EL) infer a decrease in
LFW in the Arctic Ocean from the mid960s to the mid1990s. They attribute this to enhanced ice

production and increased export of LFW driven by atmosgtarculation.

In this study, we analyze changes between two recent decaddédng use of the unprecedented
observational coverage during the International Polar Y2806 — 2008) and observations over a
longer time period during th€990s. The data coverage allows us, for the first time, to use tbgec
analysis to estimate not only the large scale spatial tigion of LFW and the LFW content but
also guantify the error associated with these estimatesfodées on LFW calculated from salinity
observations in the upp&00m of the whole deep Arctic Ocean bounded by ihém isobath (Figure
). Only observations during JAS are considered, as thergeaud data coverage is strongly biased
toward these months. The results will be put in context witfeo observations, underlying physical

processes and output from a simulation with a coupled ie@ageneral circulation model, the North

Atlantic/Arctic Ocean Sea Ice model (NAOSIlKa.LQh.eLeLa, 2003).
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2 Methods

2.1 Observations

Salinity (S) profile data are taken from Conductivity Temperature Dg@hD) and Expendable
CTD (XCTD) observations from ships, submarines and icdidgfstations. Sinc€004, these data

have been augmented by autonomous measurenlleilkl.mﬁLeLa, 2007;Krishfield et al, [2008),

which, around the time of the International Polar Year (IRY)7 — 2009), lead to an Arctic-wide
coverage of measurements. The list of sources is given ilehbDespite the increasing number
of observations from autonomous platforms there is a stimag of data coverage toward Arctic

summer. In order to avoid obscuring interannual variabiNith an unresolved seasonal cycle we

use only data from JAS. Data used from the World Ocean Da2aset(\WWODO09;Boyer et al,[2009)

are taken from the “CTD” part of the database (“High-resolutConductivity-Temperature-Depth /

XCTD data”, as listed in the WODQ09 documentation enclosdberdataset). The accuracy of salinity

observations is aroun@01 for XCTD after calibration with ship CTD profiledtoh and Shimada

200! Klku_chl 2008) and the same for calibrated autonomous measurememsmanufacturer’s

stated accuracies for XCTD and Submerged Ship XCTD (SSXG¥8).04 and0.05, respectively.

Where available, XCTD profiles that had been calibratedresgaonventional CTD profiles, reducing
the error by a factor of two or more, were used. The accuracyT® casts from ships, calibrated
against simultaneous water bottle samples, is generallyr@er of magnitude better than those of

autonomous or expendable systems.

All observational data, also those taken from publicly asdde databases, were scrutinized to
eliminate errors. Processing and quality control of theskttare described in Appenflik A and errors

are discussed in Append® B.

2.2 LFW calculations

To obtain a measure of LFW in the upper Arctic Ocean, the ifvsaadf LFW content,f, relative to

a reference salinityy,.; (see als

<)

1989), was calculated between the surface

and the depth of tha4 isohaline,h = z(S = 34). This isohaline lies within the lower halocline,

which has been shown to be largely unaltered by surfacatyalmoughout most of the Arctic Ocean
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Rudels et a]:2004). The inventory of LFW in the layer above this isohalis given by

h) h .
hfw:/ deI/ %dm (1)
z=0m z=0m ref

wheref is the fraction of LFWS is the observed salinity arfg}.; = 35, approximately the salinity of
the AW inflow into the Arctic Ocean via the Fram Strait and tladhts Sea; using a reference salinity
of 34.8 does not significantly chande;,, (see also AppendixIB). River water, PW, net precipitation
and ice melt are additions of LFW to the AW reference, whereagormation is a LFW sink. The
maximum error inf due to accuracy of the salinity observations is aluit 10-3. In cases where
parts of the profile near the surface were not measured, #tlesfest data point was used for constant
extrapolation to the surface, making a mixed layer assumpftrhe maximum pressure of this data
gap was set ta0 dbar, although most profiles have data from at le&agbar (the potential error of

this assumption is discussed in Apperidix B).

Different subsets of the observations were objectivelypeao obtain the horizontal distribution
of hys,, on aregular grid. The procedure is outlined in the followsegtion. The mapped fields bf,,
for the whole deep Arctic Ocean bounded by 06 m isobath (Figur&ll) were spatially integrated

to obtain the LFW content between the ocean surfacehand

LFEWC = 7{ Bt dA (2)

wheredA is the area associated with each grid poiryt, and LFWC were calculated both from the

observations and from output of the NAOSIM simulation.

2.3 Objective mapping

To obtain horizontal maps df;,, for selected time periods, subsets of the observations alges-

tively mapped (e.g [.1976) onto a uniform grid witth0 km distance between grid

points. Our procedure is similar to that used|ﬂ51'§ﬁm.&a.n.d_s_e1 005%) ancB.'O.h.m.LeLle.‘Z0.0.ElS).

FoIIowing|M.QLnLos_1 1990), the objective estimate of a paraméleat a grid pointy can be obtained

from a set of observation§),:
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O, =<04>~4w (04— <05>); w=Cy (Cag+1-<n*>)", )

where subscriptg and g refer to the observational (data) points and the grid poimspectively,

< O4 > is the mean ot),, calculated as i©wens and Wo 1(209_43) anc 1(1976),w

is the weighting function andl is the identity matrix. The last term is the noise variance,

2o[n][i = 1](x; — ic)?

