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Abstract

The seasonal cyclein the Atlantic inflow to the Barents Seais investigated by using 4-year long records
from moored current meters, additional moorings of shorter duration, and hydrographic measurements. A
higher transport during winter than summer is most common, but in years where the Barents Sea climate
changes from a climatically cold to aclimatically warm period (and probably vice versa), it may differ
substantially from this. The higher transport during winter is related to barotropic currents that are forced
by sea-level changes within the section induced by a shear in the cross-section wind stress, although
possibly enhanced by variations in the remotely forced Norwegian Atlantic Current. The seasonal
variation within the section is not uniform, and the strongest seasonal signal is found in the middie and
northern parts. In the area near 71°30'N the wind (both speed and direction) changes substantially from
winter to summer, without changes of the net Ekman transport. The water-level gradient, and the
associated barotropic current, therefore has no seasonal variation in this area. However, there is a seasonal
signal in the front between the Atlantic and Coastal Waters near the Norwegian Coast. Thisis dueto
coastal downwelling during winter that is forced by strong southwesterly winds. The mean transport of

Atlantic Water is estimated to 1.7 Sv (1 Sv=106 m3 s71) during winter and 1.3 Sv during summer, but
there is a pronounced minimum in Atlantic inflow (or even outflow) in spring due to an annual event of
northerly winds.
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1. Introduction

Theinflow of Atlantic Water (AW) is of crucial importance for the physical and ecological conditions of the Barents Sea. With the inflowing AW, fish larvae
and zooplankton are advected into the Barents Sea from the Norwegian Sea (e.g. Ozhigin and Ushakov, 1985; Skjoldal and Rey, 1989; Skjoldal et al., 1992;




Giskeet al., 1998). The climatic conditions affect the growth rate and distribution of zooplankton and fish larvae, as well as fish population parameters as
growth, recruitment, migration and distribution (e.g. Ottersen and L oeng, 2000; Stenseth et al., 2002). Recent publications have proposed that a warming of
the Barents Sea may lead to a redistribution of the commercial important fish speciesin the Barents Sea ( Blindheim et al., 2001). Thus, an understanding of
the variability of the Atlantic inflow is highly important.

The Barents Sea also influences the Arctic Ocean; not only by providing a pathway for AW to the Arctic Ocean, but also as a shallow shelf sea producing
dense water through cooling and brine release. When passing through the Barents Sea the AW is strongly modified by cooling, mixing and freezing during
winter, and al the AW entering in the west is modified and leaves the shelf toward the Arctic Ocean mostly with temperatures below 0°C (Schauer et al.,

2002b). According to Schauer et al. (2002a), the Barents Sea plays a special role among the other shelf seas considering the ventilation of the Arctic Ocean
because: (1) being close to the Norwegian Sea it receives the most saline marine inflow, (2) through its permanent inflow from the Nordic Seas it
continuously supplies water to the central Arctic basins ( Rudels, 1987; Rudels et al., 1994), (3) being the deepest Arctic shelf sea, and (4) by receiving only
little river input. Observations have shown that the Barents Sea provide intermediate water down to 1200 m depth in the Arctic Ocean (Rudels et al., 1994;
Schauer et a., 1997), and, together with the Kara Sea, the Barents Sea is the only source areafor shelf waters ventilating the Nansen Basin below the
halocline ( Schauer et al., 1997). Recent investigations suggest that the throughflow of AW also can take part in a process where water distilled at the surface
of the Arctic by freezing ends up at mid-depth in the same ocean ( Aagaard and Woodgate, 2001). The process starts with an increase in the export of ice
from the Arctic Ocean into the Barents Sea. The ice melts due to contact with the AW; whereby the melt water is entrained in the Barents Sea throughflow
and subsequently sinks into the Arctic Ocean ( Aagaard and Woodgate, 2001). Woodgate et al. (2001) ascribed an observed cooling and freshening of the

Atlantic layer in the Arctic to this process, and also Schauer et al. (2002b) pointed out that the observed freshening was due to alarger input of fresh water to

the Barents Sea. Thus, knowledge of the variability of the Atlantic inflow to the Barents Sea, and quantification of the volume transports, is important for the
understanding of the climatic state of awider region, and for evaluations of climate change.

The main inflow of AW to the Barents Sea takes place in the Norwegian Atlantic Current (NAC) through the Barents Sea Opening (BSO) (Fig. 1). Along the

Norwegian Coast, the Norwegian Coastal Current (NCC) brings relatively fresh and warm water into the Barents Sea. During winter, the NCC is deep and
narrow, while during summer it iswide and shallow (Sadre and L jgen, 1971). North of the NAC, the Bear Island Current takes relatively colder and fresher

water of Arctic origin out of the Barents Sea.




Fig. 1. Map of the Barents Sea and the main current systems. NAC: the Norwegian Atlantic Current, NCC: the Norwegian Coastal Current, and BIC: the
Bear Island Current. The solid line shows the section where the current meter moorings were deployed.

