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Impact of Barents Sea winter air-sea exchanges on Fram Strait
dense water transport

Bengamin I. Moat?, Simon A. Josey’, and Bablu Sinha'

"National Oceanography Centre, University of Southampton Waterfront Campus, European Way, Southampton, UK

Abstract impacts of extreme Barents Sea air-sea exchanges are examined using the HadCM3 coupled
ocean-atmosphere model. Variability in the Barents Sea winter air-sea density flux is found to be a
potentially significant factor in determining changes in the southward transport of dense water through
Fram Strait. The density flux variability is primarily driven by the thermal term, Fy, due to heat loss to the
atmosphere. The other two terms (haline flux and ice formation) play a relatively minor role. The difference
in ocean circulation between winters with extreme strong and weak Barents Sea surface density flux
anomalies is analyzed. This reveals an increase in strong winters of both the north-westward intermediate
depth flow out of the basin and the east-west deep flows north of Spitsbergen and south through the Fram
Strait. A linear fit yields a Fram Strait southward transport increase of 1.22 Sv for an increase in Fy of 1 X
10~ % kg m~2 s~ . For the 10 strongest Barents Sea surface density flux winters, the Fram Strait winter
southward transport increases by 2.4 Sv. This compares with a reduction of 1.0 Sv for the corresponding
weakest winters. Furthermore, the properties of the southward flowing water are modified in strong density
flux winters. In such winters, the Fram Strait water below 250 m is colder by up to 0.5°C and fresher by 0.05
than the climatological winter mean.

1. Introduction

Variations in the transports of heat and freshwater through Fram Strait may cause changes in the global
ocean circulation through their influence on Greenland Sea and Labrador Sea dense water formation [Vel-
linga and Wood, 2002; Stouffer et al., 2006; Myers, 2005]. These transports are expected to be influenced by a
range of processes including: (i) warming of North Atlantic inflow through the Fram Strait [Schauer et al.,
2004; Walczowski and Piechura, 2007; Holliday et al., 2008; Beszczynska-Moller et al., 2012], (ii) changes in the
wind stress curl field [Giles et al., 2012], and (iii) variations in the strength of air-sea buoyancy loss and
related dense water formation in neighboring seas. The last of these processes has not been considered in
detail previously. We explore it here, focusing on the Barents Sea, through analysis of a coupled ocean-
atmosphere model.

The Barents Sea is a relatively shallow shelf sea, which has recently experienced the largest sea ice retreat in
the Arctic [Cavalieri and Parkinson, 2012, Figure 3g]. As the relatively warm North Atlantic Water (NAW) flows
northward toward this region it splits into two main branches (see Figure 1). One branch enters the Barents
Sea between Bear Island and Norway, while the other proceeds north through Fram Strait. The NAW enter-
ing the Barents Sea becomes colder, less saline, and denser in the south of the region. A component flows
out in winter into the Nansen Basin through the St. Anna Trough [Schauer et al., 2002; Rudels et al., 2004;
Aksenov et al.,, 2011]. This modified NAW outflow contributes to formation of between 50% and 80% of the
Arctic Intermediate Water (AIW) [Schauer et al., 1997] in the Nansen Basin. The AIW subsequently returns to
the North Atlantic through the Fram Strait on a time scale of order 20 years [Newton et al., 2008; Smith et al.,
2011]. In addition, there is a small outflow from the Barents Sea through the strait between Spitsbergen and
Franz Josef Land [Loeng et al., 1997], referred to subsequently as the SFJL Strait. The Barents Sea ice extent
is controlled, in part, by the recent strengthening and warming of the NAW inflow [Arthun et al., 2012].

Within the Barents Sea, the NAW may become colder as a result of intense air-sea heat loss. This intense
loss results from exposure to the atmosphere in ice-free open water and in short-lived polynyas. Its salinity
is modified through mixing of the cooled NAW with brine rich waters from ice formation, and freshwater
from river runoff and precipitation. The heat transport into the Barents Sea modulates both its mean
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Kara Sea

Figure 1. Schematic of the general circulation and bathymetry of the Barents and Greenland Seas. The thick red solid lines indicate the rel-
atively warm North Atlantic Water (NAW) entering the Arctic and Barents Seas. The dashed black lines indicate the dense deep return
flow.

temperature and the area over which the cooling occurs [Schauer et al., 2002, Smedsrud et al., 2010]. In par-
ticular, when the heat transport is high the warmer water spreads further into the basin enabling cooling
over a larger area. However, the detailed relationship between the surface buoyancy flux forcing in the
Barents Sea and outflows from the basin has yet to be determined.

