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ABSTRACT An estimate of the summer Barents Sea circulation is constructed as a four-dimensional variational
inverse of the monthly hydrographic and atmospheric climatologies. The reconstructed evolution of temperature,
salinity, and velocity fields provides the best fit to climatological data and satisfies dynamical and kinematic con-
straints of a primitive equation ocean circulation model. The data-optimized Barents Sea state is in general agree-
ment with the existing schemes of circulation in the region. The circulation is characterized by the 3.2 Sv inflow
from the Norwegian Sea with the Norwegian Atlantic Current. Approximately 1.5 Sv of this inflow recirculates
along the northern flank of Bear Island Trough, while the major branch of the current crosses the Barents Sea
and outflows through Franz Josef Land—Novaya Zemliya and the Kara Gate straits with transports of 1.1 Sv and
0.6 Sv, respectively. The data assimilation reveals an eastward current between the Great and Central banks and
cyclonic circulation in the region between Central Bank and Novaya Zemliya. These two circulation features have
recently been confirmed in a number of publications. The reconstructed surface heat and salt fluxes are in qual-
itative and quantitative agreement with the known observational estimates. The posterior error analysis and sen-
sitivity experiments provide additional arguments in support of the reliability of the data assimilation results.

RÉSUMÉ [Traduit par la rédaction] On construit une estimation de la circulation dans la mer de Barent en été comme
une inverse variationnelle à quatre dimensions des climatologies hydrographique et atmosphérique mensuelles.
L’évolution reconstruite des champs de température, de salinité et de vitesse fournit le meilleur ajustement des données
climatologiques et respecte les contraintes dynamiques et cinématiques d’un modèle de circulation océanique à 
équations primitives. L’état de la mer de Barents optimisé en fonction des données s’accorde assez bien avec les sché-
mas existants de la circulation dans la région. La circulation est caractérisée par le débit de 3,2 Sv entrant dans le
courant atlantique norvégien à partir de la mer de Norvège. Environ 1,5 Sv de ce débit recircule le long du flanc nord
de la fosse de l’île aux Ours (Bjornoya) pendant que la branche principale du courant traverse la mer de Barents et
passe par le détroit de l’archipel François-Joseph – Novaya Zemliya et le détroit Kara Gate, avec des transports de
1,1 Sv et 0,6 Sv, respectivement. L’assimilation des données révèle un courant vers l’est entre les bancs Great et Central
et une circulation cyclonique dans la région entre le banc Central et Novaya Zemliya. Ces deux caractéristiques de 
la circulation ont récemment été confirmées dans plusieurs publications. Les flux reconstruits de chaleur et de sel à la
surface s’accordent, tant sur les plans qualitatif que quantitatif, avec les estimations connues fondées sur les
observations. L’analyse des erreurs et les tests de sensibilité réalisés par la suite fournissent des arguments 
supplémentaires à l’appui de la fiabilité des résultats de l’assimilation des données.
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1 Introduction
The Barents Sea (BS) is an important pathway for the mass,
heat and salt exchange between the Atlantic and Arctic oceans.
The analysis of recent and historical data  (Schauer et al., 2002)
shows that the outflow rate from the BS and characteristics of
the exported water masses play a crucial role in the formation
of the water properties in the Arctic Ocean. The water outflow-
ing from the BS is a result of the transformation of warm
(3°–6°C) and saline (34.6–34.9 psu) Norwegian Atlantic water
carried by the Norwegian Atlantic Current (Fig. 1) into the BS
between Bear Island and the northernmost coast of Norway
(Fig. 1). Part of this current returns to the Norwegian Sea along
the northern slope of Bear Island Trough, while the major

branch of the current crosses the BS and outflows through the
opening between Franz Josef Land (FJL) and Novaya Zemliya
(NZ) and through the Kara Gate strait. In fall and winter, strong
atmospheric cooling in the BS causes significant modification
of the Atlantic water properties as the water mass propagates to
the east. According to Midttun (1985), winter cooling in the
numerous banks and shallows adjacent to NZ forms saline and
cold dense water, which subducts along the bottom slopes and
then outflows through the opening between NZ and FJL. The
export of dense water from the BS reaches maximum values
during the winter but still remains significant in summer
(July–September). In summer, the atmosphere warms the 



surface layer at the rate of 50–200 W m–2 (da Silva et al., 1994;
Makshtas and Ivanov, 1997), and causes gradual ice melting in
the northern regions of the BS resulting in significant surface
fresh water fluxes.