<n? >= . ,

(4)

which is the mean of the squared deviation of each individaadt inO, () from it's nearest neighbor

in Oy (ic), in terms of the mapping scales (eHplbrook and Bindoifl2000). This term measures the

variations between close-by data, which is different todig@al variance that measures the squared
deviation of the data from the meaf,, is the data-grid covariance any, the data-data covariance.

The interpolation (mapping) uses a Gaussian covarianagifumcontaining isotropic horizontal dis-

tance,D, and barotropic potential vorticity; V' JD_aMLs, 1998):

|f_d_f_g

PV =—2_ 2. D= |ry,—y,|, (5)
Ja? | Jo?
Z4 Zg

wherezy is the geographic locatiory, the Coriolis parameter and the bathymetric depth, based

on the International Bathymetric Chart of the Arctic OceBCQAO, 12008). The

covariance is given by

D2 | pv?
(Zz+7%7)

C=<s>> exp 2/ (6)

S (0a—<04>)?
n

where the signal variance s? >= , L represents the Gaussian decorrelation scale

(e-folding scale) forD and® the scale forPV'.

To avoid bias in the objective estimate, a reference fieldtencsubtracted from the data before
mapping. Therefore, we used Equatidn 4 in a two-stage puveedFirst, a very smooth map 6f,
was produced. Second, the residuals between each obsatuedind the mapped field were mapped
using smaller spatial scales to give weight to the obsematclosest to each grid point. Finally, the

mapped residuals were added to the mapped values from thedige to obtain the horizontal map of
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0,. We separately mapped the obseriggd andh. For the first stage mapping we used decorrelation
scales ofL = 600 km for horizontal distance and = 1 to adjust the isotropic distance scale to
account for changes in barotropic potential vorticity, ve@s the second stage used= 300 km,

® = 0.4. A distance of300 km has been shown to be the appropriate decorrelation scald-tar

observations in the Canada Baslm,shulmk;&r_zl,l 2009). Usingd = 0.4 for the non-isotropic

potential vorticity scaling means that a depth change fromaurad 3000 m to 1500 m at 85° latitude

sets the decay scale of the Gaussian covariance, i.e. yaiteymetric changes between deep Arctic
basins and continental slopes or ridges. The combinatitmotbf the distance and potential vorticity
scales leads to non-isotropic weighting contours arourth gaid point. For both mapping stages,
only data within the large decorrelation scales from thd goint were used. If more that data
points were available, the data were subselected:were randomly chosen to avoid bias toward
closely spaced profiles, such as from the Ice-Tethered &®ffITPs). The remaining/3 were
chosen by the highest weights, (EquatiorL#), wheré /3 lied within the small decorrelation scale
and1/3 within the large scale; note that at each grid point the dawae (and weighting) functions
based on the large and the small scales do not necessaréythi@game shape. Observations from

JAS were mapped separately for the time peribi® — 1999 and2006 — 2008.

To reduce errors in the maps of the LFW inventories, a graggeréimit was used for all observed
LFW inventories. Furthermore, regional outliers in theeted LFW inventories, as could be caused
by eddies, were eliminated. For this purpose, each observéd inventory was compared to the
mean of the inventories within@0 k£m radius. This mean and the standard deviation was calculated
from all data or, if there were more théf data points, from a subset selected from within@b@xm
and al100 &£m radius in a similar way as during the mapping procedure. Hadividual inventory
was discarded if it was more than two standard deviationy dwan the mean or if the difference
between the inventory and the mean was more than A similar outlier elimination was applied to
the depth of the34 isohaline,h, prior to mapping. Finally858 profiles were used for the objective
mapping for the time periot992 — 1999 and4299 for 2006 — 2008, the number for the latter period
being greater mainly due to the frequent sampling of theraarteus CTD systems and increased

observational efforts during the IPY.

A detailed analysis of the errors is given in Apperidix B.
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186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

Rabe et al. Assessment of Arctic Ocean freshwater accepted in DSR-I

2.4 Numerical simulation

The numerical simulation was performed with the coupledacean model NAOSIM, which de-

rives from the Geophysical Fluid Dynamics Laboratory madwicean model MOM-ZRacanowski

199%5). The model domain contains the Arctic Ocean, the Nd8gias and the Atlantic north of ap-

proximately50°N. Open boundary conditions in the Atlantic and in the Beftiait were formulated

following IStever leQ_Q_L), allowing the outflow of tracers and the radiation efes. For the Bering

Strait a net volume inflow 0.8 Sv has been applied. The initial and open boundary hydrography

in January1948 is taken from the PHC climatolog a).2001), which is also used as a

reference for a surface salinity restoring witB0 days timescale. The model is driven with daily

atmospheric forcing from948 to 2008 (NCEP/NCAR reanalysili(alna and coworker$996). For

a more detailed description of the model #&t 262003) andKauker et al.(2003).

In an earlier model version NAOSIM has also been used to dtedhwater dynamics of the Arctic

Ocean|(§a.tch.eLeLa,200" Gerdes et /200 ;Ra.b:;eLJl 2009).