In the study reported here, we explore this relationship with a focus on the consequences of enhanced
Barents Sea surface heat loss. Our approach is to use a 1000 year long preindustrial control run of the
coupled ocean-atmosphere model, HadCM3. The long period spanned by the run enables such a study as it
samples a very wide range of air-sea interaction conditions. For example, winter mean net air-sea heat flux
ranges from —203 to —46 W m~2 on average in strong and weak heat loss years (see section 3.2). Note,
heat flux is defined to be negative for ocean heat loss throughout our analysis. Thus, we are able to isolate
extreme heat loss events and determine their impacts on the regional ocean circulation. In particular, we
examine whether changes in Barents Sea dense water formation have potential consequences for the SFJL
Strait outflow and the Fram Strait transport. The magnitude of the outflow is very uncertain given the lim-
ited observations available but thought to be small [Loeng et al., 1997].

We stress that we are not trying to use the HadCM3 control run to directly simulate changes in the Barents
Sea in recent decades. Recent rapid changes in Barents Sea ice cover open up the possibility for greatly
enhanced heat loss in winter and an increase in dense water formation. The enhanced loss is likely to have
a spatial dependence on the location of the sea ice edge [Day et al., 2012]. Continuing reductions in ice
cover expected in the next few decades [Stroeve et al., 2012; Wang and Overland, 2009] may further enhance
this process. Simulation of the impacts of these recent changes requires a model that accurately represents
forcing conditions, ocean circulation, and hydrography over the past few decades. Such a simulation is
beyond the scope of the present study.

Our research builds on two earlier analyses that used coupled models to determine the influence of Green-
land Sea extreme heat loss on the southward transport of dense water through Denmark Strait [Grist et al.,
2007, 2008]. In Grist et al. [2007], we showed using HadCM3 that deep water transport through Denmark
Strait increases by about 30% between strong and weak heat loss events in the Greenland Sea. Subse-
quently, we explored in detail the propagation time scale and pathway of the surface heat loss driven cold
anomalies through the Denmark Strait [Grist et al., 2008]. Here, we employ the techniques used in these ear-
lier studies to investigate the potential response of the Fram Strait transport to extreme winter heat loss in
the Barents Sea. The paper is organized as follows. Details of the HadCM3 model and analysis method are
given in section 2. The results of our analysis are presented in section 3 and the key issues are drawn
together and discussed in section 4.

MOAT ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1010



@AGU Journal of Geophysical Research: Oceans 10.1002/2013JC009220

a) mean of Fp (kg m? s'1)

25 5
H . 4 H .
5 Z?OE 0 =
e) mean of F(kgm“s™) 5 f) standard deviation of Fq(kgm "
_Ix10' x10°
' : 15
0 - 1
& A < Wos
) T
. h) standard deviation of F, (kg m? 3'1) "
1x10' x10
' o 15
: , ot 1
S 0.5
25°E
i) mean Fractional ice cover
0.2
»
g 0.1
0

Figure 2. (left) HadCM3 control run winter mean and (right) standard deviation of the mean surface density flux fields (units kg m 25 "):
(aand b) F, (cand d) Fy, (e and f) Fs, (g and h) Fy, and (i and j) mean and standard deviation of the fractional ice cover. The black dashed
lines indicate the climatological mean winter sea ice extent at 95% cover. Black solid lines in Figure 2a indicate the Barents Sea box
referred to in section 3.2.

