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Abstract. A column model is set up for the Barents Sea to 1 Introduction
explore sensitivity of surface fluxes and heat storage from
varying ocean heat transport. Mean monthly ocean transporPespite being shallow and small, the Barents Sea is spe-
and atmospheric forcing are synthesised and force the simieial because it dominates Arctic Ocean heat storgger¢ze
lations. Results show that by using updated ocean transport al, 2007). With a mean depth of 230 m, and an areB4%
of heat and freshwater the vertical mean hydrographic seaof the Arctic Ocean, more than 50% of the Arctic Ocean win-
sonal cycle can be reproduced fairly well. ter heat loss occur in the Barents S&aifeze et al2007).

Our results indicate that the70 TW of heat transported This happens because the relatively large open water areas
to the Barents Sea by ocean currents is lost in the southerift the Barents Sea allow both large absorption of incoming
Barents Sea as latent, sensible, and long wave radiation, eag@®lar radiation during spring and summer, and stronger heat

contributing 23—39 TW to the total heat loss. Solar radiation!0ss in autumn and winter than the other Arctic Seas.
adds 26 TW in the south, as there is no significant ice pro- When other Arctic Seas freeze over and are insulated from
duction. further cooling by sea ice, the southern Barents Sea remains

The northern Barents Sea receives little ocean heat trang2pen, and is convectively cooled for the major part of the
port. This leads to a mixed layer at the freezing point duringwater column. In this way most of the ocean heat is lost
winter and significant ice production. There is little net sur- €very winter, and the Barents Sea remains open and coupled
face heat loss annually in the north. The balance is achievetP the atmosphere. If this heat was not re-supplied by the
by a heat loss through long wave radiation all year, removingocean transport, the Barents Sea surface would drift towards
most of the summer solar heating. the freezing point after a few years, as will be demonstrated

During the last decade the Barents Sea has experienced this paper. Figurd shows the major ocean transport into,
an atmospheric warming and an increased ocean heat trangnd out of, the Barents Sea as it will be presented here.
port. The Barents Sea responds to such large changes by Several numerical models have been applied to the Bar-
adjusting temperature and heat loss. Decreasing the oced@its Sea suggesting strong year to year variabiitya(g
heat transport below 50 TW starts a transition towards Arc-and Zhang 2001 Gerdes et a003 Harms et al. 2005
tic conditions. The heat loss in the Barents Sea depend oBudgell 2005 Maslowski et al. 2004. Two new model
the effective area for cooling, and an increased heat transpoftudies addressing the Barents Sea variability are also com-

leads to a spreading of warm water further north. pleted Arthun and Schruni2010 discuss the long term vari-
ability since 1950, an&andg et al(2010 the shorter term

lead and lag correlations. We aim to take an integrated model
approach and establish a mean over the Barents Sea. By do-
ing this we do not describe the gradual transformations, and
any internal variability, but this has been discussed and de-
scribed by the applied 3-D models abottarms et al(2009
concluded that there are large uncertainties in the forcing ap-

Correspondence td:. H. Smedsrud plied, but also that there is a clear dominance of the Barents
BY (lars.smedsrud@uni.no) Sea inflow on the variability.
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Fig. 1. The Barents Sea and surrounding islands. Mean flow is sketched based on various sources described in the text (arrow width is scalec
using 0.1 Sv=1.0 pt). Depth contours are plotted for 50 m, 100 m, 150 m, 200 m, 250 m, 300 m, 400 m, 500 m, 1000 m, and 2000 m.

In this paper we use existing transport estimates, baseéled and observed mean hydrographic seasonal cycle of the
on observations and the 3-D models, to find a relation be-Barents Sea. To establish a realistic set of forcing fields is
tween the heat transported into the sea, and the heat fluxéke basis for Sec# dealing with the sensitivity test of the
at the surface. We will evaluate this relation, between theBarents Sea to possible changes in the forcing.
ocean heat transport and the vertical heat fluxes, towards the
mean temperature field using a vertical column model. The
main advantage of using a simple column model is thatitcarp Barents Sea mean state
be evaluated towards all available profiles averaged into one
horizontal mean. Additionally forcing and boundary con- Ocean transport has a strong influence on the Barents Sea
ditions can be directly based on observations. The colummmean stateNlosby, 1962. The warm water entering in the
model approach also has clear limitations, any internal hormain inflow area, the Barents Sea Opening (BSO) becomes
izontal gradients are not represented, and values found argradually cooled and freshened before it exits the Barents
averages over a large horizontal area. The term “ocean he®ea (Fig.1). Figure2 shows that winter surface tempera-
transport” will be used consistently for the heat carried by thetures in the BSO reaches°6 (Nilsen et al, 2008. The
ocean currents. The term “heat flux” will be used for vertical 0°C isotherm extend almost to the southern tip of Novaya
exchange, i.e. air-sea-ice fluxes at the surface. Zemlya. During summer the & isotherm almost reaches

An updated synthesis of the mean state of the Barents Setfie southern tip of Novaya Zemlya, and the maximum tem-
is given in Sect2, including transport of heat and freshwa- peratures in the BSO are 82@ (not shown). This means
ter. Based on published values we first define a best estimatidat the gross southern Barents Sea temperature gradient is
closed volume budget for the Barents Sea, a prerequisite tsimilar all year, but stronger in winter than summer.
consistent heat and freshwater budgétsritgomery 1974 In contrast to the south, the northern Barents Sea is nor-
Schauer et al.2008. These budgets are then used in Sec-mally ice covered during winter. The surface layer in the
tion 3 in combination with surface flux data as forcing to the north is thus close to freezing during winter (F&), increas-
model, to evaluate if these represent realistic and balanceithg to 0—2°C during summer. Below the surface layer the
sets of forcing fields. This is done by comparing the mod-mean salinity in the southern parts carries the influence of
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Fig. 2. Mean temperature during winter at 10 m depth (Albers Equal-Area Conic map projection, data from Nilsen et al., 2008). Positions
of the 55000 stations used is shown with black dots. The Barents Sea is divided into two boxes; “North” and “South” defined by the mean
winter 0°C surface isotherm.

Atlantic Water inflow with a salinity around 35.1. The mean sen et al. 2004 Skagseth et 312008. New data included
salinity of the Atlantic inflow is discussed in Se2t3. Sur- here complements this series up to 2007, and the 1997-2007
face salinities generally decrease towards the southeastemean inflow is 2.0 Sv. Finally, 0.9 Sv leaves in the Bear Is-
coast and the surrounding islands, reflecting freshwater intand Trench $kagseth2008, and another0.3Sv in the

put from land (Sect2.3), and towards the northern parts due shallow Bear Island CurrenB{indheim 1989. Thus, there
toice melting. The Barents Sea variability is substantial fromis an inflow of 3.2 Sv and an outflow of 1.2 Sv giving a net
year to year, and some of this variability will be described in eastward flow of 2.0 Sv.

the sections below. Several different ocean models run with reanalysis forcing
show mean net flux in the BSO in accordance with the results
2.1 Barents Sea volume budget presented here, although the inflow and outflow in the models

differ substantially (e.gDrange et al.2005 Aksenov et al.