3 LFW distribution during 1992 — 1999 and 2006 — 2008

The observational maps show the maximum in the LFW inveesaturing JAS for both time periods
in the Beaufort Sea (Figufd 2). This maximum results fromghesistent anticyclonic wind field,
leading to Ekman pumping and a depression of the lower hatah the Beaufort Gyre, and an
accumulation of freshwater. There is a gradual decline iWLffom the Beaufort Sea toward the
Siberian shelf seas and toward the Fram Strait and the Bs$eat, where AW enters the Arctic Ocean.
Data coverage was overall good, except close to the CanAddic Archipelago and in parts of the
eastern Beaufort Sea durimg@92— 1999 (Figure[2a). Time averages of the simulated LFW inventories
show similar large scale distributions as the mapped ohtens for the corresponding time periods
(Figurel3). However, the extrema in the Canada and Nanseénsba® weaker in the simulation, in
particular during1992 — 1999 (Figure[3a). Out of all the years under study, the simulasibows
highest LFW inventories during008 (not shown).

A comparison ofAh f,, for the two periods (Figurd 2c) exhibits an increase ranfjiogn 1 to 8 m
of LFW in most of the deep Arctic Ocean except the western Biafgasin, the eastern Amundsen

Basin and part of the region north of the Canadian Arctic Apelago. For the Beaufort Sea the
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changes hint at both a shift in the center of the Beaufort Gyietan expansion of the gyre. In the

central Arctic OceanSteele and Bo (U.EL‘)_JS) observed a salinification in the central Arctic Ocean
during thel990s, resulting in a weakening of the stratification in the ugpdocline. They attributed

this to an eastward shift of the area influenced by fresh simlérsJMgLis_o.n_e.La. 006) extended

an analysis bLSteeIe et al(2004) up ta2005 to show that there is@&to 7 year lag in the adjustment of

the upEer Arctic Ocean to changes in the large scale wind fiepdesented by the Arctic Oscillation

index. i .found that from2000 onward, the observed hydrography of the central Arctic

was again getting closer to the pr290s state. This was also shown .(2005) in the

same model simulation as used in our study. Our observasioow that, regarding LFW, the trend

continued up to the perio2D06 to 2008.

A comparison of the LFW changes between the two time periaded on observations (Figure
[Ac) and the simulation (FigurEk 3c) shows strong simiksitn the large scale pattern and amplitude.
Regional differences are apparent, in particular in theuBea Sea and the southern Canada Basin,
where the mapped observations show a shift in the LFW maxitauvard the southeast; however,
the lack of data north of the Canadian Arctic Archipelagomyithe1990s prevents any conclusive
comparison in this region. Over the whole deep Arctic Océlam observed LFWC (equati@h 2) in-
creased by400 km? between the time period992 — 1999 and2006 — 2008. This is close to the

estimated total annual export of freshwater (liquid anad3dtom the Arctic Ocea .

2007) and almost0 % of the average of LFWC we observe for both time periods. Irstheulation,
LFWC changed by120 km?, which is lower than the observational estimate, but of tmaesorder
of magnitude. Nevertheless, in both the observations amdithulation we see changes in the distri-
bution of LFW summing up to an overall increase in LFWC. In théowing section we investigate

possible causes of these changes.

4 Physical processes

4.1 LFW distribution

The LFW inventories are related to two quantities: the deptthe 34 isohaline,h, and the depth
averaged salinity above this isohalirte, In most parts of the deep Arctic Ocean, theisohaline

is sufficiently deep, so that it is unaffected by wind-inddiogixing and freezing-induced convection
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Rudels et 8].2004). Therefore, the differences inbetween1992 — 1999 and2006 — 2008 (Ah,

Figure[4a) are likely to be the result of Ekman Pumping (ER) duocean surface stress induced by

wind and ice motion (e.dYang [2006). An exception to this is the region of the boundaryentr

J

carrying AW from the Fram Strait and the Barents Sea. Her@4hsohaline is very shallow, so that
even small changes in the salinity of the AW inflow as well asnges in its temperature influencing

ice formation and melt (e.lgs_cha.u_eLeLej 2004) have an effect on the depth of this isohaline. Unlike

EP, which is an adiabatic process, changes it\S, Figure[@b) are diabatic (non-conservative),
altered by changes in the salinity of advected water or lobahges in sea ice melt and formation.

We split the differences in,, between the two time periods into different components:

thickness salinity non—linear

~~ =
Ahsy = DhFy + T AF + ARAF | 7)
wherel;, = 1— Ss—lf AF = —SA—Sf, and the subscrifitdenotes the reference values frof92 — 1999.

The three terms on the right hand side will be referred to laeléal.