2. Model and Method

2.1. Model Characteristics

We have analyzed output from a 1000 year control run of the coupled ocean-atmosphere model HadCM3
with fixed preindustrial greenhouse gases. The main characteristics of the model are briefly summarized
here; for full details, see Gordon et al. [2000]. HadCM3 has 19 vertical levels in the atmosphere with a hori-
zontal resolution of 2.5° X 3.75° and 20 depth levels in the ocean with a horizontal resolution of 1.25° X
1.25°. The model atmospheric time step is 30 min and the atmosphere and ocean components are coupled
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Figure 3. HadCM3 control run winter mean and standard deviation fields for the 78.75°N section through Fram Strait (a and b) tempera-
ture; (c and d) salinity; (e and f) potential density; (g and h) velocity. Velocities are positive for northward moving water.

once per day. The model takes about 400 years for the heat and freshwater budgets to become balanced,
after which it exhibits a stable climate without the need for flux corrections. We have used output in the
interval from model year 1850 to 2849 that is the 1000 year section that falls after the initial 400 years of
integration.

Gordon et al. [2000] discuss the main characteristics of the control run and many subsequent studies have
employed HadCM3 to examine a wide variety of climate system processes. For example, Sinha et al. [2013]
used the model to study the impacts of westward propagating baroclinic Rossby waves. These are gener-
ated by fluctuations in wind stress curl on the eastern boundary and are found to have an important effect
on the variability and predictability of North Atlantic meridional transports. Of relevance to the present
study, forced experiments with HadCM3 have been able to capture observed recent Arctic climate change.
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For example, the decline of sea ice area and volume [Gregory et al., 2002; Ridley et al., 2012] and increases in
river discharges into the Arctic Ocean since the 1960s [Wu et al., 2005]. As noted in section 1, we have previ-
ously employed it to study heat loss impacts on the Denmark Strait transport [Grist et al., 2007, 2008].

2.2. Analysis Details
As a measure of the combined influence of air-sea heat and freshwater loss, and ice melt, on the surface
water density we employ the total surface density flux, F,, given by:

Fp:FT+F5+F/M (1)

Here, the different contributions are the thermal component (F;), and two haline components, the net evap-
orative density flux (Fs), and the ice melt/formation density flux (F;,). These are defined as follows:

_ Qpet
FT— o CP )
E—P
— IM
Fim=popS (1-5/1000) (4)

Here p is the density of water at the sea surface, Cp is the specific heat capacity of water, S is sea surface
salinity (measured on the Practical Salinity Scale), Q¢ is the net heat flux (defined to be positive for heat
gain by the ocean from the atmosphere), E-P is the net evaporation at the ocean surface and |y, is the fresh-
water flux associated with ice formation or melt (defined to be negative for net freshwater input into the
ocean, i.e., as a result of ice melt). Note that Qe is the sum of contributions from four heat flux compo-
nents: the sensible, latent, longwave, and shortwave fluxes. The terms o and f§ are the thermal expansion
and haline contraction coefficients, respectively,

__19
pOT
__19
b= p 0S

Values for p, Cp, o, and f§ have been calculated using equations summarized by Gill [1982, Appendix 3].

Our analysis focuses on winter (defined to be December-March, DJFM) as this is the season of maximum
heat loss. Time series of winter mean Barents Sea air-sea density flux and southward Fram Strait dense
water volume transport (using a section along 78.75°N) have been determined from HadCM3. Dense water
is defined to be water denser than 27.0 kg m 3. This threshold is chosen to separate the light surface south-
ward transport of the East Greenland Current from waters transformed to denser water classes in the
region. Each time series has been linearly detrended prior to calculation of correlation statistics.

3. Results

3.1. Winter Mean Surface Density Flux and Fram Strait Transport Properties

The HadCM3 1000 year run winter mean surface density flux in the Barents Sea and adjacent regions,
together with its components, is shown in Figure 2. The dashed lines show the model climatological mean
winter sea ice extent at 95% cover. Over open water, the thermal term dominates the contribution to the
density flux in the mean with much smaller values for Fs. The thermal term tends to increase water density
(i.e., there is a positive density flux which corresponds to net heat loss) with high values in the western
Barents and Norwegian Seas (Fr up to 10> kg m ™2 s~ '). By comparison, Fs is typically two orders of magni-
tude smaller (order 1077 kg m~2 s~ ') over the whole region. The contribution of ice melt/formation, Fy,
over most of the region is positive due to brine rejection associated with ice formation, reaching values up
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to 7 X 10 ®kgm %5~ ". Note that negative values, which indicate reduction in density due to ice melt, are
largely confined to a small region north of Denmark Strait. The ice distribution (Figure 2i) reveals a transition
from relatively ice-free winter conditions in the western Barents Sea to 50-100% cover in the eastern
Barents Sea.