The net flow through the BSO based on observations i2010- A longer term trend in the BSO is not clearly seen
2.0 Sv eastwards (1 Svx1L0P m3/s). This net flow is derived rom numerical n_u_)del .StU(.j'.eS’ as both no treGedes et ).
from four sources; the inflowing Norwegian Coastal Current 2003 and a positive significant trend\thun and Schrum
(NCC) at the southern coast, the Atlantic inflow in the central 2010, has been found.

area, and two westward flows in the northern areas @ig. ¢ Infllovtv gftAttlsmi(t: Water in_ tge BS%iS hig?elrzdouoringAwin-
The contribution from the NCC is 1.2 Sv. This estimate er related to the stronger windsgvaldsen et & 4. An

is based on current meter and hydrography dafkiagseth annual mean cycle based on 1997-2007 data shows a January

. e maximum of 2.8 Sy, falling to an April minimum of 1.3 Sv.
etal.(2010. In the _center of the BSO is the Atlantic |nflov_v The rest of the year it is close to the mean of 2.0 Sv (Taple
that has been monitored by an array of current meters since
1997 in addition to standard hydrographic sectidng\ald-
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Table 1. Monthly means for each calender month over the Barents Sea area. Atlantic inflow is updated from Ingvaldsen et al. (2004) and
Skagseth et al. (2008) setting the monthly varying transport. The other data included are based on existing estimates cited in the text.

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean
Solar radiation W 2 0.0 1.8 337 106.2 1834 227.4 203.3 1339 552 9.4 0.1 0.0 79.5
Long wave in W n12 2243 226.9 2327 2394 2674 286.4 299.0 2935 2811 2586 239.0 2279 256.4
Air temp.°C —-116 -122 -98 -86 26 1.6 35 3.9 25 -24 -6.8 -100 -44
Relative humidity % 80 81 81 80 81 87 91 88 85 80 81 80 84
Snow fall mm/month 11.1 9.9 7.8 6.6 3.9 1.2 0.0 0.0 15 7.2 8.7 11.1 5.8
Snow albedo 0.85 0.84 083 081 0.82 078 064 069 084 085 0.85 0.85 0.80
Mean wind m/s 9.3 9.2 8.7 7.4 6.1 5.8 5.2 5.7 6.7 7.6 8.6 9.0 7.4
Wind std deviation m/s 4.7 4.7 4.2 3.8 3.4 3.2 2.9 3.2 3.6 4.1 43 4.3 3.9
Atlantic volume transport (Sv) 2.8 2.3 2.1 1.3 1.7 1.9 1.7 2.1 1.8 1.8 2.2 1.9 2.0
Varying volume transport (Sv) +0.8 +0.3 +0.1-0.7 -03 -01 -03 01 -02 -02 +02 -01 0

The main outflow of~2.0 Sv from the Barents Sea takes 2.2 Heat transport
place between Novaya Zemlya and Frans Josef L &aoin-
melsrad et a).2009, termed the Barents Sea eXit (BSX, Itwas early recognized that the Barents Sea climate is largely
Fig. 1). The annual cycle is similar to that in the BSO, with controlled by ocean heat transpoMdsby, 1962. Strong
the largest outflow during winter above 2.0 Schauer etal.  correlations between inflow and temperature and the large-
2002. Long term model results b@erdes et al2003 state  scale atmospheric pattern upstream in the Norwegian Sea
a 1948-2002 variability in the BSX between 1.0 and 2.6 Sv,(the North Atlantic Oscillation) have also been well docu-
with a mean around 1.5 Sv. mented [Loeng et al. 1997 Dickson et al. 2000 Furevik

In addition to the major inflow in the BSO and the outflow 2001). Low temperature anomalies in the BSO during the
in the BSX there is 0.3 Sv leaving through the Kara Gate be-1980's are also paralleled by low salinity anomaliBsr{d-
tween Novaya Zemlya and the Russian colstr¢her etal.  heim, 1989 Dickson et al, 2007).

2003 Maslowski et al. 2004). This outflow is approximat- Heat transport will be referenced t6 0 which is close to
edly balanced by the 0.3 Sv entering in the north betweerthe outflow temperature in the BSX6¢hauer et al.2002.
Svalbard and Franz Josef Lariddslowski et al.2004). Having a closed volume budget (Se2tl) the choice of ref-

The volume budget used as model forcing is a mean inerence temperature is arbitrary for the heat transport esti-
flow and outflow of 3.2 Sv for the southern Barents Sea, andmates as long as the reference temperature is the same for
2.0 Sv for the northern Barents Sea (Fl). We use a fixed  both inflow and outflow. In this study we generally present
annual cycle from the well sampled Atlantic inflow around heat transports and fluxes using TW (1 TW=102 W), but
these means (TablB. This is a simplified, but closed, vol- individual vertical heat fluxes at the surface will sometimes
ume transport budget, that will serve as a basis for the oceabe discussed in W/t
transport of heat and salt discussed below. We note that the The 1997-2007 mean heat transport by the Atlantic Wa-
Atlantic inflow contributes with 63%, and is thus dominat- ter in the Barents Sea Opening is 49.7 TBkégseth et al.
ing, but the remaining 37% cannot be ignored. The closed200g. This heat transport compares to cooling the inflow-
volume budget enables correct calculations of heat transporing 2.0 Sv from 6.2C to 0°C. Changes in the heat trans-
in line with Montgomery(1974), to the horizontally averaged port may be equally caused by changes in the inflow and out-
Barents Sea area used by the model. flow temperatures, or changes in the volume transport. The

A few more contributions have been estimated, but valuesje-seasoned inflow temperature spans a range #4r8°C
are small enough to ignore them in the overall volume bud-to ~6.4°C and has increased from5°C in the 1960’s to
get. This includes input from rivers, rain and sea ice trans-~6°C after 2000 $kagseth et 312008. Transport of heat
port, amounting te~0.04 Sv. These contributions are signif- has been high in recent years, and the yearly mean heat trans-
icantin the Freshwater budget and are discussed in&8ct.  port has since 2002 been above 50 TW except for 2004. Dur-
This freshwater input is similar in magnitude to the outflow ing the last 10 years, variation in ocean volume flux is the
of dense water produced in the largest fjord around Svalmain cause for variation in ocean heat transpSkagseth
bard (Storfjorden). Inflow of Atlantic Water also occurs here, et al, 2008. The lowest heat transport was measured in 2001
but this water re-circulate south of Svalba@Dwyer etal,  at 30 TW, and corresponded to a relatively low annual mean
2003). Due to two shallow banks{100 m depth, Bear Island  inflow close to 1.0 Sv (not shown).
and Hopen banks) with steep topography south of Svalbard, Figure 3 shows the mean annual cycle of heat transport
this part of the Barents Sea has limited exchange of watetompared to an estimate from using a monthly varying vol-
with the rest of the sea. This area is therefore also excludegime transport and a constant inflow temperature 0f®.1

from the “North” area in Fig2. Compared to the calculated heat flux using the individual
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100 r Bear Island CurrentBlindheim, 1989 is also assumed not
oLt ‘ L 4 | 55 to transport significant heat, as temperatures are close to

zero. The 0.9 Sv leaving in the Bear Island Trer8kagseth
2008 does, on the contrary, carry about 12 TW.