The 34 isohaline shallowed slightly in the central and easterna@arBasin, i.e. the northeastern
part of the Beaufort Gyre, and parts of the central Arctig(ife[4a), whereas a distinct deepening can
be seen around the Chukchi Plateau and in parts of the Makab¥#urasian basins; deepening was
less pronounced in the southeastern Beaufort Gyre. Theteffechanges in the LFW inventories,
given by the thickness term in Equatidn 7 (Figlle 4c), isrggest around the Chukchi Plateau. The
distribution of changes ih in the simulation (FigurEl5a) shows good agreement with bsernvations
on the large scale; in particular, north of the Bering Stiaitth the simulation and the observations
show an increase ih (Figuredba anfll4a), with a small east-west offset in the mawi. Different
tendencies can be found north of Severnaya Zemlya in thesEur®8asin and north of Greenland,
where the mapped observations indicate a sinking of thechiadgp while the simulation shows a

rising.

For a calculation of surface stress induced EP, not only timel \stress but also the effect of
internal ice stress has to be taken into account. Here, we msé of the ocean surface stress from
the NAOSIM ice-ocean model simulation, which is forced witaily surface winds. The ocean
surface stress comprises the joint effect of wind and irtieoe stresses on the oceanic motion, and
the EP calculation is based on this stress. Since even ionegif predominantly downward EP,

such as the Beaufort Gyre, thé isohaline (or any other isohaline) is not displaced dowmlarthe
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long term, its long-term average vertical velocity must lmse to zero. The EP is counteracted by
processes such as deep mixing that are not analyzed hertaih deeraged regionally and in time
over the whol&0 years of the simulation, the mean downward EP velocitysism /day in the North
American Basin and.5 ¢m/day in the Beaufort Gyre. A comparison of the interannual valiigb

in both regions, however, shows noticeable covariabilineen EP and the velocity associated with
the displacement of th&4 isohaline (Figur€l6). Only for a brief period in th€90s, local mixing
and externally driven lateral advection lead, on averagstronger discrepancies between EP and the

vertical velocity of the34 isohaline. Thus, our model simulation supports earliedisithat EP is a

key process for the determination of changes in the Beaufort GyreFroshutinsky et all2009). In

addition, our results indicate that this holds for the enliorth American Basin.

In much of the deep Arctic Ocean we observe a decrease(Figure[3b) with values ofAS
as low as—2 in the Makarov Basin and parts of the Eurasian Basin. ArotmedGhukchi Plateau
and near the edges of the Eurasian Basincreased. In the earlier periokl was lower in much of
the Eurasian Basin than in the central Arctic and the CanadanB Therefore, the strong decreases
in S in the Eurasian Basin lead to smaller increases in the LF\hitories due to the salinity term
in Equation¥ (Figur€l4d), than elsewhere. In the simulatimincreases i are similar to the
observations north of the Bering Strait and north of the F&rait. The main simulated decrease is

found in the Canada Basin, whereas there were weaker,2edaliecreases in the Eurasian Basin.

Changes in the net sea ice melt between the two time periogéava influenced either locally
or via advection of freshwater, (salt) from ice melt (forioa), for example from the shelves. From
the difference in simulated net sea ice melt betw2@®6 — 2008 and1992 — 1999 (Figure[®c) we
find a freshwater input from net melt around the Chukchi RlateThis likely contributed to the
decrease in salinity downstream to the east in the Beauéat &/ident in the maps of se€rfrom
the observations (Figufé 4b) and the simulation (Figlire Bbjnuch of the North American Basin,
on the East Siberian and Laptev sea shelves and in the badims north net sea ice melt increased

(Figurel®c), whereas in parts of the central Arctic and thea&ian Basin small decreases occurred.

Although we observe an overall freshening in the CanadaBts¢re was a redistribution of LFW
in the southern part of the Beaufort Gyre (Figlire 2c), asgediwith both changes i/ (Figure[4a)
and inS (Figure[@b). Here, tracer measurements betwi@&f and2007 show less removal of LFW

within the surface layer due to a reduction in winter ice fatimn, whereas meteoric water (river
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runoff and precipitation) was increasing in the center & ¢lyre fYamamoto-Kawai et gli2009);

in 2006 and 2007, Yamamoto-Kawai et abbserved that also net ice melt increased in that part of

the gyre. However, some of the observed increases in LFWtheasurface were compensated by

decreases in LFW contained in Pacific Water be|Bm.$.hul'LnikLeLle 2009). Thus both a changed

Ekman pumping due to changing ocean surface stress and@mualetion of river water and ice melt

in the North American Basin have contributed to the obsechethges between the two time periods.

In large parts of the Eurasian Basin, along the Lomonosog®&i@hd in the Makarov Basin,
we find that the observed increase in LFW can be mostly atethto a decrease in the observed
S. Here, the simulation indicates no significant or unifornarmegee in net sea ice melt (Figute 5c).
Furthermore, there are indications from four years of hgdaphic observations at the Lomonosov

Ridge close to the North Pole sin¢@90 that ice melt water was not at an extreme high2097

(Bert Rudels pers. comm.). Tracer measuremeldsds et &|..2008;/Anderson et &).2004) and

model simulationsKarcher et al, [2006), on the other hand, suggest a change in the circalafio

river water that was temporarily accumulating on the Sdeshelves and started to leave the shelves
north of the East Siberian Sea arourtds. further east than previously. It subsequently replershe
the1990s LFW deficit in the central Arctic. This pulse of river wateached the Fram Strait 2005,

as observed tJBa.bLeLJI! 009), and was also exported through the Canadian Arctibipelago.