In the last decade a large volume of temperature, salinity
and hydro-chemical data have been collected in the region
(ACSYS, 1999; Matishov et al., 1998). These data provided a
solid background for analysis of the origin and transformation
of the water masses in the BS (Pfirman et al., 1994; Jones et
al., 1998; Aagaard et al., 1985). Unfortunately, the water
mass analysis provides only indirect estimates of the absolute
velocities and mass transports, while the number of direct
velocity measurements in the region is obviously insufficient.
According to Loeng and Saetre (2001), in the last three
decades there were about 70 mooring velocity measurements.
Most of these moorings were located in the western part of
the BS and only four of them were deployed in the FJL–NZ
strait in 1991–92. These four moorings revealed a clear sea-
sonal cycle in the outflow from the BS with transports of
2.5–3.1 Sv in winter and about 1 Sv in summer. At the same

time, Panteleev et al. (2004) obtained an estimate of 0.1 Sv
for the inflow into the BS between NZ and FJL in September
1997. The recent year-long velocity measurements
(Ingvaldsen et al., 2002) did not show a clear seasonal cycle
but revealed strong monthly variability in the throughflow
between the northernmost coast of Norway and Bear Island
with the amplitude of the transport variations up to ±5 Sv,
while the estimate of the mean net inflow into the BS is about
2 Sv. High transport variability in the BS can be attributed to
the barotropic nature of the BS circulation (Blindheim, 1989;
Haugan, 1999) and the strong seasonal and interannual vari-
ability of the Norwegian Atlantic Current (Furevik, 2001;
Mork and Blindheim, 2000; Ingvaldsen et al., 2004).

The sparseness of velocity measurements and the strong
variability of the currents make quantitative estimates of the
general circulation in the BS a difficult task. In this situation,
hydrographic climatology, which is available for the whole
basin, is a reliable source of information on the BS circula-
tion. Unfortunately, attempts to recover the BS circulation
from hydrographic data are usually based on algorithms,
which suffer from a number of problems. The dynamical
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method for the calculation of geostrophic currents (Helland-
Hansen, 1934) cannot recover absolute velocity unless a ref-
erence velocity is prescribed at some level in the ocean
(Tantsiura, 1959; Uralov, 1960; Potanin and Korotkov, 1988),
while application of sophisticated numerical models requires
specification of the model boundary conditions and forcing,
which are subjected to significant uncertainties (Harms, 1997;
Yakovlev, 1999; Trofimov, 2000). These errors and uncer-
tainties may explain the discrepancies between the results of
various numerical simulations. For example, Yakovlev
(1999) utilized open boundary conditions extracted from the
Arctic Ocean circulation model which revealed a 0.3 Sv out-
flow between Svalbard and FJL, while Trofimov (2000) diag-
nosed a 0.4 Sv inflow into the BS. 

In this paper, we utilize a method which closes the gap
between the circulation estimates which rely heavily on obser-
vations (such as the dynamical method and water mass analy-
sis), and the estimates based on dynamical constraints alone
(such as model simulations). Our goal can be formulated as fol-
lows: we are looking for the BS circulation which is capable of
reproducing the evolution of the hydrographic fields document-
ed in climatological atlases, and which satisfies the dynamical
constraints of a primitive equation model (Nechaev and
Panteleev, 2000). To reproduce the evolution climatological
data we tune the initial and boundary conditions of the model
using a four-dimensional variational data assimilation (4D-var)
technique (Le Dimet and Talagrand, 1986). The reliability of the
reconstructed circulation is tested through the statistical analysis
of the posterior errors: we generate a simulated ensemble of
datasets and estimate the sensitivity of the data assimilation
results with respect to data errors and uncertainties in the speci-
fication of the data assimilation parameters.