Similar conclusions regarding the different components hold for the standard deviation of the mean field
(determined for the set of all 1000 winters from the model control run). The thermal term tends to domi-
nate variability in the western Barents, Greenland, and Norwegian Seas, with variability in the haline term
being very small in comparison across the whole region. The ice melt term shows locally strong variability,
in particular in the Denmark Strait and Greenland Sea regions close to the mean ice edge.

Properties of the water flowing through Fram Strait at 78.75°N in the model are shown in Figure 3. In the
surface layer (0-500 m), two main currents are present. On the western side, cold Arctic surface waters flow
southward in the East Greenland Current (EGC). Along the eastern margin, relatively warm Atlantic waters
flow northward into the Arctic in the West Spitsbergen Current (WSC). The surface waters are relatively fresh
and become more saline from west to east. This dominates the temperature effect on density, as there is an
overall increase in surface layer density from west (=25.0 kg m ) to east (=27.9 kg m~>) across the strait.
The deeper waters (~500-2500 m) are dominated by southward flow with mean velocity up to 0.4 ms™' at
1500 m).

Over the 1000 year period of the model simulation, the annual net oceanic full-depth volume transport is

0.8 £ 0.5 Sv to the south. This represents the difference between large northward (10.5 = 1.6 Sv) and southward
(11.3 £ 1.7 Sv) flows. These values are in reasonable agreement with observation-based estimates by Schauer

et al. [2004] of 9-10 Sv northward and 12-13 Sv southward. The NAW inflow into the Barents Sea between Bear
Island and Norway has also been compared with observations. The mean winter/summer volume transport is
1.8 = 1.1 Sv/0.7 £ 0.5 Sv and agrees well with observations 1.7 Sv/1.3 Sv [Ingvaldsen et al., 2004].

The control run winter mean flow at two levels (204 and 996 m) chosen to represent the intermediate and
deep flow is shown in Figures 4a and 4b. The strong mean outflow from the Barents Sea to the Arctic
through the St. Anna Trough is clearly evident at 204 m. The mean flow field at 996 m shows the southward
transport through the Fram Strait. This will subsequently be shown to be enhanced in strong Barents Sea
air-sea density flux winters. The HadCM3 bathymetry is also shown in both Figures 4a and 4b for reference.
It may be compared with high-resolution observation-based bathymetry from the National Oceanic and
Atmospheric Administration ETOP02v2 data set (from http://www.ngdc.noaa.gov/mgg/fliers/06mgg01.
html) in Figure 4c. Although the model is relatively coarse, it can be seen to have a reasonable representa-
tion of the features evident in the observed fields given the difference in scales.

3.2. Extreme Surface Density Flux Events in the Barents Sea

A composite analysis has been carried out to investigate the characteristics of extreme winter Barents Sea
surface density flux events and their potential impacts on the regional ocean circulation. A similar approach
was taken in the studies of the Denmark Strait transport response to Greenland Sea surface heat loss noted
in section 1 [Grist et al., 2007, 2008]. We employ it again here for consistency with the earlier work. For this
analysis, the density flux values are averaged over a Barents Sea box (27.5-51.25°E, 69.375-79.375°N, shown
by the black solid box in Figure 2a).

For the full period of the HadCM3 control run, the time series of F,, averaged over the Barents Sea box is shown
in Figure 5. The mean value for F, is 3.8 X 10" ® kg m~* s~ with a standard deviation of 6.5 X 10" kg m™~2
s~'. The 10 winters of strongest and weakest density flux were identified and are indicated by crosses in Figure
5. These winters are referred to as the SL and WL winters, respectively. This terminology was adopted in earlier
work [Grist et al., 2007, 2008] and reflects the strong and weak net air-sea heat losses that the winters exhibit
(see below). For the SL winters, the mean F, = 5.4 X 10 °kg m~2 s " while for the WL subset, F,, = 2.3 X
107% kg m~2 s~ (in each case the difference is greater than two standard deviations from the mean). The cor-
responding net heat flux value for the SL winters is Que = —203 W m™ 2 and for WL, Qnec = —46 W m ™2 Thus,
the winter mean net heat loss from the ocean to the atmosphere increases by 157 W m~ 2 between the two

cases. This is primarily due to an increase in the combined latent and sensible heat loss by 107 W m ™2,