Several previous studies have given estimates of the volume flux across the BSO, but moored current measurements in the area have been rare. Prior to our
measurements the only transports based on moored current meters were from a 2-month time series (Blindheim, 1989). All other published estimations of

volume fluxes have been based on vessel-mounted Acoustic Doppler Profiler ( Haugan, 1999; O’ Dwyer et al., 2001), as well as budget considerations
(Loeng et a., 1997; Haugan, 1999), numerical modelling (e.g. Parsons, 1995), and geostrophic calculations of the baroclinic currents (numerous Russian
studies). A seasonal cycle with a higher inflow during winter than summer has been inferred based on the general wind field ( Adlandsvik and Loeng, 1991;
Harms, 1992; Furevik, 1998), on investigations upstream in the Norwegian Sea ( Orvik et al., 2001), on the geostrophic calculations, and on current
measurements in the eastern Barents Sea ( Loeng et al., 1993). However, the physical explanation to the deduced seasonality was not identified.

In this paper, we use the 4-year long time series from an array of moored current meters in the main Atlantic inflow in the BSO (Fig. 2). We also consider
two additional moorings on the slope south of Bear I1sland, hydrographic sections, 10-m wind field, and sea-level height as obtained from a numerical model.
The investigation addresses the seasonal variation in the Atlantic inflow during the period 1997—2001, and emphasi zes these issues: (1) description and
guantification of the exchanges of AW between the Norwegian and the Barents Seas, and (2) identification of the forcing responsible for the variationsin the
Atlantic inflow. The focus on the AW may seem unfortunate. The inflow of Coastal Water in the NCC is 0.5-1 Sv, 30—75% of the AW transport, and has a
large impact on the transformation of the AW in the Barents Sea. The amount of outflow of cold, less saline Arctic Water in the Bear Island Current is
unknown, but clearly important for the volume, heat and salt balances of the Arctic Ocean. The seasonal variability in both these currents may be as
interesting as the seasonal changesin the flow of AW. The limitation to the AW is due to the extension of the mooring array, which does not give sufficient
coverage in the southern and northern parts of the passage. Additional moorings will be deployed in the NCC and the Bear Iland Current in September 2003,
and the variability in these currents will be a supplement to this investigation.
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Fig. 2. Salinity in August 1998 and location of all the moorings and instruments. Black boxes denote instruments included in the 4-year time series, grey
boxes instruments from the short time moorings. Information of the moorings and instruments in the 4-year time series are given in Table 1.

The paper is organized as follows: In Section 2, the data are presented, while Section 3 deals with description and quantification of the AW transport. In
Section 4, the results presented in Section 3 are discussed and the forcing responsible for the seasonal variations is investigated. The results are summarized
and concluded in Section 5. The 4-year time series from the moored current metersis the same as used by Ingvaldsen et al. (2004), but then with the focus on
giving a description of the observed velocity field.

2. Description of the data

The 4-year records consist of velocity and temperature measurements from moored Aanderaa Recording Current Meter 7 (RCM7) deployed between 71°30'N
and 73°30'N in the period from August 1997 to August 2001 (Fig. 2 and Table 1). The number of moorings deployed, and the number of instruments attached
to each mooring, varied over the period. Data were recorded every 20 min, but were sub-sampled to daily values for this analysis. To fill gapsin the time
series due to missing single instruments (Table 1, lower panel), simple linear interpolation of the velocities from the instrument above and/or below was
performed. Thisis an adequate method since the velocities are mostly barotropic (e.g. Blindheim, 1989). When moorings No. 2b and 3b were not deployed,
interpolated values from the two surrounding moorings were used. For the period January—August 1999 mooring No. 1 was missing, and the values from
mooring No. 2 were extrapolated to represent this mooring. Time filtering was performed with an order 4 Butterworth lowpass filter ( Roberts and Roberts,
1978).

Table 1. Mooring details and statistics for current metersin the 4-year time series (upper panel), and functioning time chart for each current meter (lower

panel)
Mooring Position  Days of record  Depth (m) Mean of Velocity Temperature (°C)
Water RCM Magnitude (cms™') Direction (deg)
o, 1 T1°30°N 467 227 50) 4.5 123 6.5
19°47'E 659 125 38 129 62
31 212 3.9 34 58
No. 2 T2e00'N 265 309 50 43 123 6.5
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The presence of mesoscale eddies (with time scales of several days) can serioudly alias the result when cal culating volume fluxes from moored current
meters, but as shown in Appendix A the influence of mesoscale activity in this areais relatively small when investigating fortnightly or longer time scales.

Based on this, the time series were filtered by removing fluctuations with periods less than 14 days prior to further analysis.