The approach described in this paper has been successfully
implemented in a number of studies (e.g., Grotov et al., 1998;
Nechaev et al., 2004). The method allows us to overcome the
reference velocity problem of the dynamical method and to
minimize the effects of poorly known open boundary condi-
tions and surface forcing. The region under investigation is
shown in Fig. 1. The model domain covers the major water
transformation regions in the BS, though it is slightly smaller
than the conventional boundaries of the BS. The western
boundary of the model domain was chosen east of Bear Island
to avoid consideration of deeper areas and to reduce the com-
putational cost of the data assimilation. 

The paper is organized as follows. We start with the descrip-
tion of available data and their preliminary analysis (Section 2).
The outline of the numerical model utilized, statistical hypothe-
ses and specific details of the variational data assimilation pro-
cedure are discussed in Section 3. In Section 4 we present the
major results of the reconstruction of the summer BS circulation
and provide an error analysis of the data assimilation results.
Discussion and conclusions are provided in Section 5.

2 Data
The reconstruction of the summer circulation in the BS is
based on the following datasets: i) the climatological distrib-

utions of temperature and salinity from the BarKode
hydrophysical atlas produced by ACSYS (1999); ii) the
monthly mean surface drifter velocities collected in the region
in 1991–95 (Poulain et al., 1996); iii) monthly wind stress
climatology (da Silva et al., 1994); and iv) estimates of total
transports through the segments of the open boundary taken
from the literature. Data assimilation prescribes relative
weights to different data according to the reliability of the
observations. Therefore the analysis of the datasets in this
section includes the specification of the prior data error vari-
ance. Variance of the data errors takes into account both
instrumental and interpolation errors. The signals of process-
es which are not described by the model (e.g., interannual
variability of the observations and data variability on weekly
timescales) are also treated as data errors.

a Hydrography
Approximately 80,000 temperature and salinity profiles for
July, August and September were extracted from the
BarKode hydrophysical atlas (ACSYS, 1999) (the total num-
ber of profiles is 206,300). The assimilation of raw tempera-
ture/salinity profiles into the model is not computationally
efficient since, in many cases, the individual profiles do not
represent statistically independent climatological observa-
tions under the constraints of the model dynamics. Therefore
the temperature/salinity data were first interpolated onto the
model grid. 

The model grid is a regular z-coordinate grid with a merid-
ional resolution of 0.2° and a zonal resolution of 0.6°.
Vertically, the grid has 17 levels with unequal spacing rang-
ing from 7.5 m at the surface to 50 m at the deeper levels. The
horizontal interpolation of temperature and salinity was per-
formed by the algorithm, which has previously been used for
the compilation of the BS region hydrographic atlas (Golubev
et al., 1992; Matishov et al., 1998). The algorithm calculates
the interpolated value as a weighted sum of the tempera-
ture/salinity data within the “radius of influence”, R, with the
weights being the functions of the distance between the inter-
polated point and the data location. According to Denisov et
al. (1987), this interpolation algorithm avoids oversmoothing
of the interpolated fields in the straits and near the coast.

The standard deviation, σC, of the gridded temperature and
salinity was estimated as

where C stands for the temperature and salinity fields, C =
(T,S), is the average of C within a circle of radius R,
and N is the number of measurements within the circle. The
radius R, with typical values of R = 100 km, is equal to the
radius of influence used in the data interpolation.

The gridded temperature and salinity data at 30-m and tem-
perature data at 200-m depth for July–September are shown in
Fig. 2 and Fig. 3. An example of the spatial distribution of
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temperature standard deviation, σT, is presented in the left
panels of Fig. 3. Higher values of σT in the central part of the
BS indicate stronger natural variability in this region. The
spatial irregularity of σT in the northern part of the region is a
consequence of data sparseness due to the rough ice condi-
tions (Fig. 1). The spatial distribution of salinity, σS, exhibits
similar features.