Observations have shown that the concentration of riveemabrth of the Siberian Islands close
to the Lomonosov Ridge was still higher 2007 than in1993 and 1995 .AhLaha.ms.en_etJaJ 009),

suggesting that also in the central Arctic the observedases in LFW between the two time periods

studied in this paper were caused by high concentrationsefwater.

In summary, observations and the NAOSIM simulation ingi¢hait the components of the changes
in LFW vary by region: the shift in the LFW maximum in the BeatifGyre is likely a consequence
of a mixture of changes in net sea ice melt, wind-ice stredisdad EP and accumulation of advected
river water. Around the Lomonosov Ridge, the Makarov Basith ia the Eurasian Basin the increase
in river water from the Siberian shelves made the strongegtibution, whereas changes in the layer
depth, although large, contributed much less. In additbanges in layer depth in the Eurasian Basin
could not be associated with EP during t#®0s in the simulation. Therefore, the freshening in the
Eurasian Basin between the two time periods must have beseddy the properties and distribution
of inflowing water and changes in the formation of the lowdobkne. The product of changes in

andS, represented by the last term in Equafidn 7 (Fidiire 4e) golayrole only in small parts of the

1333 December 10, 2010



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

Rabe et al. Assessment of Arctic Ocean freshwater accepted in DSR-I

Eurasian Basin (Figuré$ 4c and d).

4.2 LFW content

On average over the whole domain, i.e. the upper deep Arcteafd the depth of th&l isohaline
increased by abodtm effecting a volume increase of abd@t000 £m?, whereas the average salinity
above this isohaline decreased by ab@dt Nevertheless, the thickness term in Equallbn 7 gives
an increase in LFWC by600 km?, whereas the salinity term results #6500 km3. This means
that changes it contributed much more to changes in LFWC than changés itherefore, EP
primarily redistributed LFW within the Arctic Ocean. Thecfdahat the integral of the thickness-term
in Equatiory over the whole deep Arctic Ocean is not zero neagxplained by the regions where
the 34 isohaline is not in the adiabatic interior or where theisohaline reached onto the shelves.
Furthermore, the thickness contribution is of the orderhaf tincertainty in the mapping process
(AppendixT). On the other hand, decreases wriginated from changes in ice formation and melt,
and inflow of LFW from the shelves. The non-linear term givesrerease of less tha0 km? and

is, therefore, negligible. Overall, the observed LFWC dwis primarily due to changes i

5 Summary and Conclusion

During July/August/September 2906 — 2008 salinity profiles were measured across all Arctic Ocean
basins within a few years. These were used to analyze thebdtsbn of LFW above the lower
halocline represented by tl3d isohaline. The measurements fr@®06 — 2008 were compared to
observations from th@990s, where measurements were more sparse but still coveredomtie

deep Arctic Ocean.

1. The upper ocean LFW content for the deep Arctic Ocean guiikS increased bg400 +
2000km3 between 992 —1999 and2006 —2008. This is close to the annual export of freshwater
(liguid and solid) to and from the Arctic Ocean and alm2&ts of the average LFW content

observed for both time periods.

2. The spatial pattern of LFW changes simulated by NAOSIMeagwell with the observations
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on large scales. The simulated LFW content change is, witi@rerror margins, the same as

what was derived from observations.

3. Over the whole domain, changes in the observed depth dftlisohaline lead to a redistri-
bution of LFW and did not significantly influence the LFW camteverall. In many regions,
the changes in the depth of tB¢ isohaline lead to changes in LFW; in particular, north of the
Bering Strait, where the simulation suggests strongecyritnic stress during006 — 2008,
leading to a downward displacement of this isohaline dueotendvard Ekman pumping and
hence to an increase in LFW. Only in regions where the lowkerchiae is formed, north of the
Fram Strait and the Barents Sea, and north of the Canadidit Archipelago, did we observe

diabatic changes in the depth of theisohaline.

4. The observed LFW changes were largely due to a freshehthg tayer above thg4 isohaline.
In the central Arctic, this was most likely due to enhancedeation of river water advected
from the shelves. In certain regions, such as north of thenBetrait, increases in LFW can
be attributed to changes in the simulated net sea ice mekddition, the simulation shows
increases in net sea ice melt on the Siberian shelves thathanay been advected into the

basins.

The observed change in the LFW content is equivalent to arageeannual increase of about

750 km? between1996 and 2007; the value in our simulation is abodb0 km?. These values

are of similar magnitude as past changes seen in model stb;dkéﬁb.etl.&a.n.dﬁﬂdﬁ 007) and

Gerdes et I(ZO_O_J%), where the LFW export from the Arctic Ocean betw&#r) and1995 was tem-

porarily enhanced by00km?* annually, contributing to the LFWC decline in the Arctic otee same

period. River runoff has not changed on an Arctic-wide s¢@krreze et all2006). LFW transports

through the Bering Strait have been shown to vary on an interal to multi-year timescale, but no

trend was observed betwe&998 and2008 (Woodgate et al2006, and pers. commIDlmleenkQ_eLal.