Transports between 71°15'N and 73°45'N were cal culated by assigning a rectangle surrounding each current meter. The volume fluxes were calculated from
the daily values of the cross-sectional current component (which is the east—-west component as the section is aligned north—south). For the period January—
February 1999, there were only afew instruments working (Table 1). Fortunately, the bottom RCM7 at mooring No. 3 worked for the entire period, as earlier
this location was found to be the representative for the total flow through the section ( Ingvaldsen et al., 2002). A linear relationship between the velocities
from the available instruments and the total flux was assumed, and regression analysis for the period of August 1997-December 1998 was used to express the
total transport and to estimate the flux from January—February 1999. The same method was used for the periods with only three moorings (September 1999—
August 2000, see Table 1). Due to the barotropic structure of the currents, the expression for total volume flux was based on the two deepest instruments on
the three moorings. The regression analysis was performed for the period of September 2000-August 2001. When error estimates are assigned to the volume
fluxes, the calculations were performed as described in Appendix B.

The current meter data is extended with data from two moorings that were deployed on the shelf south of Svalbard (Fig. 2). One mooring (No. 6) was

deployed at 73°45'N in the period of August—October 1997 and had RCM7 current meters deployed in 50 and 125 m depths. The other mooring (No. 6b) was
deployed at 74°00'N in the period of August 1998-March 1999 and had RCM7s deployed in 50 and 106 m depths. The settings and processing of the data
were identical to the 4-year series of the current measurements. A small data set sampled after the 4-year period is also included in this paper. For the period
of August 2001-March 2002 a mooring with an Aanderaa profiling Doppler Current Meter 12 (DCM12) and aRCM7 was deployed at 73°30'N. The DCM 12
was deployed in a depth of 45 m and measured velocity in five bins between 5 and 41 m every second hour, while the RCM 7 was deployed in a depth of

60 m.

The section between Norway and Bear Island is a standard hydrographic section and is sampled 6 times a year by the Institute of Marine Research, Norway.
Here, salinity and temperature from the period 1997—2001 is used.



Thewind field at 10 m above sealevel was taken from the Norwegian Meteorological Institute (Met.no) hindcast archive (updated from Eide et al., 1985),
while the sealevel height was obtained from numerical simulations that were carried out by the use of NORWECOM ( Skogen and Sgiland, 1998).
NORWECOM isa3D, primitive equation, sigma-coordinate coastal ocean model based on the Princeton Ocean Model ( Blumberg and Mellor, 1987). The
model domain covered the Nordic Seas, the Barents Sea and the Arctic Ocean. The model was discretized on a 20 km horizontal polar stereographic grid, and
forcing included initial and boundary conditions from The Norwegian Meteorological Institute-Institute of Marine Research diagnostic climatology
(Engedahl et al., 1998), realistic meteorological forcing from the NCEP-NCAR reanalysis project, and monthly mean river runoff and tidal forcing. The
model has been validated for the Nordic and Barents Sea ( Asplin et al., 1998), and the results showed that the produced velocity fields, in general, are

gualitatively good, but the magnitudes are underestimated. Based on this we expect the sealevel height to be realistic but with possible underestimated
gradients.

Throughout the paper winter will denote the months of December through March, and summer June through August.

3. Results

The climate of the Barents Sea varies with both long- and short-term quasi-regular fluctuations (Fig. 3). Adlandsvik and Loeng (1991) found an agreement of
the fluctuations in many of the climatic variables in the Barents Sea. They suggested that the climate of the Barents Sea oscill ates between a warm and a cold
state. Positive feedback mechanisms maintain the states, i.e. they are stable states. The transition from one state to the other is likely to be enforced externally
by variations in larger-scale oceanic and atmospheric circulation ( Adlandsvik and Loeng, 1991). The current measurement programme started in a
climatically cold state ( Fig. 3), but in late winter/early spring in 1998 the climate conditions changed to a warm state that lasted throughout the measurement
period. This means that the first year of the measurements were sampled in atransition year, while the last 3 years were sampled during awarm state. The

seasonal cycle does not have to be the same for atransition year and a stable state year. In this paper, we will focus on the stable state years, as these are most
common.
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Fig. 3. Mean temperature anomaly in the AW at the section between Norway and Bear |sland based on repeated sections of hydrography. The anomaly is
calculated for the area between 71°30'N and 73°30'N, and between 50 and 200 m depth. The thick line shows the 3-year running mean, and the black arrow
shows the period when the current meter moorings were deployed.



The mean salinity distribution in January and August (Fig. 4) reveal that the moorings generally captured the main part of the Atlantic inflow (identified by

the 35 psu isoline), although some parts are missing, especially in the south during summer and in the upper 50 m during winter. Motivated by the available
data sets (basically the location of the moorings), the section was divided into four regions (Fig. 4). The seasonal signal of each region isinvestigated and an

attempt to quantify the transport of AW is also made.
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Fig. 4. Mean sdlinity in January and August for the period 1997—-2001. The thick lines separate the four regions of investigation.
3.1. Region 1—the area occupied by the moorings