We note that the Barents Sea ice cover in HadCM3 tends to be greater than in the recent observational
record. For example, the model winter mean ice cover for the Barents Sea box in SL years is 54.5%. In
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KN the winter mean ice cover from
4000 the HadISST observation-based
3000 data set [Rayner et al., 2003] for
2000 1980-2008 and find it to be
32.9%. However, the relatively
1000

high ice cover in the model does
0 not prevent us from examining
the impacts of the variations in
winter air-sea heat exchange that
are the main goal of our analysis.
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This is demonstrated by the large

3000 ranges in air-sea density and net

2000 heat flux between SL and WL

1000 years noted above.

0 Composite maps showing the
anomaly of F, from the 1000 year
winter mean averaged over the
SL and WL years are shown in

4000 Figures 6a and 6b. In the SL

3000 years, a coherent pattern of

2000 enhanced total density flux is evi-

1000 dent in the Barents Sea region
with individual grid cell F,,

0 anomalies approaching 5 X 107°
kg m~2 s~ ", A similar pattern

Figure 4. HADCM3 mean winter velocity (arrows) at: (a) 204 m, (b) 996 m. The model with sign reversed is observed
bathymetry (color field, units m) is overlaid in Figures 4a and 4b, with the bathymetry for the WL years, with negative

from the ETOP02 data set displayed in Figure 4c. anomalies as Iarge as —5 X 107

kg m~2s"'. The composite study
has also been carried out using density flux fields from the NCEP/NCAR atmospheric reanalysis for the
period 1950-2005, see Figures 6¢ and 6d. Note the definition of winter is such that 1950 refers to the com-
bined months of December 1949 and January—March 1950; likewise for other winters. The reanalysis was
not detrended. However, this does not lead to a problem with clustering at either end of the record as both
the SL and WL subsets contain five winters prior to 1975, and five winters after 1975. Similar patterns to
those found with HadCM3 are obtained using NCEP/NCAR for the SL and WL winters indicating that the
model provides a reasonable qualitative representation of the surface density flux extremes. Note the differ-
ence in scales between the model and NCEP/NCAR panels. The latter are reduced in amplitude by about a
factor 2 which may reflect the relatively short period (56 winters) used for the reanalysis composite when
compared with the model (1000 winters). For further comparison, we have generated additional SL and WL
composite plots from the model using winter subsets spanning the same length (56 winters) as the NCEP/
NCAR reanalysis. It is possible to generate a total of 17 of these 56 winter subsets from the full 1000 year
model run. The average over these subsets is shown in Figures 6e and 6f (now using the same color scale as
Figures 6c and 6d). Reasonable qualitative and quantitative agreement with the NCEP/NCAR composites in
Figures 6¢c and 6d may now be observed.

Changes in the ocean circulation at depth associated with the strong air-sea density flux years are examined
in more detail by forming winter velocity anomaly maps on the 205 and 996 m model depth levels aver-
aged over the SL subset, see Figure 7. In the SL years, there is an increase in both the northward intermedi-
ate depth flow out of the Barents Sea (Figure 7a) and the east-west deep flows north of Spitsbergen and
south through the Fram Strait (Figure 7b). Note there is a change of scale by 30% between Figures 7a and
7b in order to improve the clarity of Figure 7b. The anomalous flow on the 996 m level is highlighted by
showing all velocity anomaly vectors with magnitude greater than 0.005 m s~ ' in red. This reveals an anom-
alous east to west flow north of Spitsbergen, originating in the SFJL Strait, which subsequently flows south-
ward through Fram Strait toward the Norwegian Sea. In the WL composite (not shown), there is a weak
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Figure 5. Time series of Barents Sea box winter (DJFM) mean total density flux, F,, from
the HadCM3 1000 year control run. Red/blue crosses denote the years of strongest/weak-
est density flux. The solid and dashed lines represent the mean density flux and =1
standard deviation from the mean.

anomalous flow at 996 m in the
opposite, northward, direction
toward Fram Strait. Note also
that, in addition to the modified
outflow, an anomalous cyclonic
feature in the Barents Sea at the
205 m level is seen in Figure 7a.
This indicates that the increased
surface fluxes in SL years also
modify the sub-basin scale
circulation.