In light of the above stated uncertainties some other small
heat contributions may be ignored. There is, for example, a
contribution from sea ice import from the Arctic estimated to
477 knt/day (Pavlov et al, 2004, contributing with a heat
loss around 1.3 TW, assuming a mean ice thickness of 1 m.
In total, the Barents Sea receives 86 TW from the Atlantic
L 05 inflow and the Norwegian Coastal Current, and looses about
10 ; L0 12 TW in the Bear Island Trench, resulting in a net inflow of

0 Jan ‘Feb ‘M;r ‘Apr ‘May‘Jun‘ Jul ‘Aug ‘Sep‘ Oct ‘Nov‘Dec 73 TW of heat.
The standard model ocean heat transport used is an an-
Fig. 3. Atlantic heat transport through the Barents Sea Opening.nual mean of 73 T_W' with & monthly variation driven by the
Blue solid line shows the overall annual mean cycle of heat transVolume transport in Tablé. If this transported heat was to
port referenced to BC for the 1997-2007 data. Green asterisks b€ lost from the surface evenly over the Barents Sea area
show individual monthly heat transport. The corresponding cycle(1.1x 1012m?), a constant net surface heat loss of 66 A/m
of volume transport (Table 1) is plotted as red squares in relation tovould be required. A number of sensitivity runs are per-

the right vertical axis, which scaling corresponds to heat transporformed in Sect4.1 that span the observed variation in heat
calculated from volume transports using a constant inflow temperatransport.
ture of 6.1°C and outflow at OC.
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2.3 Freshwater budget

temperature measurements on each current meter, deviatiorlﬁ, contrast to the heat budget where the inflow is the

are generally small, but largest in October at 7 TW. Temper-major contributor, the freshwater budget is more compli-

ature variations decrea;e the incoming heatshghtlym Wintel.oiod  The Barents Sea lies between the Nordic Seas
and increase heat flux in summer as one might expect.

- ) - and the Arctic Ocean, making the Barents Sea freshwa-
The NCC inflow of 1.2 Sv has a likely significant but so far (o fluxes relevant for bothSerreze et al.2006 Dickson

not well quantified contribution. Based on data from a recentg; g 2007. Fluxes of freshwater will be given in mSv
one-year full depth current meter profile in the core of the (1 mSv=18 m3/s=31.5 kni/year). The relative contribution
NCC, combined with repeated hydrographic profiles the healy the different freshwater sources is independent of a ref-

transport of the NCC is estimated to 34 Tk@gseth etal.  grence salinity, but we will use a reference salinity of 35.0.
201Q. The NCC thus contributes about 1/3 of the ocean heafrys is the middle value between 34.8, used for the Arctic

transport. The coastal current has been included in freshwgncagn Aagaard and Carmack989, and the inflow salinity
ter budgets for the Barents Sea earlickson et al. 2007, f 35 2 across the Greenland-Scotland ridgiekson et al,

but the carried heat has so far to a large extent been unknOW@OO-/)_ The Barents Sea surface layer is often fresher than
Details on the method for estimated NCC volume, heat, and34_8, but at depth salinities approach 35.0.
freshwater content arg describecSkagseth et.a(2.010. The Barents Sea receives significant freshwater input from
The BSX observations from 1991-1992 indicate a heatyecipitation and rivers. The net Precipitation-Evaporation
transport from the Arctic Ocean to the Barents Sea4TW balance is roughly-0.9 mm/day Walsh et al, 1998, making
(Gammelsrad et al2009. The similar heat transport from e freshwater fluxF,_, = 1145 mSy, using a Barents Sea
Budgell (2009 is 5.6 TW, but fromMaslowski et al(2004  5req of 1.1 1012 m?2. River inflow is larger, and estimated to
itis —7.4TW, i.e. a heat loss from the Barents Sea. Modelg3o knPlyear Dankers and Middelkogr2008, equivalent
results byGerdes et al(2003 produced a 1948-2002 net 4 . . < 20mSv. These two major contributions are pure

heat transport to the Barents Sea~ef TW (mean outflow  fashwater § = 0), and thus independent of any choice of
temperature 0+-0.2°C), andAksenov et al(2010 a 1989-  |aference salinity.

2004 heat transport o4 TW (mean outflow temperature
of —0.9°C). Although the uncertainties are large, we sum-

marise this to a net volume flux here of 20.6 Sv with a water by transport. Followingagaard and Carmaqd989

mean temperaturg close t60. and Serreze et al(2006 a freshwater fluxt is based on a
The northern inflow of 0.3Sv (between Svalbard and,qume flux of watery with a salinity s:

Franz Josef Land) probably carries less than 1 Aksgnov
et al, 2010. This is also true for the 0.3 Sv leaving in Sref— S

the Kara GateNlaslowski et al, 2004. The small 0.3Sv ' = Sior -V, (1)

The major balance of the freshwater budget is between the
incoming freshwater at the surface, and the removal of fresh-
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and we useSef = 35.0 as stated in the introduction. The counted for in the model as it enters and exits at the same
NCC has a mean salinity of 34.34 aifd= 1.2 Sv, based on depth.

the new current meter and hydrographic d&eggseth et gl.

2010. This produces a freshwater flux 6fcc=22.7 mSy,

increased significantly from the older estimate of 17.1 mSv3 Barents Sea column modelling

based oBlindheim (1989.

Another freshwater source is sea ice import from the KaraThe 1DICE column model is forced by monthly mean obser-
Sea and the Arctic Ocean of 477 kiday (Pavlov et al.  vations and calculates the horizontally averaged ice thickness
2004. This converts to a volume transport BE5.5mSv  and the ocean column below. 1DICE was developed and de-
assuming 1 m thick ice. Using a sea ice salinitySeb, we  scribed byBjork (1989 1997). A version of 1DICE with an
get Fsea ice4.6 mSv.Zhang and Zhan(2001) model results ~ active atmosphere, fluxes from rivers and the Bering Strait,
indicate a larger sea ice volume flux (339%year) translat- as well as ice export, was applied B)ork and $derkvist
ing into ~10 mSv of freshwater. They also include a signifi- (2003. A simpler setup of 1DICE is used here; a 1 m ver-
cant loss (about 30%) south of Svalbard to the Fram Strait. Irfical resolution is used down to a representative Barents Sea
their studyZhang and Zhan¢R001) found a net precipitation ~ depth, the atmosphere is purely external forcing. The mean
and river runoff much smaller than the ones we have founddepth of the southern Barents Sea is 253 m, the northern col-
above, so their net surface freshening is smaller despite themn is 210 m deep.
large sea ice contribution. In the model, a stable annual cycle is usually established

The total freshwater flux to the Barents Sea is thus of thewithin 3 years, and model runs were therefore performed
order 55-60 mSv. How is this freshwater removed? Someover 10 years with a daily time step. The model mixed layer
of it is compensated by the Atlantic inflow. The Atlantic in- has instant mixing, and the diffusivity below the mixed layer
flow of 2.0 Sv and the higher than mean salinfty-=35.1 is constant, normally set t&, = 5.0x 10-%m?/s. As the Bar-
(Skagseth2008 is counter acting the freshwater input with ents Sea in many model runs enters a state of convection to
Fatlantic = —5.7mSv. But this is only~10% of what is  the ocean floor during winter, diffusion plays a role mostly
needed to balance the input. The outflow contribution in theduring summer, mixing the warmer mixed layer downwards.
BSX is larger withFgsx = —14.3mSv based on 2.0Sv and  Radiative fluxes are key controlling factors all over the
S =34.75 water Gammelsragd et §12009. The return flow  Arctic. As argued byEisenman et al(2007) many models
in the Bear Island Trench does not contribute when usinguse the albedo as a “tuning parameter” to correctly model
Sref = 35.0 as it has exactly this salinitySkagseth2008. the ice cover. 1DICE is, like any ice-ocean model, sensi-
The freshwater input is large compared to the removal oftive to changes in albedo. A simple thickness dependant
freshwater driven by the through-flow. The relative contri- bare ice albedo increasing from 0.2 to 0.6 at 2.0 m thickness
butions of these sources and sinks would change if we used @jork and ®derkvist 2002 is used. One sea ice class is
different Sret, but we would still need about 39 mSv of fresh- used, meaning that the first year sea ice has the same overall
water to be removed from the Barents Sea. thickness during winter. Few observations of Barents sea ice

Most of the excess 39 mSv of freshwater probably leaveshickness are available, and no attempt has been made to ap-
with the 0.3 Sv exiting through the Kara Gate. A balance mayply ridging processes or an ice thickness distribution. A more
be reached by assuming a mean salinity therd§ ef31.2. detailed model description may be founddjork (1997).