) have argued that, on average betwi@ef and2005, 500 km? /yr of LFW were advected from
the eastern Siberian shelf to the Arctic Ocean through ththeastern Laptev Sea during times of
anticyclonic atmospheric circulation. This value is agafisimilar order as the changes we observed.
Therefore, the most likely candidates for changing the LF¢Gveen our two time periods are the
LFW exports from the Arctic to the Nordic Seas and the Nortlaitic and the exchange between

the upper deep Arctic Ocean and the Siberian shelves.
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=  Appendix

= A Data processing procedures for salinity profiles

s There are three categories of data we make use of in this:study

389 1. Data from ship CTDs directly obtained from the Pls onlyement a gross visual screening as

390 these data were thoroughly processed and calibrated bgspective Pls and colleagues.

301 2. Data from WODO9 lying within our domain, the deep Arcticgaa, only covers the first time

302 period, 1992 — 1999. All data with a WOD flag ofl (“outside range”) an& (“questionable

303 data”) were discarded (please refer to the WODO09 manual fiesaription of ranges by re-

304 gion and depth intervaI|B_Q;LeLeJ_a, 2009). Furthermore, the data were thoroughly screened
305 for spikes, unrealistic gradients and noise in the salipityfiles as well as gross offsets in
396 temperature-salinity space. Any erroneous data were rdisdaor were replaced with data of
397 better quality, where available. For example, the SCICEE®3entific Ice Expeditions,993)

308 data in WODAO0S9 is in almost raw format, but those data are atadadle in a more advanced

399 stage of processing, where SSXCTD casts from the submanider uhe ice were corrected

400 using surface CTD casts from the same expedilMuL(s.o.n_eLa, 1998).

a01 3. Autonomous ice-based profilers, the WHOI Ice-tethera@diler (ITP) and the MetOcean Polar

402 Ocean Profiling System (POPS) provided a large number ofl@sdior 2006 — 2008. ITPs
403 Krishfield et al,12008) obtain profile data at abdu®5 m vertical resolution{ Hz CTD sam-
404 pling rate). These data were corrected for CTD sensor con et &12007) and screened
405 for erroneous data. Subsequently, a conductivity cowaatias performed by comparing the
406 lower part of the profile with objectively mapped indeperttiemeasured salinity on selected
407 isotherms (potential temperaturgs3, 0.4, 0.5}°C'). After correction, the accuracy of the salin-
408 ity data is0.01. A detailed description of ITP processing procedures caoted in “ITP Data
409 Processing Procedures” available at “http://www.whai/égd/data/”. POPSIKikuchi et al,

410 007) provide data only at discrete pressure intervalgjingnfrom 2 dbar near the surface
an1 to 10 dbar in the lower part of the profile. Hence, sensor correctiorctoot be applied to the
412 POPS data, but data were thoroughly screened for errorse§ubntly, a conductivity correc-
413 tion was performed, using historical data as a referencesimdar way as for the ITPs. The
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POPS vertical resolution is still above that of ARGO pro§ilevhich claim an accuracy 6f01

in salinity, after conductivity correction against histal data (Qwens and Wo ]i&O_Oj), and

references therein). Therefore, we assume this accuraoyalds for data from POPS.

Any profiles that did not meet the following criteria wereatisded: data gaps ranging over more
than20 dbar for either pressures lower thaino dbar or salinities less thad4.5; more tharm0 % of
the data missing in the layer above theisohaline. The remaining profiles were interpolated onto
2 dbar pressure levels, where interpolated values that were rharedtdbar away from any original
data point were eliminated. This avoids implausible inbdpon across strongly stratified parts of
the water column. Some duplicate profiles were manuallytified and removed from the combined
dataset. Further duplicates were eliminated in cases where than one profile was found with the
same latitude, longitude, time stamp and maximum profilsgare, within the following margins:
two decimal places for latitude / longitude, six hours fanéi and50 dbar for maximum profile
pressure. Preference was given to profiles contained iselstather than WODOQ9, if possible those
obtained directly from the Pls responsible for their preoeg, as these data were of equal or better

quality.

B Uncertainty in FWC estimates

The sources of error within our LFWC estimate consist of ttatistical error associated with the
mapping procedure, errors due to sampling gaps in regiopstentially high vertical gradients in

salinity and errors due to the accuracy of the measuremeiteste

The statistical mapping error is given at each grid pgihy

(1-w)?
Z(Cdd+l' < 772 >)_1 ’

Nyt =< s> —w-Cj +

(8)
where the symbols are defined in Secfian 2.3.