The moorings covered the area between 71°15'N and 73°45'N and from 50 m depth to the bottom. The quality of the salinity data from the RCM7 s was poor,
and an identification of the different water masses in the flow by temperature and salinity could not be made. Thus, AW was defined by temperature as water

above 3°C. Concerni ng the seasonal cycle, three features of the monthly mean transports are striking (Fig. 5a). Thefirst is a transport minimum in spring
(March—April). The second is the apparent lack of a clear seasonal cycle with higher inflow during the winter than in the summer. However, when separated
into different mooringsit is evident that there are several contradicting seasonal cycles within the section (Fig. 5b—d). In the northern part of the section there
isaseasonal cycle with an outflow of AW during winter and an inflow during summer, although there are big year-to-year differences in the monthly means
in this area. The middle part has aweak seasonal cycle with a higher inflow during winter, while the southern part has avery stable inflow without any
seasonal signal at al. Dueto its high stability, the southernmost mooring has the highest mean inflow of AW, although it in general has the weakest
velocities. The third feature is that the first year of the measurements showed high inflow compared to the others ( Fig. 5a), and substantial differences appear
if the seasonal mean total transports are calculated separately for the first and for the last 3 years ( Table 2). Thefirst year had an abnormally high inflow
especially during summer compared to the remainder of the time series. As already mentioned this year was a transition year between two states, which
indicates a strong external forcing. Note also that if the first year of the measurements is not included, the year-to-year differences in the monthly means of
the total transport are reduced (Fig. 5a). Based on the preceding discussion, we propose that the first year of the measurementsis not likely to be
representative for the stable state (or most usual) seasonal cycle. The most realistic estimate of the AW transport between 71°15'N and 73°45'N and 50 m to
bottom for anormal year istherefore 1.5 Sv (1 Sv=106 m3 s71) during winter and 1.1 Sv during summer. The annual mean is 1.2+1.1 Sv.
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Fig. 5. Monthly mean transport of AW estimated from (a) all moorings, and (b—d) the separate contribution from three of the moorings. Positive transport is
into the Barents Sea (i.e. eastwards).

Table 2. Mean transports and error estimates from current measurements separated in the first and the last 3 years. The calculations of the error estimates
were performed as described in Appendix B



Atlantic Water

Winter Summer
Mooring area, Sep Y7-Aug 1.7+ 4.1 2.1+3.0
98
Mooring area, Sep 98-Aug 1.5+19 1.1+18
01

3.2. Region 2—the upper 50 m above the moorings

The mean salinity distributions during summer and winter show a clear seasonal signal in this area (Fig. 4). During winter the AW is present all the way to

surface, while during summer the stratification is strong and by the end of summer no AW is present in the upper 50 m. To estimate the transport of AW, we
investigate whether the direct wind drift in the upper meters gives a significant contribution. The instantaneous and vertically integrated Ekman transport has
a cross-sectional component UE given by

1
Up = —T1°
Pof
where £ (1026 kg m3) is the density of seawater and f (1.39x10~4 s71) is the Coriolis parameter. 77, the

along-sectional wind stress, was obtained from the along-sectional wind velocity 5 by

T = P.-.-.-rf:.l'_f'ﬁ'-
where Pajr (1.3 kg m3) isthe density of air and C q isthe drag coefficient as given by Large and Pond

(1981). The wind data are provided on aregular grid, and the grid points lying closest to the section were
identified. To determine the integrated transport a rectangle surrounding each point was assigned.
Although the Ekman transport on a daily time scale varied between 1.5 Sv into the Barents Seaand 1.6 Sv
out, the variability was high and the resulting mean values were close to zero. The mean values were 0.02
Sv during winter and 0.00 during summer with along-term mean of 0.01, i.e. negligible considering our
accuracy.

Another method for estimating the transports in the upper 50 m is to extrapolate the velocity from the
current meter in 50 m depth to the surface. To investigate the reliability of this method, transport
estimates from a profiling current meter DCM 12 and a RCM7 deployed in 60 m were compared. Volume
transports in the upper 50 m were estimated by five bins from the DCM 12, and by letting the RCM7
represent the top 50 m (Fig. 6a). The results show surprisingly small differences, both for amplitude and



phase (the correlation coefficient is 0.91). These measurements were done mainly during fall and winter,
when the stratification is weak and the winds are strong. During summer the strong stratification may
prevent such avertical homogeneity, and it seems as if the fit between the DCM 12 and the RCM7 is
weaker in early fall when the upper waters are still stratified (Fig. 6a). However, the good comparison
with the DCM 12 justifies a simple extrapolation of the observations from 50 m depth to the surface. The
transport in the upper 50 m was therefore calculated from the instruments in 50 m depth and the resulting
mean total transports were 0.25 Sv both for summer and winter. To quantify how much of the flux is AW,
we noted that AW covers an area of about 75% of the box during winter (Fig. 4), thus giving an AW

inflow of (using January as a representative) 0.18 ~0.2 Sv. Taking August as a representative for summer
the transport of AW is~0.0 during summer (Fig. 4).
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Fig. 6. Calculation of volume fluxesin the regions shown in Fig. 4. (@) Volume flux between the
surface and 50 m depth estimated by both a profiling current meter DCM 12 and by extrapolating a
RCM7 deployed in 60 m. (b) The area occupied by AW for each repetition of the standard section
in the period 1997-2001 south of 71°15'N, and (c) north of 73°45'N. (d) Volume flux north of 73°
45'N estimated from the mooring at 73°45'N in August—October 1997 (---), and from the mooring at
74°00'N in August 1998—ebruary 1999 (—).