The exchange between Svalbard and Franz Josef Land is then The 1DICE calculates surface fluxes based on standard
assumed to be balanced in freshwater transport. This impliepulk formulas, sea surface temperatures, and the forcing dis-
that the 0.3 Sv entering between Svalbard and Franz Jos&fussed in the next section. Long wave outgoing radiation,
Land has a salinity close to 35.0, and that the 0.3 Sv in thdatent heat of evaporation, and sensible heat flux are all sig-
Bear Island Current has a salinity of 34.75. nificant to the total heat loss. 1DICE grows ice and mixes

A rough balance can thus be achieved between theeat and salt/freshwater downwards.
freshwater associated with through-flow of Atlantic Wa-
ter (Fatantc + Fesx = —20mSv), the freshwater from 3.1 Model forcing
precipitation-evaporation, the sea ice, and8% of the
NCC. This freshwater redistribution is used as forcing in theln addition to the forcing from the ocean transport, 1DICE
model as described in Se&t1 The forcing adds freshwater needs atmospheric forcing. This isincoming radiation (short-
homogeneously above 60 m, and removes the same amountave and long wave), air temperature and humidity, mean
of freshwater homogeneously below 60 m depth. All the riverwinds, and snowfall. The monthly mean forcing used is
water remains along the coast, and exit through the Karajiven in Tablel and discussed below. The forcing used are
Gate. Of the freshwater in the NCC 55% also remains alonghorizontally averaged values from the area 12-5and 70—
the coast and exit in the Kara Gate, the remaining 27% ex80° N, covering the entire Barents Sea. The averaging masks
its as the fresh surface Bear Island Current. The freshwatesignificant gradients in the horizontal forcing fields, but the
along the coast, and that exiting in the surface, is not acsensitivity towards this forcing is addressed separately. Data
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from ECMWF (ERA 40) and NCAR-NCEP reanalyses have of 0.64 in July. Values used are identical with those used in
been compared to data from the International Satellite Cloudjork and $derkvist(2002 based orMaykut (1982. Snow
Climatology Project (version 1, the polar ISCCP, and versionalbedo is thus always higher than the thickness dependant
2 the Surface Radiation Budget, SRB). bare ice albedo in the range 0.2—-08j{rk and ®derkvist
Surface solar radiation peaks at 227 \¥/im June for the ~ 2002.
satellite derived data and ERA 40, whereas NCEP has an Both the mean wind and the standard deviation are higher
additional 100 W/rA. We have chosen to use the mean of during winter. The values used are base®eanreser(1987).
the SRB and Polar ISCCP data. The ERA 40 is almostValues are 1955-1981 monthly means from Hind-cast model
identical to the Satellite data, but April-May solar radia- runs incorporating local met stations. Stronger wind forcing
tion is ~10 W/n? higher, while July—August is-20 W/n? in the model increases vertical heat fluxes and increases tur-
lower. November through February is identical for the dif- bulent entrainment into the mixed layer. The model ocean
ferent sources. volume transport is prescribed as a boundary condition, and
Long wave incoming radiation is high all year, but also does not use the wind forcing in any way.
peaks in summer. We use the SRB fluxes as they are close to The annual mean transport to the southern Barents Sea is
the mean based on all the sources. NCEP26 W/n? lower 3.2 Sy, and to the northern Barents Sea it is 2.0 Sv. The flow
all year, while ERA 40 is~20 W/n? higher in summer, and carries heat, and in the south the standard value of 73 TW
ISCCP is~20 W/n? higher in winter. compares to cooling the 3.2 Sv from B® to 0.0°C. The
The satellite sources do not have air temperature, so thannual mean ocean heat transport is also varied over a wide
values in Tablel are means based on ERA 40 and NCEP.range. This spans changes in inflow, or outflow, temper-
ERA 40 is warmer during summer, and NCEP is warmerature of+1°C (£13 TW), and volume transport af1 Sv
during winter. The Barents Sea surface air temperatures geig:-23 TW). These sensitivity runs (50 TW to 96 TW) are in-
as low as—12.2°C in February, and as high as +3@ in cluded in Sec4.1and cover the relatively large uncertainties
August. The means used are close to the mean air temin the real inflow and outflow of heat.
perature from the meteorological stations in the southern The volume transport used as forcing is equal to the
Barents Sea; at Bear Island, Hopen Island, Murmansk andnonthly variation of the Atlantic inflow (Tabl&). The trans-
southern Novaya Zemlya during winter (1961-1990 normals ported heat is evenly distributed vertically, reflecting the ho-
http://eklima.met.nandhttp://www.ncep.noaa.gyvDuring mogeneous layer of Atlantic water in the BSIDdvaldsen
summer (June—August), the meteorological stations have 2et al, 2004).
3°C higher air temperatures. Thus, the reanalysis fields give The freshwater forcing used is based on the large scale
reasonable estimates, at least in the southern Barents Sea. freshwater budget discussed in S&tB, and is mimicking
The air temperature decrease strongly northwards in theéhe effect of transport on the vertical salinity distribution.
Barents Sea. Two meteorological stations in the northerriThe salt budget is closed, so the mean salinity remains con-
parts (Victoria Island and Franz Josef Land), are in generaktant, and a stable model mean state, without drift in salinity,
10-12°C colder than the mean based on ERA40 and NCERs found.
during winter, and 3-4C colder during summer (1961-1990  The magnitude of the salt redistribution is scaled by the
normals,http://eklima.met.np The effect of changes in air volume transport. The inflowing Atlantic Water has salin-
temperature are examined in sensitivity runs, using both aty close to 35.1 $kagseth2008, and the exiting water has
warmer and colder atmosphere. salinity 34.75 Gammelsrgd et gl2009. Both the inflow
Relative humidity of the atmospheric boundary layer is and outflow thus add, or “leave behind”, salt to the Barents
high throughout the year, as one would expect over an ocearSea mean salinity close to 35.0. If this was the only salinity
Values increase during summer both for NCEP and ERA 40forcing applied the Barents Sea salinity would increase sig-
from a constant level in winter close to 80%. We use thenificantly by~1 in 10 years. The surface freshening applied
mean of the two reanalyses, producing the annual mean af the sum of the precipitation-evaporation, the sea ice, and
84%. parts of the NCC, together balancing the 20 mSv removed by
Snow fall is applied as direct forcing (Table 1), and melts the through flow.
due to surface heat fluxes. Rain is accounted for through The use of constant atmospheric parameters in this setup
the freshwater budget discussed earlier (S8®). The means that no feed-backs involving the atmosphere will be
ERA 40 data used here indicate40 mm/month during win-  discussed. This relieves us from uncertainties involving
ter. Total precipitation from the two met stations indicate cloud cover and corresponding changes in long wave radia-
a larger precipitation of 31 mm/month for Bear Island and tion, and allow us to test sensitivity in a straightforward man-
40 mm/month for Hopen Island (1961-1990 norméltp: ner.
/leklima.met.nd Such an increased precipitation on islands
is expected due to orographic processes. Snow primarily al-
ters the surface albedo in ice covered situations, where snow
albedo decrease from a winter value of 0.85 to a minimum
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Fig. 4. Observed mean temperature and salinity in the Barents Searig. 5. Model profiles of Barents Sea temperature and salin-
Summer data (June through September) are plotted in red, winteity. Summer means (June—September) are plotted in red, winter
data (December through April) are plotted in blue. Data from “box (December—April) in blue. Results for box South are plotted using
south” are plotted using circles and asterisks, and for 'box north’ circles and asterisks, and for box North using solid and dashed lines.