b Drifter Velocities
Monthly mean surface currents were estimated from a set of
surface drifter trajectories collected from 1991–95 in the
Norwegian Sea and the BS (Poulain et al., 1996). Since there
were a limited number of drifters in the BS, temporal and spa-
tial averaging was performed to obtain statistically reliable
estimates for the surface currents. One-year long records of
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current meter moorings between Bear Island and the
Norwegian coast (Ingvaldsen et al., 2002) revealed that the
characteristic spatial scales of local currents vary between 50
km and 150 km. Adopting these typical scales for the south-
eastern BS we interpolated drifter velocities (where available)
onto the model grid by using following the temporal and spa-
tial averaging procedure:

where u (xi, yi, ti) denotes drifter velocity at the point (xi, yi,

ti) obtained through finite difference differentiation along the
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drifter trajectory with dt = 1 day, tu = 17 days, Ru = 80 km,
x0, y0 are the coordinates of the grid node, t0 is the fifteenth
day of each summer month, r2

i = (xi – x0)
2 + (yi – y0)

2, and the
summation is done over all drifters and all grid nodes in the
area where the drifters are available. The standard deviation
of the interpolated surface velocities was estimated as

where Nd is the number of statistically independent estimates of
the velocity derived from drifter tracks. For the surface veloci-
ty data, which have been accepted for data assimilation, this
number varied between 2 and 6, which gives an estimate for
σu* of approximately 30–50% of the local velocity amplitude.

The estimated surface velocities for July–September are
shown in Fig. 2. Most of the surface drifters (Poulain et al.,
1996) were observed in the western part of the BS, therefore,
the estimates of the surface velocity are more reliable in the
region between 25°E and 30°E, and the reliability of drifter
velocity gradually decreases to the east. Drifter velocities
located east from 40°E were ignored as statistically unreli-
able. The estimates of surface velocities obtained cover only
a small part of the BS but they provide valuable information
on the inflow conditions and the Norwegian Atlantic current. 

A limited number of current measurements were collected
in the BS by Norwegian scientists (Loeng and Saetre, 2001).
We did not assimilate these data but used them for validation
of data assimilation results.

c Volume Transports
The circulation in the BS is predominantly barotropic
(Haugan, 1999), therefore the estimates of the transports
through the different sections of the open boundary are very
important for the reconstruction of the circulation.
Historically, the first estimates of the transport in the BS were
based on the calculation of geostrophic currents (Uralov,
1960; Potanin and Korotkov, 1988). Direct velocity measure-
ments collected from 1960–97 allowed Loeng et al. (1997) to
formulate a general scheme of the annual mean volume bud-
get of the BS shown in Fig. 1.

Almost all investigators (e.g., Uralov, 1960; Potanin and
Korotkov, 1988; Loeng et al., 1993) reported the presence of
a clear seasonal cycle in the BS circulation. Therefore, the
available estimates of the annual mean volume transport
(Loeng et al., 1997) cannot be used directly for the recon-
struction of the summer circulation and require some correc-
tions to take into account seasonal variability. In this section,
we present a brief analysis of the available transport estimates
through the BS openings during the summer period. 

According to Uralov (1960) and Potanin and Korotkov
(1988), the water exchange between the BS and the White Sea
is almost negligible (0.01 Sv) and equal to the fresh water dis-
charge into the White Sea. The river discharge is usually well
documented, therefore these estimates seem to be quite reliable. 

Most of the transport estimates through the Kara Gate
(Uralov, 1960; Potanin and Korotkov, 1988; Scherbinin,

2001) have a net outflow of 0.6–0.7 Sv. These estimates are
based on both geostrophic calculations (Uralov, 1960) and
direct velocity measurements (Scherbinin, 2001; Panteleev et
al., 2004). In the current study we adopted the value of
0.65 ±0.2 Sv as the Kara Gate transport estimate.