3.3. Region 3—the area south of 71°15¢

The mean salinity distribution shows that the Atlantic inflow is pushed down-slope away from the
Norwegian coast during the winter compared to the summer (Fig. 4). The calculated area occupied by AW
(defined by S>35 and T>3°C) reveals this feature clearly with a much smaller amount of AW present in
late winter and spring than in summer (Fig. 6b).

Considering the transports in this area, Blindheim (1989) presented a 2-month time series of current

meters between Norway and Bear Island, and a rough estimate of the volume transport south of 71°15'N
based on hisresults give aflux of 0.7 Sv into the Barents Sea. Approximately 0.5 Sv of thiswas the NCC,
leaving 0.2 Sv of Atlantic water inflow. The measurements were from the period of September—October, i.
e. likely to be representative for the summer situation due to the stratification. The current measurements
of Blindheim (1989) indicated also a flow with only weak horizontal gradients between 71°30'N and the
NCC. A rather crude estimate of the transport of AW is therefore to multiply the area occupied by AW
with a constant velocity. Our southernmost mooring revealed seasonally stable currents ( Fig. 5d), with a

long-term mean velocity of about 3.5 cm s~1. This gives Atlantic transports of 0.08 Sv during winter and

0.13 Sv during summer. If the constant velocity isincreased to 5 cm s1, the transports become ~0.13 Sv
during winter and ~0.21 Sv during summer. These estimates are in good agreement with the number
obtained by Blindheim (1989). Asit islikely that this method underestimates the AW flux, our "best
guess' isthat the Atlantic transport in thisareais ~0.1 Sv during winter and ~0.2 Sv during summer.

3.4. Region 4—the area north of 73°45®

The area north of 73°45'N occupied by AW was computed as in the previous section. In contradiction to
what was found in the south, these results shows that the Atlantic influence is stronger during the winter
and spring than during the summer (Fig. 6¢). Thus, the Atlantic domain is displaced northwards during

winter. Aswas shown earlier, the mooring at 73°30'N had a clear seasonal cycle with inflow during the



summer and outflow during the winter ( Fig. 5b), indicating that the AW found north of 73°45'N during
the winter is recirculating water.

Two moorings have been deployed on the slope south of Bear Island, one at 73°45'N, the other at 74°00'
N (Fig. 2). Unfortunately, none were deployed during summer. By allowing each of the moorings to
represent the total area north of 73°45'N, two time series of (total) transport are obtained ( Fig. 6d).
Although most of the time the flow was out of the Barents Sea at these locations, persistent inflow for
almost 1 month occurred. The mean Atlantic transports were —0.1 Sv for both moorings.

As another approach, the area occupied by AW was multiplied by a constant velocity as was done in the
previous section. The mean velocity of the two upper instruments at mooring no. 5 were taken as

representative for the velocity in the AW also north of 73°45'N. The velocities were about 2 cm s™1
westward during winter and 1.5 cm s71 eastward during summer. The calculated volume fluxes of AW

become —0.1 Sv during winter and ~0.0 Sv inflow during summer, i.e. in reasonable agreement with the
two moorings on the slope.

4. Discussion

The results from the previous sections are summarized in Fig. 7. The results reveal an Atlantic transport
of 1.7 Sv during winter and 1.3 Sv during summer. This gives a seasonal variation of 25%, although an
abnormally strong flow in some years may differ substantially from these values. The annual mean is

1.5 Sv. The volume flux in the area occupied by the mooringsis by far the largest contribution to the total
flux, which means that the moorings captured most of the Atlantic inflow. Thisis probably realistic,
although its importance may be exaggerated due to the rather crude cal culation methods used outside the
mooring domain. However, independent of the quantification of the actual transports, the 4-year records
from the current meters and the hydrography reveaed a seasonal cycle in both the current velocities and
the distribution of AW within the section. The main findings are that there is a pronounced minimum in
Atlantic inflow or even an outflow in the spring (Fig. 5), thereis, in general, higher Atlantic inflow during
winter than summer ( Table 2 and Fig. 7), the seasonal variation within the section is not uniform ( Fig.
5), and the Atlantic domain is displaced northwards during the winter compared to the summer ( Fig. 6

and Fig. 7).
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Fig. 7. Schematics of the distribution of AW within the BSO and the estimated volume fluxesin the
different regions.