We foundn, from mapping LFW to be highest( 1.5 m) in regions without data, such as north
of the Canadian Arctic Archipelago, but significant errots { m) were also found in regions of
higher data coverage in the North American Basin due to umepatial distribution of the profiles

and variability in the data (Figuté 7). We tested the relighof the LFWC estimate from the mapped
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19 LFW inventories by considering only grid points below anoerthreshold: the difference in LFWC

a0 betweer2006 — 2008 and 1992 — 1999 considering only grid points with, < 1.5 m is 8200 km?,

a1 and usingy, < 1 mitis 7600 km?; here, we use the field of combined error from both time pexiod

w2 considering the higher error of the two at each grid pointngaering only1992 — 1999, the time

w3 period with the higher mapping error, the estimate of thereis 2000 km? using a threshold of

ws < 1.5 m, the same as that without a threshold, aad0 &m? using a threshold of 1 m. Hence,

w5 Our estimate of the difference in LFWC based on mapped LFWriteries appears to be robust with
ws respect to spatial coverage of the data. Furthermore, vierpeed the mapping with smaller distance

w7 Scales/, (potential vorticity scalesh, were unchanged) and compared the resulting map to the one in
ws Figure[2c. Considering only grid points covered by both mamsobtain a different LFWC for each

w9 comparison: First, using00 km and50 km as the large and small distance scales, respectively, lead
s0 to a difference in LFWC between both time period$060 km?. This compares t6100 km? in the

s mapping with scales @f00 and300km. Second, mapping witk00/100 km leads tor700 km?, which

»2 IS the same as the value from t6@)/300 £m map. The sensitivity of the LFWC difference between
»s3 the two time periods due to the fraction of randomly chosem gaints in the mapping process is
s4 @around100 km3. using five independent mappings of the same data in eachpémed. Likewise,

5 changing the reference salinity,.;, in Equatior[]L ta34.8 only decreases the LFWC difference by
s6 200 km?3. The sensitivity studies suggest that the difference in KF¢tween both time periods is

7 betweers000 and10000 km?

458 Data gaps in parts of the profile with strong vertical gratliest salinity near the surface may
s Introduce additional error to the LFW inventories and thws LFWC. For example, autonomous
wo profilers, tethered to an ice floe, do not sample theap 10 m; some other salinity profiles are
1 Missing as much as the t@p m, the maximum allowed in our selection. We tested potentialrs

w2 1IN twWo ways:

463 1. A set of215 CTD-based salinity profiles from two trans-Arctic Polarsteruises, which took

464 stations in all the four Arctic Basins, is used. The LFW inwgies using the full profiles,
465 usually starting a® dbar, are compared to inventories using the value frimibar in each

466 profile as a constant to the surface. In@&lb profiles, the maximum difference between the
467 salinity at10 dbar and the minimum salinity in the layer to the surfacejsand only12 %

468 of these profiles show a salinity difference that leads toffergince in the LFW inventory of
469 more thar).05m. This indicates that undersampling the upp@#bar leads to an error smaller
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than that given by the mapping procedure. One caveat of timgarison is that during CTD
casts large research vessels evoke mixing of the upiper20 m due to the use of strong stern
or bow thrusters. While this does not affect vertically greged quantities, such as our LFW

inventories, it may not fully resolve shallow layers of icelin

2. The LFW inventories were calculated assuming that thewat missing in a pressure interval
near the surface in all profiles. We did this calculation io tmays: First, we filled the artificial
gap by making a mixed layer assumption, using the shallodegst point below the gap for
constant extrapolation to the surface. Second, we did ndhélartificial gap, ignoring any
data within the pressure interval. Assuming a mixed layeh@&pressure intervalto 10 dbar
or 0 to 20 dbar, the resulting LFWC differences between the two time pexiadk8000 km?
or 6800 km?, respectively. Even if we completely ignore the uppérdbar or 20 dbar, we
still obtain significant LFWC difference$;700 km? or 4900 km3, respectively. Regardless of
how we treat any near-surface sampling gaps, the large gatitgns of the differences in LFW
inventories between the two time periods are similar to theia FigurdRc, which is why the
corresponding maps are not shown here. Hence, the existémear surface sampling gaps
does not alter our conclusion that a significant increasé&MWC occurred betweer992 — 1999

and2006 — 2008.
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Expedition, project or institute Year(s) Platform SourdelUor contact
World Ocean Databas#)09 1992 — 1999 various http://www.nodc.noaa.gov/OC5/WOD09
Scientific Ice Exercises (SCICEX) 1993 US submarines http://data.eol.ucar.edu/codiac/dsBli@=arcss072/
ARK IX/4 1993 RV Polarstern http://www.pangaea.de/
ARK XI 1995 RV Polarstern http://www.pangaea.de/
ARK XII 1996 RV Polarstern http://www.pangaea.de/

Scientific Ice Exercises (SCICEX)

1996, 1997 and 1998,

US submarines

SAIC project, Sergey Pisarev (pisarev@atga

ARK Xl 1997 RV Polarstern http://www.pangaea.de/
Scientific Ice Exercises (SCICEX) 1997 and1998, US submarines http://data.eol.ucar.edu/codiac/dsHh@.arcss064/
ARK XV 1999 RV Polarstern http://www.pangaea.de/
Beaufort Gyre Project 2006 — 2008 various ships http://www.whoi.edu/beaufortgyre/
European Union project DAMOCLES 2006 — 2008 POPS http://www.ipev.fr/damocles/
ARGO 2006 — 2008 POPS http://www.coriolis.eu.org/cdc/argo.htm
Woods Hole Oceanographic Institution (WHOI) 2006 — 2008 ITP http://www.whoi.edu/itp
ARK XXII/2 (SPACE) 2007 RV Polarstern http://www.pangaea.de/
LOMROG 2007 2007 RV Oden Goran Bjork (gobj@gvc.gu.se)
Nansen / Amundsen Basins Observ. System (NABOS) 2007, 2008 various ships http://nabos.iarc.uaf.edu/
ARK XXIII/3 (AMEX 1) 2008 RV Polarstern http://www.pangaea.de/
Arctic Summer Cloud Ocean Study (ASCOS) 2008 RV Oden http://www.ascos.se (Anders Sirevaag)