The estimates of the net transport between FJL and NZ are
rather controversial. The geostrophic calculations (Uralov,
1960; Timofeev, 1963) indicate a 0.2–0.5 Sv outflow from
the BS, while the year-long velocity measurements (Loeng et
al., 1993) reveal seasonal transport variations, with a net out-
flow approximately 0.8–0.9 Sv in summer and approximately
2.4 Sv in winter. The estimates of the transport made by
Loeng et al. (1997), were based on the records from four
moorings (the fifth mooring, which was the most northerly,
was lost during the experiment) and did not take into account
transports in the northern part of the strait. The presence of a
westward current along the southern flank of FJL, which is
documented in Tantsiura (1959), may result in a slight over-
estimation of the net outflow through the FJL–NZ strait in
Loeng et al. (1997). Therefore, for the data assimilation we
used the transport estimates of Loeng et al. (1993) (0.8 Sv and
1.6 Sv for the transports in June and October respectively),
and prescribed an outflow of 1 ±0.3 Sv as the summer trans-
port through the FJL–NZ strait.

The transport between Spitsbergen and FJL has not been
well studied. The analysis of water masses by Pfirman et al.
(1994), and the study of the summer 1996 hydrographic data
by Loyning (2000) both indicate inflow into the BS from the
Arctic Ocean. In the absence of other estimates we follow the
mass balance scheme of Loeng et al. (1997) and prescribe 
0.4 ±0.2 Sv as a first guess for this inflow. 

The velocity measurements in the western part of the BS
from September–October 1978 (Blindheim, 1989) reveal an
inflow of 3.1 Sv between Norway and 73°N latitude, and an
outflow of 1.2 Sv along the southern flank of Bear Island.
Ingvaldsen et al. (2002) present similar estimates for the sum-
mer transport but reported a strong monthly variability in the
net transport between Norway and Bear Island with a stan-
dard deviation of 2 Sv. Both of these estimates are based on
the velocity measurements along the southern part of the
western boundary of the BS (south of 73.5°N ), and cannot be
treated as a net transport through the western opening of the
BS. Therefore, in this study we derive the net transport esti-
mate through the western open boundary of the model region
using the condition of conservation of volume. The estimates
of the inflow between 73°N and the Norway coast
(Blindheim, 1989; Ingvaldsen et al., 2002) are used as inde-
pendent data for cross-validation of assimilation results.

The estimates of the transports through different segments
of the open boundary of the BS are summarized in the left and
centre columns of Table 1. We incorporate a gradual increase
in the transport through the western boundary and the
FJL–NZ strait from July–September in agreement with the
studies of Uralov (1960), Potanin and Korotkov (1988), and
Loeng et al. (1993) which indicate an intensification of the BS
circulation in October–November. 
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d Meteorological Data
The half-by-half degree gridded wind stresses were extracted
from the monthly climatology of da Silva et al. (1994) and
were linearly interpolated onto the model grid. The resulting
wind stress fields are rather smooth with the characteristic
spatial scales of the order of the basin size. To allow for the
adjustment of the spatial details in the model forcing we used
wind stress data with a relatively high error variance, equal to
40% of the wind stress spatial variability in the BS.

According to da Silva et al. (1994), surface heat fluxes in the
BS are approximately 100 W m–2, 30 W m–2 and –50 W m–2

in July, August, and September respectively. Summer mean
surface salt fluxes vary from 1.0 × 10–7 kg m–2 s–1 to –4.0 ×
10–7 kg m–2 s–1. The spatial structure of the da Silva et al.
(1994) climatological fluxes is extremely smooth and does not
reflect ice melting in the northern regions. At the same time,
realistic surface heat and salt fluxes depend strongly on the
state of the oceanic mixed layer and may exhibit high spatial
and temporal variability. Because of that, the surface heat and
salt climatologies of da Silva et al. (1994) were not used as
“flux data” in the assimilation procedure. Instead, the surface
flux climatologies were compared with the reconstructed flux-
es for the validation of the data assimilation results. In such a
comparison we treat the da Silva et al. (1994) climatologies as
independent data even though the typical values for heat/salt
fluxes and the corresponding spatial scales were used for the
calculation of the smoothness term weights in the cost function
outlined in Section 3b. 