AW fransport = 1.7 Sy

4.1. The spring minimum

The current measurements revealed a pronounced minimum in spring (Fig. 5). At timesit was even an

outflow, being persistent as it shows on the monthly mean transports. From a separate investigation of the
velocity fields, Ingvaldsen et al. (2004) found that the relatively strong outflows in the northern part of the
BSO were generated by northerly winds. This suggests that the spring minimum is connected to a
seasonal shift in the along-sectional (north—south) wind field. The winds in the section ( Fig. 8) are part of
apronounced spring phenomenon with a periodic wind change from the general southerly direction to a
northerly. Similar shiftsin the winds are occurring in most of the Barents Sea (not shown). The northerly
winds move large amounts of water from the Arctic to the northern and eastern Barents Sea, therefore
pushing the water masses of the northern and eastern Barents Sea southwards. The supply of water into
the Barents Sea from the Arctic Ocean and a southward movement of the water masses of the northern
and eastern Barents Sea can explain why the large outflows can be present at the BSO without violating
the volume balance of the Barents Sea. It is also consistent with the necessity for a response time between
wind and sea level for such alarge-scale movement.
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Fig. 8. Monthly mean (a) along-sectional (north-south), and (b) cross-sectional (east-west) wind
speed at locations near the moorings. Southerly and westerly winds are positive (i.e. positive
directions are northwards and eastwards).

Additional factors may also contribute to the spring outflows. One of theseis the effect of the vertical
stratification; as the stratification is amost absent in spring, the effect of the wind will reach further down
in the water column. Furthermore, the formation of high-density water during the winter as described by
Midttun (1986) may enhance the observed outflow. Although the outflows have too high temperatures to




be a draining of this winter water, the ongoing process of production of winter water will generate
baroclinic horizontal pressure gradients towards the west that will increase during winter. However, due
to the barotropic nature of the currents, the sealevel should be expected to be important. In other words,
the large spring outflows are caused by an annual spring event of northerly winds, but there are probably
severa (not fully understood) contributing processes.

4.2. Higher inflow during winter than summer

The higher inflow during winter is partly due to the presence of AW in the top 50 m, but is mainly due to
higher current velocities below the direct wind-driven layer (Fig. 7). There are (at |east) two aspects that
can be responsible for the higher inflow in the deeper part during the winter; the NAC is stronger due to
upstream conditions ( Orvik et a. (2001) found that the eastern branch of the NAC in the Norwegian Sea
has a systematic annual cycle which doubles the inflow during winter), and/or there may be local effects
in the BSO that amplifies the current. In the following, we will try to identify which of the two aspects
that are dominating.

As shown by Ingvaldsen et al. (2004), the main process that drives the currents of the Atlantic inflow are
sea-level changes within the section that are induced by Ekman transport. The Ekman transport is limited
to the upper layers and its direct contribution to the total transport is comparatively small (e.g. Section
3.2), but it has a significant effect through its ability to accumulate water and change the sea level. The
pressure gradient associated with the sea-level gradient then drives barotropic currents. The Ekman
transport affects the sealevel in two ways. Along a coastline a uniform alongshore wind will increase or
decrease the water level directly within a distance of the barotropic Rossby radius of the coast (e.g. Gill,
1982), while away from the boundaries, the shear in a non-uniform wind field will result in local
accumulation or removal of surface waters. To investigate the effect of the shear of the local wind field
we use the along-sectional Ekman transport VE given by

1

Vg = — — T
Pof
The cross-sectional wind stress 7 is obtained from the cross-sectional wind velocity 7; by
T = P alielie (the other variables are defined asin Section 3.2). The sealevel at any given point
depends on the amount of water transported into and out of the area. Therefore, the net Ekman transport in

agiven areawas calculated as the difference between the two surrounding pointsin the north and south.
At the Norwegian coast, there can be no Ekman transport across the coast and Vg was defined as zero.



During the winter the wind field is clearly sheared and will decrease the water level along all of the
section except near the coastline (Fig. 9), while during the summer it is only in the southern part that there

isan effect of the wind shear. Note that due to the remotely forced NAC the water level, in generd, is
higher towards the Norwegian coast, i.e. the wind field will only modify an existing gradient. The wind
field, Ekman transports and the consequences for the sealevel are outlined in Fig. 10. Thisreveals that

due to the local wind field the water-level gradient is much steeper during winter than that of summer, and
the associated geostrophic currents are therefore stronger during winter. The cross-sectional geostrophic
current Ugeo isgiven by

gan

Vgeg = — = —.
= ray

where isthe water level, g (9.82 m s72) is the acceleration due to gravity and f is the Coriolis parameter.
The water level dueto the local wind field is difficult to quantify as it depends on the along-sectional and
the cross-sectional Ekman transports as well as Ekman pumping. However, the numerical model finds the
mean total water level during summer and winter, and the associated geostrophic currents reveal the
deduced seasonal variability with higher velocities during the winter than in summer (Fig. 11). The
calculated currents include both the effect of the local wind and the possible stronger gradient dueto a
stronger NAC during winter. However, a stronger NAC during the winter should, at least in principle,
give auniform gradient along the section, while the difference between the geostrophic currents during
winter and summer reveal non-uniformity that resembles the difference in the water-level gradients
deduced from the shear of the wind field (Fig. 10 and Fig. 11, see also Section 4.3). This suggests that the