Table 1: Data sources for salinity observations during JAS. Therartmous measurements were undertaken using the Ice-TetRestler (ITP) and the Polar Ocea

Profiling System (POPS). Data taken from the online Worldacbatabase009 (WODOQ;B_Q;@LaLal, 2009) were used to augment but not replace profiles fr|

‘e 18 agey

J91eMUSaJ) UB3I(Q 21191V JO JUBWISSESSY

daooe

po)

H

the other datasets listed in the table. SCICEX data from &€ $roject were used, where available, to replace profilesfthe1997 and1998 SCICEX expeditions

downloadable from EOL. The SCICEX93 data from EOL were preferred over those from SAIC due to mduaaced processing.
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LR: Lomonosov Ridge

BS: Beaufort Sea

CP: Chukchi Plateau

MJP: Morris—Jessup
Plateau

CAA: Canadian—Arctic—-
Archipelago

SZ: Severnaya Zemlya

a)

Bering Strait

90°E

Figure 1. Bathymetry of the Arctic Ocean from the IBCAO datsé (IBCACJakobsson et 312008):

(a) geographic names; gray contour lines represent thgiatinic depthd 00, 200, 500, 750, 1000,
2000, 3000 and 4000 m. The 500 m isobath represents the boundary of our “deep Arctic Ocean”
domain and is shown as a thick black line; additionally, tbendin was restricted to north 82°/N
north of the Fram Strait (dashed line). Whenever we refeh&“North American Basin” and the
“Eurasian Basin” it incorporates the Makarov and Canadanbaand the Amundsen and Nansen

basins, respectively. (b) Grid used for objective mapping.
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a) b)

M,06
AAD—
M,06

Figure 2: Objectively mapped observed freshwater invgrftam the surface to the depth of tBé
isohaline for the deep Arctic Ocean during JAS: 1892 — 1999 and (b)2006 — 2008. The anomaly

of 2006 — 2008 relative t01992 — 1999 is shown in (c). The locations of measured salinity profiles
used for the mapping are shown as black dots in (a) and (lgerdaots are shown in Figuié 7. Only
(c): values within+0.25 m of zero are white; the thick gray line represent the: contour of the

combined (maximum) statistical error estimate for both piiag time periods (see Figué 7).
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Figure 3: Time averages of freshwater inventories from thitase to the depth of thel isohaline in
the NAOSIM simulation during JAS for the time periods (@p2 — 1999 and (b)2006 — 2008, and
(c) the anomaly 02006 — 2008 relative t01992 — 1999. The thick gray line represents the0 m
isobath (IBCAO bathymetry), and the region soutl®fN in the Fram Strait is left blank, as it is not

considered in the analysis.
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©)

M,06

Figure 4: Difference betwee206 — 2008 and 1992 — 1999 from observations in the deep Arctic
Ocean during JAS of (a) the depth of theisohaline = z(S = 34), and (b) the mean salinity above
the 34 isohaline. (c), (d) and (e) show the “thickness”, “salifigyd “non-linear” terms in Equation

[4, respectively. Values withift0.25 m (a and c to e) of-0.125 (b) of zero are white.
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0°-ARAS /SGer) (m)

Figure 4. continued...
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'—1
0° Ahjce(m/yr) 15

Figure 5: Difference in time averages from the NAOSIM sintiola between the time perio@806 —

2008 and 1992 — 1999: (a) depth of the34 isohaline (JAS), (b) depth-averaged salinity above this

isohaline (JAS), and (c) the net sea ice melt (all year). tResialues in (d) represent a reduction in

thermodynamic sea ice growth or an increase in sea ice ntet;0D m isobath (IBCAO bathymetry)

is shown as a thick gray line, and the region soutR28fV in the Fram Strait is left blank, as it is not

considered in the analysis.
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Vertical velocities of Ekman Pumping (dotted)
based on curl of wind + ice stress
and the 34.0 isohaline (solid) [cm/day]
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Figure 6: Time series of annual mean vertical velocity (positive uggyan the NAOSIM simulation
derived from Ekman Pumping (EP; dotted), based on the cutth@focean-surface (wind and ice)
stress, and from the vertical displacement ofih® isohaline (solid). Shown is the spatial means for
the North American Basin and the Beaufort Gyre, where the &écity is offset by the time mean
for each region. The regions used for spatial averagingkatelsed in the inlaid maps, and the x-axis
shows the time from 960 until 2008 (middle-of-year), where the two time periods under studyun

FW analysis are marked as red horizontal bars.
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a)

M,06

0° Ppuerr (1)

Figure 7: Statistical error estimate (Equatldn 8) assediatith the objective maps of freshwater
inventories in Figur&l2: (a)992 — 1999 and (b)2006 — 2008. The locations of measured salinity

profiles used for the mapping are shown as black dots.
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