3 Data assimilation technique
a Forward and Adjoint Models
To derive the BS circulation from the data, the observational
information should be combined with the information imposed
by dynamical constraints. The dynamical constraints are formu-
lated as a numerical model based on the set of conventional
primitive equations under Boussinesq and hydrostatic approxi-
mations. The model can be viewed as a modification of the C-
grid, z-coordinate Ocean General Circulation Model (OGCM)
designed at the Laboratoire d’Oceanographie Dynamique et de
Climatologie (Madec et al., 1999). The model is implicit both
for barotropic and baroclinic modes permitting model runs with
relatively large time steps. The model is used in “climatologi-
cal” non-eddy-resolving mode on a relatively coarse grid with a
six-hour time step. The model is also subjected to a number of
simplifications, which do not compromise the validity of the

major dynamical balances of the BS circulation. First of all, we
do not utilize any ice model. This is acceptable because most of
the basin is ice free in summer. On the other hand, surface flux-
es, which can be modified by the presence of ice, are free para-
meters of the model to be tuned in data assimilation. So the
surface fluxes obtained in data assimilation experiments can be
interpreted as the fluxes at the ice-water interface, but not nec-
essarily as the atmospheric fluxes.

The second simplification is related to the turbulence closure.
The mixing processes in the model are parametrized by the pre-
scribed vertical and horizontal eddy diffusion coefficients and
the hydrostatic adjustment algorithm. The non-uniform and
non-stationary temperature and salinity vertical diffusivity coef-
ficients for data assimilation experiments were obtained as an
average over the ensemble of the forward runs of the model
using Pacanowski and Philander’s (1981) turbulence closure.
After that, these coefficients were smoothed in time and space
and used as fixed parameters in the experiments outlined below.
The values of the coefficients ranged between 5 × 10–4 m2 s–1 at
the surface and 2 × 10–5 m2 s–1 near the bottom. The vertical
momentum diffusivity coefficient was constant at 5 × 10–5

m2 s–1. Horizontal momentum and temperature and salinity dif-
fusivity coefficients were to set 10 m2 s–1. In the data assimila-
tion experiments we obtained an indication that this
simplification might not be accurate in the shallow regions near
the coast of Russia resulting in larger model data misfits. But we
had to use this sub-optimal parametrization of the mixing
processes since the adjoint code for more advanced turbulence
closures is not yet available. 

The adjoint code of the model was built analytically by trans-
position of the operator of the tangent linear model, linearized in
the vicinity of the given solution of the forward model
(Penenko, 1981; Wunsch, 1996). Application of the implicit
scheme with large time steps results in a considerable reduction
in storage requirements for variational data assimilation since,
for non-linear problems, running the adjoint model requires
storing the solution of the forward model at every time step. The
tangent linear model was obtained by direct differentiation of
the forward model code. Therefore, the tangent linear and
adjoint models were the exact analytical consequences of the
forward model. An illustration of the method for the construc-
tion of the adjoint procedure for the hydrostatic adjustment algo-
rithm is presented in Appendix A.

In the course of data assimilation, the model solution is opti-
mized by tuning free parameters (the so-called control vector) of
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TABLE 1. Transports through the open boundaries of the BS (estimates taken from literature, first guess, and optimized).

Transport (Sv)
First guess transport (Sv) Optimized transport (Sv) 

Boundary part from literature July August September July August September

western 1.2 – 2.1 1.14 ± 0.3 1.24 ± 0.3 1.34 ± 0.3 1.23 1.38 1.44 
southern 0.007 0.01 ± .005 0.01 ± .005 0.01 ± 0.005 0.02 0.02 0.02 
Kara Gate 0.6 – 0.7 –0.65 ± .2 –0.65 ± .2 –0.65 ± 0.2 –0.65 –0.65 –0.69 
FJL–NZ 0.0 – 1.35 –0.9 ± 0.3 –1.00 ± 0.3 –1.1 ± 0.3 –1.0 –1.1 –1.17 
northern 0.3 0.4 ± 0.2 0.4 ± 0.2 0.4 ± 0.2 0.4 0.35 0.4 



the model. The control vector of the model is composed of val-
ues of the functions specifying initial conditions, open boundary
conditions and surface fluxes. The set of initial conditions of the
model includes sea surface height (SSH) fields, temperature,
salinity and horizontal components of velocity. Boundary com-
ponents of the control vector are comprised of the distributions
of temperature, salinity, and normal components of velocity
specified on the open boundaries. The free-slip boundary condi-
tion for the tangent velocity component is set on the open
boundary, therefore the values of the tangent velocity are not
included in the control vector. 