higher inflow during the winter is mostly due to the shear in the cross-sectional wind, although possibly
amplified by a seasonal cycle in the remotely forced NAC. To quantify the barotropic contribution, the
volume flux is calculated by simply interpolating the barotropic geostrophic current ( Fig. 11) all the way
to bottom, giving 4.6 Sv during the winter and 3.1 Sv during the summer. Considering that the strong
outflow in the deepest part of the channel is not included, and neither is the baroclinic flow contribution
(and thisistotal transport, not only transports of AW), these numbers are reasonable. The seasonal
variation is 33%, which is higher than the 25% found in the beginning of this section. This may be related
to an opposing seasonal signal in the deep outflow or in the other contributions that are not included.
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Fig. 9. Net along-sectional Ekman transport at the section between Norway and Bear Island. The
calculation was performed so that the net transport is positive when the gain is larger than the lose,
i.e. anegative trangport is associated with adecrease in sealevel.
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sea level.

4.3. The non-uniform seasonal variability within the section

The shear in the cross-sectional wind induces a non-uniform seasonal cycle within the section, which



resembles that in the geostrophic velocities (Fig. 10 and Fig. 11). The largest winter-to-summer

differencesin water-level gradient due to the shear of the wind field is found near the Norwegian coast
( Fig. 10c), and this area a so shows the largest winter to summer difference in geostrophic velocity ( Fig.

11). Near 71°30'N alternatively, there is amost no difference between the seasons at al, whichisasoin
accordance with the current measurement ( Fig. 5). This shows the importance of the shear of the wind
field, as both the wind speed and direction in this area changes substantially from winter to summer (Fig.
10a), but the net Ekman transport remains the same ( Fig. 9 and Fig. 10). Therefore, the water level due to
the shear of the wind will have almost the same gradient during both seasons ( Fig. 10c), and the
associated geostrophic current has no seasonal signal ( Fig. 11). North of 72°00'N, the difference between
winter and summer increases northward towards 73°30'N both for water-level gradient as expressed by
the net Ekman transport ( Fig. 10c) and geostrophic velocity ( Fig. 11). A seasonal signal was also found
in the current measurementsin this area ( Fig. 5). The geostrophic velocities do not reproduce the outflow
in the northern part of the section ( Fig. 11), reflecting that this probably not is driven by local sea-level
gradients.

4.4. Seasonality in the distribution

The hydrographic data showed that the Atlantic domain, in general, is displaced northwards during the
winter compared to that of the summer (Fig. 6 and Fig. 7). In the southern parts the Atlantic water is

found further down-slope during the winter ( Fig. 4). Thisislikely aresult of coastal downwelling. The
southwesterly winds along the Norwegian coast during the winter force the surface waters towards the
coast ( Fig. 10), and the water level along the Norwegian coast rise (consistent with the stronger
geostrophic currentsin Fig. 11). By continuity, the water masses of the deeper layer move offshore. This

is consistent with the observed extent of the NCC, as being narrow and deep during the winter (illustrated
by the 34.7 isolinein Fig. 4). During summer the winds are reversed but weaker, the Ekman transport is

offshore and the NCC iswide and shallow ( Fig. 4). The numerical model predicts a reduced water level
at the Norwegian coast compared to the winter ( Fig. 11). A seasonal lateral oscillation of the NCC forced
by the Ekman transport of along-coast winds has earlier been reported off southern Norway ( Sedre et al.
1998).

The results also showed a seasonal signal in the lateral distribution of AW in the northern parts (Fig. 6).
The reason for this remains unknown, although it may be linked to stronger recirculation during the
winter due to stronger winds.

5. Summary and conclusions



The seasonal cyclein the Atlantic inflow is examined using 4-year long records from moored current
meters between 71°30'N and 73°30'N in the BSO, additional moorings north of 73°30'N, hydrographic
measurements, wind, and sea level from a numerical model.

We find a seasonal cycle in both the transports and the distribution of AW within the section. The main
findings are:

1. A higher Atlantic inflow during winter than summer is most common: Thisis connected to sea-level
changes within the section induced by the shear of the cross-sectional wind field. The local wind field
during winter is sheared, and through along-sectional Ekman transport, arelatively steep water-level
gradient is created. The associated barotropic currents give a higher Atlantic inflow during the winter than
the summer. Thelocal wind field is probably capable of producing the observed seasonal variation,
although it is possible that the remotely forced NAC also contributes. In years where the Barents Sea
climate changes from a cold to awarm period (and probably vice versa), the seasonal cycle may be
different.