using solid and dashed lines.

ity towards increasing the “south box” area is included in
Sect.4.2 To some extent we have “tuned” the area size to

- . . i match the observed profiles, given the forcing discussed in
Model runs were initiated in August using horizontally aver- gt 31 The flushing time for the northern box is about

aged profiles of temperature and salinity taken during sum-, years, using 210m as mean depth and a total inflow of
mer. The averaged profiles are shown in Bigand are based Sv.

on available stations iNlilsen et al.(2008 grouped into the
“south box” and a “north box” indicated in Fig¢. We will
use the term “box” here, but the vertical dimension is some-
times maintained, so the term “column” could also have beerSummer temperature observations (Bgshow a warm sur-
used. face layer. Surface temperatures may reach"&-&nd there

In the south box, data coverage is quite good, with allare no other temperature maxima's below the surface. Down-
together 40000 stations during winter and summer. In thewards there is a gradual decrease to a thick homogeneous
north box there are 15 000 stations during summer, and 170f®wer layer at 2-3C. Figure5 shows that the 1DICE model
stations during winter. The north box is best covered in itsiS able to reproduce the main features of an annual cycle.
southern parts, particularly during winter. Possible spatialThe surface summer warming is close to observations, and a
bias has been avoided by subdividing the region into smalle€older homogeneous water column is established in winter.
boxes and calculating individual mean profiles therefrom. In summer the warm surface layer is also fresh, and salini-
Then these were averaged to produce overall mean profilesties are usually around 34.5. The surface freshening is dif-

The south box receives nearly all of the ocean heat transficult to reproduce in the same way as the surface sum-
port, and looses much of it to the atmosphere. The area oveéP€r warming. Tr_ns reflects uncertainties in sqrface fresh-
which this heat loss takes place is one of the key parameter&ater balance (rain and transported freshwater in the surface
of this model approach. The area used for the southern bol@yer), as discussed in Se2t3. The applied salt redistribu-
is 900 x 400 kn?, which is~33% of the Barents Sea area. tion Work_s, but only in an approximate way. The frgs_hwater
A total inflow of 3.2 Sv sets a flushing time (ocean volume Palance is actually quite delicate. The model salinity also
divided by the inflow) for the southern box of about 1 year, P&comes homogeneous in winter, whereas the observations
using 253 m as mean depth. The remaining northern part ifrom “south box” indicate that it remains slightly stratified in
the largest area (96810 kn?). The area warmer thare@ ~ Salt.
in Fig. 2 is close to 50% of the Barents Sea, but sensitiv-

3.2 Initialisation

3.3 Southern Barents Sea results — south box
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The area used for the south box observed profiles is thevations are around-1.0°C. Winter observations tend to be
area with higher mean winter surface temperatures tli@h 0 taken quite late in the winter (March—April), when the sun
in Fig. 2. The area warmer than°C has changed over has returned, and the sea ice starts to melt and open up. Until
the last decades, and the sensitivity to changes in area dflarch most of the “North” area (Fig. 2) is 90% covered by
the south box, from the 1970’s until today, is included in sea ice Budgell 2005. It is therefore quite likely that the
Sect4.4 model winter mean (December—April) better reflects the real

The summer temperature profiles used for validationmean temperature than the observations taken mostly in late
(Fig. 4) are averages from 1 June to 30 September. Thewinter.
model profiles evolves, of course, throughout this period, |n the lower 100 m temperatures increases abo%€,0
and it is clear that observations are not evenly distributedsimilar to the Atlantic layer residing below the cold upper
in time. For instance, many of the observations are takenayer in the Eurasian basin. At the bottom salinity increases
in August. Likewise for the winter period 1 December to slightly above 35.0, and the column is so stable that there is
30 April, where many of the cruises are conducted in Marchno deep convection during winter.
and April. The observed “south box” winter mean temper-  gince the upper layer temperature in the model stabilizes
ature, both horizontally and vertically averaged, is 282 pejow 0°C, the northern box has a negative heat content ref-
The similar model mean temperature decreases fronP&22  granced to this temperature. This means that the surface
in December to 1.7C in April (Fig. 7). fluxes of this area drive the ocean column towards a state

The annual cycle in temperature is thus in good agreemengt will be a heat sink using 0°C as a reference tempera-
with observations, given the significant temporal and spatiakyre, consistent with the estimated net heat transport from the
variability of the observations, and the forcing. A perfect arctic Ocean to the Barents Seagmmelsrad et 8l2009.
match between the average observed profiles and the model Model salinity decreases slightly more than suggested by

profiles is _notdelxpectted. Thet mamfrrzsti:;nB_observeg _?Omhlyobservations (Figd) in the upper part of the column. Salin-
summer mixed fayer temperature of 6.251S a good 1lUS- a5 4150 increase more in the deeper layers (Bjg.This

trat|on,|thhe T[o)(ljélEvalug 'T‘.a little gf)ldefr, 5S¢ EjF'g.' 5. r|1n increase at the bottom is caused by the salt redistribution re-
general the model Is capable of reproducing the ma.'sembling the transported contribution, and not salt rejected
jor features of the observed annual hydrographic changes i

the southern box. Surface heat loss is given in Tabkend
discussed in SecB.5.

By sea ice growth. Winter sea ice growth is close to 1 m, but
this ice melts again each summer predominantly due to the
surface fluxes. The salt released during ice growth is counter-
acting the other freshwater sources in the top layer, and helps
to homogenize the top 60 m during winter.

The northern area is modelled using the same surface forcing The model salinity in the deep increases above 35 as there

as in the south. The observed northern profiles (Bjcare IS nothing in the model that counter-acts the transport of salt

used as initialisation, with a mean depth of 210 m. The oceari" the deep layer. This discrepancy may be caused by a num-

volume transport used is 2.0 Sv (Fit), with a small heat ber of factors. The salt redistribution applied here assumes a

transport of 2.0 TW. This ocean heat transport compares t§alinity of 34.75 for the 2.0 Sv exiting in BSXGammelsrad

the 2.0 Sv entering at 0.2&, and exiting at 0.0C. Results €t al, 2009. There are probably additional salt fluxes con-

are not sensitive to a small increase of this heat, as long as it i§écted to the sea ice that are not resolved by the model.

below~5 TW. Using zero ocean heat transport, the northernFirstly, salt release from ice growth on shallow depth pro-

box starts to drift towards a state where the entire column isluces high salinity shelf wate%,, > 34.8 that escapes close

on initialisation and a stable annual cycle is usually enteredfom the Arctic Ocean probably leaves in the coastal current

after three model years. along the eastern shores of the Svalbard Islands. Thirdly,
Figure5 shows that a very different water column develops observations are quite scarce in the north, anq high-salinity

in the north, compared to the one in the southern Barents SeQ0ttom water may largely have escaped sampling. These ef-

The annual cycle is confined to the mixed layer, and showdects are all more pronounced in the northern box than in the

a shallow heated mixed layer in summer. Summer salinitySCuth because of the sea ice growth, the stable column, and

of this mixed layer is as low as 33, caused by significant sedh® lack of deep convection during winter.

ice melt. From 50 to 100 m the column is at the freezing

point, with an increasing salinity. This is similar to the cold 3.5 Barents Sea surface heat loss

halocline found over large areas of the Arctic OceRndels

et al, 1996 Bjork et al, 2002. The Barents Sea has now been divided in two boxes. The
The summer surface-warming is close to observationssouth box gets all the ocean heat, the northern box only re-

about 2C (Figs.4 and5). The model winter mixed layer ceives significant heat at the surface. The two averaged water

temperature is at the freezing poinrt1.8°C), and the obser- columns are largely in line with the observed mean profiles

3.4 Northern Barents Sea results — north box
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Table 2. Mean annual surface heat fluxes for the Barents Sea in TW. The 1-D total is our best estimate for the total Barents Sea. The “north
box” contribution is quite small, and the major heat loss occurs in the “south box”. The eight sensitivity runs are included at the bottom of
the table, and are all performed over the “south box” area.