b Cost Function
The variational data assimilation can be formulated as a tra-
ditional least squares problem (Marchuk, 1974; Penenko,
1981; Le Dimet and Talagrand; 1986, Thacker and Long,
1988). The optimal solution of the model is found through
constrained minimization of a quadratic cost function on the
space of the model control vectors, where the cost function
measures squared weighted distances between the model
solution and data.

Statistical interpretation of the least squares method
(Thacker, 1989; Wunsch, 1996) considers the cost function as
an argument of the Gaussian probability distribution with the
cost function weights being the inverse covariances of the
corresponding data errors. Under the statistical interpretation
the optimal solution is the most probable model state for the
given data realization and prior error statistics.

Because of the sparseness of the oceanographic data and lim-
ited duration of observational time series, practical data assimi-
lation methods commonly rely on the assumption that the errors
of different observations are δ-correlated (Thacker, 1989).
Under this assumption the cost function weights are represented
by the diagonal matrices, with diagonal elements being equal to
the reciprocals of the corresponding data error variances.

In the present study we use the cost function J, which, in
addition to the “real” climatological data described in Section
2, contains the so-called “bogus” data (Thacker, 1989) in the
form of the smoothness terms:

Here u denotes the horizontal velocity; ζ is the sea surface
height ; C = (T,S) where T is temperature and S is salinity; �
is the wind stress; B denotes the surface heat and salt fluxes;
K is the number of velocity data points derived from surface
drifters; N is the number of segments of the open boundary;
Vn is the estimate of transport through the nth segment of the
open boundary, W…

… denotes the variances of the corre-
sponding data. Asterisks denote the observed fields. The
smoothness or “bogus” data terms in J are proportional to the
squared Laplacians of the model fields. These terms were
introduced into the cost function to regularize the data assim-
ilation problem. Bogus data terms remove high frequency
noise from temperature fields in the north-eastern part of the
BS and compensate for the lack of velocity data. 

The cost function, J, contains two groups of terms, JC and Ju,
which constrain baroclinic (temperature, salinity and heat/salt
fluxes at the surface) and barotropic (SSH, velocity and wind
stress) variables of the model respectively. The physical mean-
ing of different terms in JC and Ju is straightforward: minimiza-
tion of these terms enforces smoothness of the model solution
and makes it tend to the observed data.

The spatial and temporal distributions of “real” data vari-
ances W…

… were discussed in the Section 2. The variances of
the “bogus” data, WC

s, WB
s, Wu

s, Wζ
s, W�

s are determined
through the scale analysis: WC

s = LC
4/Cs

2, WB
s = LC

4/Bs
2 Ws

u =
Lu

4/Vs
2, Wζ

s = Lu
4/ζs

2, W�
s = L�

4/�2
s. The scales Vs = 5 cm s–1, ζs

= 10 cm are defined as typical variations of these variables in
the first guess solution (Fig. 4), while the parameters Cs

2, Bs
2,

�2
s are derived from characteristic spatial variability of the

corresponding data. We utilized a uniform spatial scale for the
wind stress fields L� = 500 km, while spatial scales LC and Lu
were the functions of the local depth gradient and varied with-
in the ranges 100–300 km and 50–150 km respectively. This
setting of the characteristic scales allows us to avoid over
smoothing of the model solution in the regions with strong
topographic steering.

The mathematical aspects of the constrained minimization
of J are outlined in a number of papers (e.g., Marchuk, 1974;
Thacker, 1989; Penenko, 1981; Wunsch, 1996). We utilize a
standard iterative method for cost function minimization.
Starting with some prior estimate of the model control vector
we perform the model run to obtain the so-called first guess
solution. Given the solution of the forward model we compute
the value of the cost function J and run the adjoint model
backwards in time to estimate the gradient of the cost function
with respect to the control vector. The gradient of the cost
function is then used in the quasi-Newtonian optimization
algorithm (Gilbert and Lemarechal, 1989) to find a better esti-
mate of the control vector of the model. The procedure is
repeated until the norm of the cost function gradient is suffi-
ciently small.