2. The seasonal variation within the section is not uniform: Thisis connected to a non-uniform shear in
the cross-sectional wind field. The middle and northern part of the section experiences awind field with
stronger shear during the winter than the summer, thereby giving a strong seasonal signal in these areas.
Near 71°30'N on the other hand, the alluring result arises that both wind speed and direction change
substantially from winter to summer, but the net Ekman transport does not. Therefore, the water-level
gradient and the associated geostrophic current do not display any seasonal signal in this area.

3. The Atlantic domain is displaced northwards during the winter compared to the summer: In the south it
is connected to coastal downwelling during the winter. The southwesterly winds give an Ekman transport
onshore, the water level along the Norwegian coast is raised, and coastal downwelling moves AW down-
slope away from the coast.

4. A pronounced minimum in Atlantic inflow or even an outflow in the spring: The situation is forced by
an annual spring event of northerly (along-sectional) winds. The transport of AW across the section is
guantified and reveals an Atlantic flow of 1.7 Sv during the winter and 1.3 Sv during the summer. This
gives a seasonal variation of 25%, athough abnormally strong flow in some years may differ substantially
from these values. The annual mean transport of AW isfound to be 1.5 Sv.
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Appendix A. Mesoscale activity

The presence of mesoscale eddies can serioudly alias the result when estimating volume fluxes from
moored current meters. Although eddiesin the area are limited in both time and space (Loeng and Sedre,

2001), eddies with periods of about 1 month have been observed ( Ingvaldsen et al., 2002). The presence
of eddies should show up as large differences between transport series calculated with different spatial
resolution. To investigate the reliability of our transport series, transports for the period of September
2000-August 2001 were calculated based on 7 moorings and based on 5 moorings after replacing




mooring Nos. 2b and 3b with the mean of the adjacent moorings (see Fig. 2). The resolution in the middle
part was 25 and 50 km, respectively. Note that prior to the calculations, the velocity data were filtered
with a 14-days lowpass filter. The results show surprisingly small differences (Fig. 12). Although there
are indications that mooring No. 2b at times captured a weak return flow or an area of stagnant water
which the nearby moorings fail to capture (not shown), a doubling of the resolution does not generally
alter the transport values. The largest differences appear during periods of local maximum and minimum
transport when the higher resolution sometimes gives higher transports and sometimes lower. The mean
of the difference between the two transport seriesis 0.0, and the error of the mean is+£0.1 Sv. The
transport fluctuations are somewhat sensitive to the increased resolution, but the correlation coefficient is
0.93, i.e. 5 moorings deployed with a mutual distance of 50 km capture 86% of the variability. The
relatively good accordance between these two transports series indicates that the influence of mesoscale
eddies probably is small when considering fortnightly or longer time scales, i.e. they will not seriously
affect the transport series.
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Fig. 12. Transport of AW across the section as estimated from the current measurements using 5
and 7 moorings. Positive transport isinto the Barents Sea (i.e. eastward).

Appendix B. Error estimates on the mean transports

The transport estimates are subject to errors in the measured vel ocities, and of the calculation method. The
errors in the current measurements are small due to calibration and alarge number of individual samples.

The uncertainties in the cal culation methods are partly due to the variability in time. The presence of
mesoscal e eddies can create large errors in the transports; therefore, fortnightly means were cal culated
before the transports were estimated (Appendix A). To quantify the error associated with fortnightly
means due to the eddy noise, the standard error of the mean (SE.) was calculated. Thisis given by
S.E. = 8(x.z)/./n where §(x,2) isthe empirical standard deviation at a given instrument and n is the
number of degrees of freedom (or number of independent time steps). Individual samples are not



independent, and n was found for each instrument by the autocorrelation function. SE. was calculated for
each instrument, and weighted by the area represented by the instruments to give an error estimate for the
velocity means.

Errors aso arise due to the extrapolation of each current meter to represent boxes with uniform velocity.
Assuming a monotonic structure between the instruments, the error will be small when two adjacent
moorings sample almost the same velocity and large when the adjacent moorings have a large velocity
difference. Using the same methods as Fachbach et a. (2001) for current measurements in the Fram
Strait, the error was expressed by the mean of the velocity difference between the adjacent points. The
error of the velocity difference mean was then found as for the error of the velocity means. It turned out
that this error was about the same size as the error of the velocity means.

Thelargest errors occur if the velocity structure between adjacent moorings is not monotonic, but as
shown in Appendix A the mean of the difference between the transport series calculated for five and
seven mooringsis 0.0, and the error of the mean is+0.1 Sv. Thisis much less than the errors obtained by
the velocity difference between the adjacent moorings. The presented errors, which are a combination of
the errors obtained from the mean vel ocities and the box method, may therefore be considered worst-case
error estimates for the transports. Note that the error estimates hereafter presented are errors for the mean;
they should not be interpreted as an error for the actual transport at a given time.

1 This should be adequate as temperature is the characteristic parameter separating AW from the
outflowing water masses in the north. Salinity isthe key for separating the AW from the Coastal Water,
but as the Coastal Water occurs mostly in the upper 50 m in the area of the moorings, it will not seriously
affect our estimates.