Heat flux Total Shortwave Longwave Sensible Latent
Simonsen and Haugan —135.2 69.9 —54.9 —-85.0 -65.2
Zhang and Zhang —39.3 78.1 —-37.2 -174 -20.2
1-D total —71.0 51.7 —45.2 —-35.2 —-423
north box -3.8 25.7 —22.7 3.7 -105
south box ( 73 TW) —67.2 26.0 —22.5 —-38.9 -31.8
Morewater (+1Sv,or 96 TW) —94.6 26.4 —26.0 —53.0 —-420
Lesswater {1 Sv, or 50 TW) —-41.3 25.1 -19.0 -253 -221
Warmwater (+PC, or 86 TW) —82.5 26.3 —24.5 —46.8 —-37.6
Coldwater (1°C, or 60 TW) —51.3 25.6 —-20.4 -30.5 -25.9
Warm Air —73.2 26.3 —25.6 —-39.3 -34.7
Cold Air —63.2 23.7 —-11.3 -50.9 -24.7
Larger area (40%) —51.6 255 —20.4 -30.7 -26.0
Largest area (50%) —38.4 25.0 —18.6 -23.7 -21.1

from the boxes, confirming that this simple division is mean- occurred in the Atlantic heat transport, ranging from 30 to
ingful. 60 TW.
The transported 73 TW of ocean heat arriving in the BSO  The net heat loss from the south is partitioned into long
is lost to the atmosphere before reaching the northern boxyave, sensible, and latent heat fluxes (Fy. Long wave
But there is additional heat arriving as short wave radiationradiation has a mean loss of 23 TW. There is 32 TW of latent
during summer. The annual mean model solar heating iseat loss, and 39 TW of sensible heat loss (Table The
26 TW for the southern box, and 33 TW for the northern box. annual cycle is smaller in the south than in the north, caused
The two boxes receives the same solar radiation FefTa by the smaller area. The maximum net heat gain is 26 TW
ble 1), but the total energy input is larger in the northern box during summer. All three heat loss contributions peak during
because of its larger area. The difference in area is comperwinter when there is no solar heating, causing the maximum
sated by difference in sea ice cover, creating a solar input theat loss of 150 TW. There are some days with a very thin
the boxes of similar magnitude. ice cover during the winter. This ice quickly melts again as
For the northern box also the sensible heat flux is positivethe oceanic heat is mixed upwards. The small portions of
into the ocean during summer, caused by air temperatures afea ice created by 1DICE lowers the heat fluxes during late
2-3°C above the colder surface water. As mentioned ear4inter, causing the reduced loss freni 50 TW to~100 TW
lier, the meteorological stations from the northern Barentsin December in Fig6.
Sea revealed air temperatures 2E3lower than the mean The different heat fluxes are summarized in Tabldhe
forcing applied here during summer, indicating that the sen+ota| heat loss from the two Barents Sea boxes used in the
sible heat flux might in reality be close to zero. Net long 1.p model add up to 71 TW, close to the transported 73 TW
wave and latent heat fluxes are always negative both in thgy peat by the ocean. The agreement is superficial in the
north and south. In the north the surface fluxes are cIOS(-g,\,ay that the 73 TW was added to the southern box, but the
to being in balance, so the mean total heat flux&8TW.  Lorthern box is demanding3 TW totally on its own. The

Given that the annual cycle varies between a loss of 80 TWsoythern box reaches a close to stable state with the heat loss
and a gain of 120 TW (not shown);3.8 TW is effectively 5t g7.2 TW.

zero. This means that nearly all of the ocean heat transport
must be given up to the atmosphere over the southern 33% of
the Barents Sea area.

The model average heat loss from the southern Barent§ Discussion
Sea is 67 TW as shown in Fig. This is 6 TW less than
the ocean heat transport, and indicates a slow warming. Thihe transported ocean heat to the Barents Sea is lost as long
is confirmed in model profiles, where the mean temperaturavave radiation, as well as latent and sensible heat fluxes. The
increases from 3.3&C at initialisation, to 3.52C in year 6,  simplified picture of the Barents Sea as two boxes is largely
but the difference is too small to be visible in Fig. As consistent with the earlier estimatesSifnonsen and Haugan
noted in Sect2.2 have substantial year to year fluctuations (1996 and Zhang and Zhang2001). For all components
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Fig. 6. Model heat gain for the southern Barents Sea. Values are plotted in tera Watt (1 ?%W)Ltbr model year 5. The overall total
heat gain is—-67 TW, indicating a heat loss comparable to the ocean transport (black horizontal line). During summer the total heat gain is
positive, peaking at 26 TW. The extra axis to the right is added to aid comparison with other surface flux estimates.

in Table2 the 1-D results presented here are found between N e n , O N
these earlier estimates. 5 i l ‘ ‘

In 1DICE the two largest contributions to the heat flux, A
the incoming short wave and the outgoing long wave, nearly R S S \ Lo
cancel in the annual mean (Tab®. Such a balance is . n ’ @ L
not found bySimonsen and Hauggi996 and Zhang and ! '
Zhang(200]). Sensible and latent heat losses are signifi- I
cantly smaller thatsimonsen and Haugd®996), but larger |
thanZhang and Zhan@001). In the northern box sensible L
heat fluxes do not contribute to the ocean heat loss. Ourre- § |
sults show infact a small warming of the ocean, caused by the A | | Lo R WY SV 7

|
|
|
|
0

Mean temperature [ C]

surface waters being close to freezing much of the year. The
observed air temperature from the northern Barents Sea is
of course lower than the mean air temperature for the whole
sea, so this ocean warming may be an artifact of the 1-D ap-
proach. The monthly mean forcing is applied repeatedly for
all years, and usually a stable situation is established durin%l
3 years, as illustrated in Fig. ig. 7. Depth av_eraged model temperature of the southern Barents
e . Sea. Results using the deduced mean ocean heat transport of 73 TW
We have not conducted sensitivity experiments for o - .

. o are shown by a green solid line. Individual months during year 6
changes in the boundary conditions for freshwater trans'are plotted for summer (June—September) as red asterisks, and win-
port. The estimates for freshwater transport are not as googl,, (December—April) as blue. The observed winter mean (large
as for heat transport, as fresh water tend to flow along theyye asterisk) and summer mean (large red circle) is also plotted
coasts. Significant unknown contributions may exist, espein year 6. Results using a 1 Sv decreased (“Lesswater” run, dashed

cially around Svalbard and Franz Josef land. blue line, 50 TW) and a 1 Sv increased ocean heat transport (“More-
water” run, red dash-dotted line, 96 TW) are also shown.