3.3. Barents Sea Surface
Density Flux Impacts on Fram
Strait Transport

The model results presented in
Figure 7 suggest that extreme
Barents Sea heat loss may
increase the outflow through the
SFJL Strait. Measurements in this
region are lacking [Loeng et al.,

1997], so it is not possible to determine whether this response is supported by observations. However,
the direction of the anomalous flow in the deeper layer in HadCM3 suggests that extreme Barents Sea
heat loss may subsequently influence the transport through Fram Strait via a short time scale anomaly

a) HADCM3 SL : F_anomaly b) HADCM3 WL : F_anomaly

p 6 p 6
x 10 x 10
5 5
0 0
-5 -5

d) NCEP/NCAR WL : FP anomaly

x10° x10°
2 2
0 0
-2

e) HADCMS3 sub-sample SL : F’J anomaly

x10°

Figure 6. (a and b) Composite maps showing the anomaly of the HadCM3 total winter density flux from the 1000 year winter mean aver-
aged over (a) the 10 strongest (SL) and (b) the 10 weakest (WL) surface density flux winters. Dashed lines as Figure 2 shows 95% ice extent.
(c and d) Composite maps obtained from NCEP/NCAR reanalysis following the same approach but selecting the 10 SL and WL winters
from the period 1950-2005. (e and f) As Figures 6a and 6b but now showing the average over 17 subsamples from HadCM3 each of which

is of the same length (56 winters) as the NCEP/NCAR period considered.
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a) Depth= 204 m propagated via the SFJL Strait.
The composite circulation pat-
tern is a winter velocity anomaly
so a component of the anoma-
lous flow occurs on a time scale
of several months (i.e., within
the winter in which the strong
heat loss event occurs). How-
ever, the SL winters do not
always occur in isolation as there
is a tendency in some cases for
them to occur with short interval
gaps of several years (see Figure
5). Thus, the anomalous flow
also reflects to some extent the
combined contributions of
closely separated winters and
this makes it difficult to identify
a characteristic time scale for the
propagation from the composite
analysis. This anomalous flow
occurs in addition to the previ-
ously recognized longer time
scale, of order 20 year anomaly,
resulting from outflow through
the St. Anna Trough that propa-

| | deoth level g . gates around the Arctic Basin
Figure 7. HADCM3 winter velocity anomalies at two depth levels averaged over the SL X .

subset: (a) 204 m and (b) 996 m. The dashed line indicates the section displayed in Figure [Newton et al., 2008; Smith et al.,
11. The red vectors in Figure 7b indicate a velocity magnitude >0.005 m s~ to highlight 2011]. A detailed analysis of the

the anomalous southward flow. relevant time scales requires fur-
ther research using ocean model
runs perturbed with an anomalous Barents Sea density flux signal in a given winter to isolate the propa-
gation of the circulation anomalies. We carried out such an analysis in our earlier study of processes
affecting the Demark Strait overflow [Grist et al., 2008] and plan to adopt a similar approach in subse-
quent work to fully determine the characteristic time scales for the Barents Sea influence on Fram Strait.

In the present study, we now employ a correlation analysis to examine whether variations in the transport
through Fram Strait may be related to surface density flux variability in the adjacent ocean regions at short
time scales. The correlation between annual mean southward winter volume transport through Fram Strait
and surface density flux is shown in Figure 8. In order to focus on the deep southward flow, the low density,
southward-flowing polar water (<27.0) on the Greenland shelf was removed before calculating the trans-
port. The correlation coefficients shown are significant at the 99% level based on a (two-tailed) Student’s t
test. All the time series were detrended and autocorrelations were taken into account in determining the
degrees of freedom for significance testing [Emery and Thomson, 1997].