Model Years

4.1 Ocean heat transport variability

The ocean heat transport to the Barents Sea has varied during
the last 10 yearsSkagseth et al2008. In order to explore
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this dependence further the transport was varied around the In the “Warmwater” run the inflow temperature has been
mean state of 3.2 Sv and 73 TW used in the “south box” run.increased by 1C, this increases the ocean heat transport
Figure7 shows how the depth-averaged temperature variesrom 73 TW to 86 TW. This heat transport is mid way be-
through the 6 first years in the “south box” run described intween the “south box” and “Morewater” runs, and the total
Sect.3.3 Note that the same initial ocean column will be model heat loss becomes 82.5 TW. The other surface fluxes
used for all sensitivity runs. Usually 1DICE also settles into are included in Tabl@. The effect on mean winter and sum-
a new stable annual cycle after about 3 years, comparable tmer temperatures is plotted in Figj.together with the other
the Barents Sea flushing time of 1-2.5 years. The observedensitivity runs. The variation in temperature are clearly
winter mean value of 2.8 is found in the middle of the damped in the Barents Sea. The increase of A&t the
model results through the winter. The winter temperatureboundary results in an increase 0.75°C in the mean.
is quite homogeneous, and is therefore a good indicator oBuch a damping of the oceanic signals in the Barents Sea
available heat (Figd). has earlier been observed Bghauer et al(2002 andIng-
Four runs are presented in Tak®evarying the ocean valdsen and Gjgszeté2010. Even though the effect of in-
heat transport in different ways: “Morewater”, “Lesswater”, creasing the temperature witf@ is smaller than the effect
“Warmwater”, and “Coldwater”. As mentioned in Se2t2 of increasing the volume flux by 1 Sy, it gives a highly sig-
fluctuation in volume flux has governed ocean heat transporhificant contribution (Fig8). While the volume flux has a
variability the last 10 years. In “Morewater” the monthly strong variation on inter-annual time scalkwaldsen et aJ.
mean ocean volume transport (Talilehas been increased 2004, the inflowing temperature shows long-term trends and
with 1 Sv for all months through the year, giving an an- has increased by more than a degree since the late 19KOs (
nual mean of 4.2 Sv. This creates an ocean heat transport afgseth et al.2008. Thus variability in the inflow tempera-
96 TW. In the same manner “Lesswater” has an annual meature is likely to be highly important on longer time scales.

ocean transport of 2.2 Sv, and a heat transport of 50 TW. The effect of decreasing inflow temperature b§Clis

In the “Morewater” run the 1Sv increased ocean heatshown in the “Coldwater” run, lowering the ocean heat trans-
transport (96 TW) produces a warmer winter column as eX-port to 60 TW (Fig.8). Again we find a damping in the Bar-
pected. Figure/ shows that the summer maximum mean ents Sea, the mean winter and summer temperatures are low-
temperature reaches aboveGthe second model summer. greq by less than the°C decrease of the inflow. As in the
After model year 2 a new stable annual cycle is establisheds| esswater” run the damping is stronger during winter, than

and mean surface fluxes are given in Tebl@he change is  during summer. The mean surface fluxes are tabulated in Ta-
significant but moderate, and the warming during summer isy|e 2.

larger than during winter. The annual cycle is increased in

mag_nltude with 0.73C as shown in Fig7. unexpected results (not shown). An ocean heat transport of
. With an ocean heat transport lowered by 1 Sv (to 50 TW)40 TW produces a surface heat loss around 12.5 TW, much
in the oLes;water run, the Bare.nts Sea wat(_ar column COOISsmaller than the added heat. This means that the Barents
by ~2°C (Fig. 7). The response is more continuous than for Sea water column heats up with about 27 TW, producing a

the "Morewater” run, and a gradual cooling appears through'mean temperature around® in 4 years. In this situation

out the 10 model years. After 6 years the winter mean tem'the cooling during winter is not strong enough to erode the
perature reaches°C in winter. The accompanying heat

. . fresher surface mixed layer established during summer. Con-
fluxes are included in Tabl2. Summer temperatures also Y g

ld in the d but th I diati Sl sequently, there is no homogeneously mixed water column
coof down In the deep, but the sofar radiation still warm lJpduring winter, and the warm water remains isolated from the
the surface layer to around@ (not shown).

The effect of ina 1 Svin the “L ter” is th cold atmosphere. The winter convection and cooling reach
€ efiect of removing 1 sv '? € essY,va errunis tus ahout 50 m depth, so temperature remains aroutd B
larger than adding 1 Sv in the “Morewater” run. This prob-

. the top 50 m. After four model years results become unre-
ably reflects both the importance of the ocean heat tranSporzﬁlistic and points to the limitation of the 1-D model and the

to the Barents Sea and tha_t the_atmosphenc heat loss h ®ded salt redistribution. Despite the limitations of the 1-
a damping effect on fluctuations in the transported heat. |

. . D approach, the results indicate a lower limit on heat trans-
the heat transport decrease, the model immediately starts tf)’ort to the Barents Sea beyond which a transition into a new

cool tdowrl;. tThe ;%il. ocezn Woutlﬁl probablg/t;]esgond (|)n tmssteady state would start. This new steady state has the same
way oo, bt In addition change the area of In€ box. LN ey, 4jiative properties as the Arctic Ocean, with a warmer At-
other hand, when the heat transport increase, the heat |O? ntic layer below a colder, and stable, upper layer

during winter will also increase. Figureé shows that the
amplitude of the annual temperature cycle increases with in- ) .

creasing ocean transport, and that the summer temperaturds2 Changes in cooling area

changes the most. The heat transport driven changes are thus

dampened more during the cold season than during the warrihe main balance in the 1DICE model is between the ocean
season. heat transport and the area available for cooling this water.

Using a smaller transport than 50 TW of heat creates some
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definition large changes in the cooling area occur regularly

Ot,iﬂs:;ed ‘Varylﬂgeaotcean +% Increase '?,tvna‘f;?:;gc in the Barents Sea (e.yoeng 1991, Vinje, 200, Sorteberg
+ O Transport A Vin zoollng Cooling and Kvingedal 2006 Adlandsvik 2010. More important
ac /2 TS than finding the exact area corresponding to the mean situ-
%) ss 0 T ation, is finding how changes in the cooling area relates to
% af * : /A Winter + 4°C changes in the ocean heat transport and how this affects the
5, -+ balance in the region.
e \V4 0 ] Over the period 1997-2006 the volume flux in the BSO in-
g 2 4G P — . ) creased by 1 Sv and the inflow temperature increased @y 1
Q@ Ll V. Winterriz:c (Skagseth et 812009. According to Fig8 this should cause
-+ the winter and summer mean temperature of the southern
T N/ O Barents Sea to increase significantly. The response for mean
05 1 sv 50% area temperature towards variation in ocean heat transport is close
V ‘ ‘ w L] to linear, and observations suggest adding the “Morewater”
50 60 73 86 96 and “Warmwater” runs, i.e. a warming of arounéi@ Such
Heat Transport [TW] a large general warming has not been observed. However, a

simultaneous increase in cooling area of 10—-20% would re-

Fig. 8. Averaged model winter (blue) and summer (red) tempera-qyce the temperature increase to 0.52C.@vhich is more in
tures of the southern Barents Sea from the different sensitivity tests;ine with the observations.

Model runs are described in the text (Table 2). Observationally
based summer (red circle) and winter (blue asterisk’s) are found 3 Atmospheric warming and cooling
to the left, and the standard run “south box” values are plotted as

diamonds. The Barents Sea region has experienced a significant atmo-
spheric warming the last 10 yea#&h@ang et al.2008. Win-
ter observations from Bear Island (not shown) has increased
Increasing the size of the area in “box south” leads to a large¥om around —8°C for the 1960-1990 period to around
heat loss. —2°C for the 2005-2008 period. How much has this warm-
The northern and southern boxes are driven by exactly théng affected the Barents Sea? To investigate this, the mid
same monthly mean forcing, and the model runs thereforavinter air temperature was increased frerh2°C to —8°C.
support a few new balances within the Barents Sea. Thé-or the other months the air temperature was increased by
northern part gets little ocean heat transport and naturally eni1°C (see air temperatures in Tallg
ters a state that produces sea ice every winter. It also has an For the ocean temperatures, the effects are small &Fig.
upper water column at the freezing point, and a small ocearThe winter mean temperature increases with 8@22The
to air heat loss{3 TW). Such an ocean column covers a rel- warmer air has other significant impacts, on the sea ice thick-
atively large part of the Barents Sea, in our model it is aboutness in the northern Barents Sea, for example, but we let that
66% of the area. issue rest.

The southern box, driven by exactly the same surface forc- In this study, mean air temperatures from the ERA 40
ing, enters a totally different regime because of the transand NCEP reanalysis covering the entire Barents Sea were
ported ocean heat. The area used in this model, 33% of thesed. These air temperatures were found to be comparable
Barents Sea, produces a fairly good agreement with the obto means from met stations in the southern Barents Sea. Our
served mean temperatures. The long-term mean area warméPICE model nevertheless reproduce a cold northern ocean,
than 0°C during winter (Fig2) is however close to 50% of With small air-sea sensible and latent heat fluxes. The inter-
the Barents Sea. If a larger area is used for the southern bognnual variability in the air temperatures is large, and to eval-
keeping the transported ocean heat at 73 TW, the temperadate the effect of decreased winter air temperatures, a sensi-
tures in the box decrease. Two runs using an increased “boivity run was performed for the southern box using mean
south” area to 40% and 50% of the Barents Sea, give detemperatures based on available meteorological stations in
crease in mean temperature of 1.0 and°Z.5respectively ~ the Northern Barents Sea. These stations have a mid win-
(Fig. 8). ter air temperature around25°C. The colder air increases
the sensible heat loss, but also decreases latent heat loss (Ta-

certainties of the extracted monthly forcing. They could alsoP!€ 2)- The long wave radiation heat loss also decreases as
indicate limitations of the simple column model approach, or@ result of lower sea surface temperatures. The effect on

that the main heat loss actually takes place over an area sid'® Barents Sea mean temperatures are modest; a cooling
nificantly smaller than the 50%. The cooling area could be0f 0.75-1.00C is small, considering the extremely cold air

defined in many ways; water warmer than some limit, the po-(':ig' 8).
sition of Polar Front, or the ice free area. Regardless of the

The reduced temperature could indicate, for example, un
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These results indicate that air temperatures have a modesent. The part transported by Atlantic Water is 50 TW of heat
effect on the overall heat loss, especially compared to then 2.0 Sv of water.

cooling area. Horizontally averaged profiles of temperature and salin-
o ity show that the Barents Sea may be qualitatively divided
4.4 Decadal variability into two columns. The northern column is stratified in salin-

) ity, and has a surface layer close to the freezing point during
Hydrographic data back to the 1970's was assembled angiinter. The southern column mixes deep down during winter
used to produce the mean hydrographic climatology of theang s re-stratified every summer by the solar heating.

NISE data setNilsen et al, 200§. Our aim was originally A column model is used to reproduce these two regions

to also present decadal estimates qf the variabil_ity in the Barbf the Barents Sea. Average monthly forcing is applied, and
ents See_l heat storage. S_ome sections are available on a rqﬁ?s'ually a new stable state is established within 3-5 years.
u_Iar basis back to 19,80’ like the one across the _BSL@G(— The surface summer warming and freshening takes place
vik, 2003). The Russian Kola section is also available back i, i the northern and southern Barents Sea, while the deep
to about ,1910’ gnd shows a .mu!tl-decadal signal similar ©convection in winter only appears in the south. Model results
the Atlantic Multi decadal OscillatiorBlkagseth et al2008. thus reproduce the mean summer and winter profiles of tem-

I_n gene(;al the profl(ljes a;e nczjt z:]vallr?bl_e ever|1lly d'St”bUtded Mperature in a good way, but the average salinity profiles are
time and space, and we found that horizontally averaged tems, /. <o nsitive to the freshwater forcing.

peratures over decadal time frames have questionable repre- The heat transported to the southern Barents Sea is lost

sentativity. ) :
Y as sensible and latent heat fluxes. In this area short wave

Thg minimum annual mean temperature of _the Atlantic and long wave radiation nearly cancel over a year, with a
layer in the BSO was 4.3 in 1978, and the maximum was . .
small net ocean warming of 3 TW. A stable annual cycle in

6.4°C n 2006 Gkagseth e.t 3l2008. This range proba- mean temperature with a minimum of 2@ in late winter
bly carries a general warming trend, and the normal decadal

o . . . and a maximum of 4.9C in late summer is established in
variability in temperature is arount0.5°C. In line with our the south

findings above the deeper layers in the BSO have the larger _ .
The northern Barents Sea receives little ocean heat, and

variability, and the warming and cooling episodes of the .
~1m of sea ice grows and melts every year. The annual

1980’s are generally stronger at 400 m than they are closer : !
to the surfaceRurevik 2007). mean total heat loss is around 4 TW in the north. The com-

bined solar and long wave radiation has the same small posi-

since the 1970'sltgvaldsen and Gjgsaet@010. The NISE tiye contribution as in the south (3 TW), but in the north sen-
data grouped into pentades (not shown) indicate a warming ir?’Ible and latent heat fluxes are also small._ _
the BSX 0f~0.5°C from the mid 1970’s to the mid 1990’s. The column model shows a close to linear relation be-
Our column model setup is forced with ocean transport datdeen ocean heat transport and the mean temperature in the
since 1997, when the mean temperature in the BSX has bee_lﬁarents Sea. For the squthem Bgrents Sea an inflow warm-
close to @C. A possible further warming above’G of the N9 of +1°C, corresp(_)ndlng to an mcrt_aased heat transport of
outflow temperature in the model setup would produce a heat3 TW, would result in &-0.8°C warming. The mean tem-
transport out of the Barents Sea. The magnitude of thes@¢€rature also depends on the cooling area, and this m_creased
changes is however well within the sensitivity test of decreas-2c€an heat transport can be compensated by a 10% increase
ing ocean heat transport to the Barents Sea @jigThis is N the cooling area.
clearly an important issue that deserves further investigation In recent years a northward shift of the Polar Front, a re-
when better data become available. lated northward shift of the winter ice edge, and an increased
The observed decadal variability is arout@.5°C. This ocean heat transport has been observed. Our model approach

is a significantly smaller variability than one could expect reproduces the two mechanisms one by one, and can there-
based on the observed changes in inflow during the lastore explain their relative importance in nature. If this expan-
decade. Figur8 therefore indicates that the Barents Sea hasSion in cooling area did not occur, the warming would have
responded to increasing ocean heat transport by increasingeen much larger.
the area where the heat loss takes place. The Barents Sea is an effective and robust ocean cooler.

The observed variability in volume and inflow temperature

is large, but the variability in mean temperature, or stored
5 Conclusions heat, is low. Our results therefore indicate that the ocean

heat transport modulates both the Barents Sea mean temper-
An updated synthesis indicates that the ocean volume transature, and the area over which cooling occurs. When the heat
port to the southern Barents Sea is 3.2 Sv. This flow carriegransport increases, the warm water spreads further into the
73 TW of heat, and removes the excess freshwater enteringea, causing cooling over a larger area. This is consistent
by rain, sea ice, andt18% of the Norwegian Coastal Cur- with a retreat of the sea ice cover as suggesteS8diyeberg

In the BSX there are also some indications of a warming
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