The pattern for F, shows a large region with positive correlations centered on the Barents Sea (Figure 8)
with a maximum value r = 0.40. The pattern for Fy is broadly similar to that obtained for F, as is to be
expected given the strong contribution of Ft to the total density flux discussed earlier. The correlation val-
ues between Fr and the transport tend to be greater than those found with F,,. This indicates a stronger
dependence of the Fram Strait transport on the thermal component of the density flux once the ice melt
and haline terms are removed. In comparison, the correlation values between the transport and both Fs
and Fyy, are weaker than those found with F. The correlation pattern for Fs is somewhat similar to that for
Fr. This is to be expected as Fs is dependent on evaporation and this also influences F; via the latent heat
flux (which is equivalent to the evaporation). The correlation pattern for Fyy is notably different to the others
shown and exhibits a high degree of spatial variability with frequent changes in sign. Although the Fyy cor-
relations for the Barents Sea are locally as high as in the other panels, they are of small spatial extent
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a)F (kg m?s") suggesting that ice melt does not
have as strong and coherent
impact on the Fram Strait trans-
port as Fr. This suggestion is sup-
ported by subsequent regression
reported below (see discussion of
Figure 8).

The Fram Strait winter southward
transport anomaly has been cal-
culated for each of the extreme
density flux subsets introduced in
section 3.2. For the SL years, there
is an increase in the southward
transport of 2.4 Sv and for the WL
years there is a reduction of 1.0
Sv. More generally, the variation
of the mean southward winter
transport through Fram Strait
with the Barents Sea box mean
winter total density flux and its
components is shown in Figure 9
for all years. An increase in trans-
port with F, is clearly seen
(r =0.47) and this is even more
evident with F; (r = 0.52). Such a
relationship is to be expected if
cooling of Barents Sea surface
25°E water via atmospheric heat loss
d)F,, (kg m?s") results in production of dense
water that subsequently leaves
the region at depth toward the
north-west and then propagates
south through Fram Strait (as
shown in Figure 6b). A linear fit to
the relationship yields a Fram
Strait southward transport
increase of 1.22 Sv for an increase
inFrof 1 X 10 %kgm s . For
Figure 8. Correlation of the southward winter transport through the Fram Strait with: (a) Fiw, the correlation with the
F, (b') FT.' (c) Fs, and (d) Fim. Colored. r.egions inqicate com‘elat.ion coefﬁ.cient values that southward volume transport is
are significant at a 99% level. A positive (negative) value indicates an increase (decrease) oL o
insignificant (r = —0.07). This indi-

in the mean Fram Strait southward transport coincident with an increase (decrease) in
the surface density flux. Black solid and dashed lines as Figure 2. cates that variations in the ice

melt buoyancy forcing do not
play a major role in modifying the transport. The scatter plot for Fs is not shown as this term is much smaller
in magnitude (maximum value 3 X 10~7 kg m ™2 s~ ") than either of the other two terms and has a negligi-
ble contribution to the total winter density flux in the Barents Sea box.

We have investigated whether the Fram Strait temperature and salinity fields change at the time of strong
Barents Sea air-sea density flux using composite anomaly fields for the SL subset in Figure 10. Coherent pat-
terns of change are evident in the southward flowing water below 250 m which is colder by up to 0.5°C
and fresher by up to 0.05 than the climatological winter mean. In addition, we show changes in tempera-
ture and along-track velocity in Figure 11 along a model section. The section runs from the Barents Sea
northward through the SFJL Strait, then west to east along a line north of Spitsbergen and finally south
through Fram Strait (section shown in Figure 7a). A coherent signal emerges with strong near surface out-
flow (velocity anomalies up to 0.01 m/s) at 100-200 m depth in the north-south Barents Sea section (C-D).
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20 T T T T T These persist at deeper levels,
a) r=047 peaking at 1000 m in the

1 east-west section north of
Spitsbergen (B-C) and are

g accompanied by cold temper-
atures of 0.2-0.3°C. Cold

Transport (Sv)
S
T

51 : ) . 1 anomalies are also evident in
the deep layers (1500-3000
0 L L L L . m) south of Fram Strait (A-B)
0 1 2 3 4 5 6 L .
F, (kg m2s™T) <10° although the velocity signal is

less clear here which may

20 . . . . . reflect the effects of mixing.

b) r=0.52

4. Summary

: The aim of this study has pri-
marily been to examine how
s - the Barents Sea circulation
responds to a wide range of
0 L L ! L ! air-sea density flux forcing as
5 realized by a 1000 year con-
trol run of the HadCM3
20 . . . . . coupled ocean-atmosphere
¢) r=-0.07 model. The long control run
has enabled a wide range of
air-sea interaction conditions
to be sampled and the inten-
tion has not been to directly
represent conditions in the
recent decades of strong sea-
ice loss in the Barents Sea.

Transport (Sv)
=
T

Transport (Sv)
S
T

3
-2 -1
FIM (kgm*=s’)

x10° We have analyzed the differ-
ence in ocean circulation
Figure 9. The variation of the mean southward winter transport through Fram Strait with the between years with extreme

Barents Sea mean winter: (a) total density flux (F ), (b) thermal component (Fy), and (c) ice

melt component (Fy). Linear regressions are fitted to the data and shown in each plot. strong and weak Barents Sea

surface density flux. This

reveals an increase in both
the north-westward intermediate depth flow out of the basin and the east-west deep flows north of Spits-
bergen and south through the Fram Strait (Figure 7). For the 10 strongest Barents Sea surface density flux
years, the Fram Strait winter southward transport increases by 2.4 Sv. This compares with a reduction of 1.0
Sv for the corresponding weak surface density flux years. Furthermore, the properties of the southward
flowing water are modified under strong Barents Sea density flux conditions. The water below 250 m in the
Fram Strait being colder by up to 0.5°C and fresher by 0.05 than the climatological winter mean.

Anomalies in the total surface density flux, F,, in the Barents Sea arise primarily from the thermal term, Fr.
The other two terms (haline and ice formation) play a relatively minor role. The strength of this relationship
has been quantified by considering air-sea density flux values averaged over a Barents Sea regional box.
The value of the correlation coefficient between the Fram Strait dense southward flow and the box aver-
aged Fris r = 0.52. Thus, about 25% of the variance in the flow may be explained via variability in the winter
air-sea density flux forcing of the Barents Sea.

The results that we have obtained show the response of the Barents Sea circulation to extreme air-sea
exchanges in a long (millennial timescale) control run of a coupled ocean-atmosphere model. The modified
outflow through the Spitsbergen-Franz Josef Land Strait following extreme Barents Sea heat loss and its
subsequent impact on the Fram Strait transport has not previously been recognized. Given the long nature
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a) Strongest years: temperature anomaly

Depth (m)
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Longitude

b) Strongest years: salinity anomaly
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-15 -10 -5 0 5 10
Longitude

Figure 10. Fram Strait section composite fields showing the anomalies from the 1000 year winter mean of (a) temperature and (b) salinity
averaged over the SL winter subset.

of the run we are not, at present, able to say whether the results are of direct relevance to changes in the
Barents Sea region in recent decades. In future work, we aim to make this connection by examining

whether a similar Barents Sea outflow modification occurs in a high-resolution ocean model (1/12° NEMO,
Deshayes et al. [2013]) forced by observed surface flux fields since the late 1980s.

Our analysis indicates that surface density flux variations in the Barents Sea, primarily driven by changes in
the net air-sea heat flux, are potentially important for the regional circulation. In the coupled model run

A FS (0 B 81.25N C BS(406W) D
0 1
am | [ feF 08
500 —t - -+ 4+ ‘-
-« —a — e 06
1000
- < + <t <+ 0.4
1500 02
e |- | 4+ -
2000 0
2500 e
0 -0.4
3000
06
3500 o
4000 -1
55 80 65 70 75 80 10 20 30 80 70
latitude longitude latitude
A B C

Figure 11. Anomalous temperature and along-track velocity anomaly for the SL year subset along a model section running from the
Barents Sea northward through the SFJL Strait (D to C), along an east-west line north of Spitsbergen (C to B) and then south through Fram
Strait (B to A). Note: the section is shown in Figure 7a.
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considered here, they have an impact on the southward transport through Fram Strait on a time scale of
order a year. Assessing whether this mechanism operates in the real world given changes in ice cover in the
Barents Sea in recent decades is an interesting question for ongoing research.
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