Because of the model non-linearity, the cost function, J, may
have multiple local minima. The quasi-Newtonian optimization
algorithm finds only one local minimum, which is the closest to
the first guess solution. Therefore, the proper choice of the first
guess solution is important. To prepare the first guess solution,
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which is reasonably close to the observed data, the calculation
of the the first guess solution was performed in two steps. First,
we solved 3D-var data assimilation problems to find the optimal
steady state diagnostic velocity fields for July, August and
September respectively. At this stage we are looking for the
open boundary velocities, which minimize the cost function: 
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Fig. 4 First guess solution. Evolution of temperature field (°C) at 30-m depth.
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separately for the July, August and September data under the
dynamical constraints of the steady state diagnostic model.
The cost function weights for 3D-var data assimilation are the
same as for the full 4D-var problem. The cost function,
Eq. (2), is minimized under the constraints of the steady state
momentum and continuity equations. The advection terms are
ignored in the momentum equation. The solution of the
steady state model is optimized by tuning the normal veloci-
ty distribution on open boundaries. Temperature and salinity
distributions and wind stress fields are kept fixed. The math-
ematical meaning of this approach is straightforward: the
solution of the minimization problem should provide an opti-
mal set of open boundary conditions which gives physically
reasonable velocity and SSH fields in the interior of the
model domain.

On the second step, we run the full model for the period
between 15 July and 15 September. The model run starts from
the velocity and SSH fields obtained diagnostically for July,
while the initial distributions for temperature and salinity are
taken from the corresponding climatological data (Fig. 2).
The values of the fields on the open boundary and the surface
fluxes are obtained by linear interpolation of the diagnosed
states in time. 

Figure 4 shows the evolution of the temperature field in the
first guess solution at a depth of 30 m for the summer months.
Inconsistencies between partly optimized velocity and non-
optimized temperature and salinity on the open boundaries
result in the formation of the artificial boundary layer along
the western boundary. Comparison of the first guess solution
with climatological data (Fig. 2a) reveals that the first guess
solution gradually drifts away from the data.

Starting from the first guess solution (Fig. 4) we performed
a minimization of the cost function, Eq. (1), for the entire set
of data. To reduce the dimension of the control vector, the
boundary conditions and surface fluxes were controlled once
every six days with linear interpolation applied between the
control time steps. The dimension of the control vector was
approximately 250000 elements. Minimization of the cost
function required about 300–500 iterations of the quasi-
Newtonian optimization algorithm (Gilbert and Lemarechal,
1989) to reduce the gradient norm by 2–3 orders of magni-
tude.

4 Data assimilation results
a Barents Sea Circulation
Optimized transports through the open boundaries of the BS
are presented in the third column of Table 1. The 0.02-Sv
inflow through the southern boundary overestimates the first
guess transport of 0.01 Sv (the second column of Table 1),
while the averaged transports through other boundaries lie
within the error bars of prior transport estimates. Optimized
transports gradually increase from July to September in
agreement with the prior transport estimates.

The optimized transport between 73°N and the Norway
coast (marked by the green dotted line in Fig. 1) is equal to
2.9, 3.1, and 3.6 Sv for July, August and September respec-

tively. These values are in good agreement with the mean
summer inflow of 3.1 Sv obtained by Ingvaldsen et al. (2002).
As mentioned above, in a data assimilation experiment we
utilize only the transport estimates through the entire western
boundary of our region, therefore the transport observations
of Ingvaldsen et al. (2002) can be treated as independent data
supporting our results. 

The evolution of the optimized fields of temperature and
salinity at 30 m is shown in Fig. 5. The comparison between
climatological data (Fig. 2), first guess solution (Fig. 4) and
optimized temperature fields (Fig. 5) reveals that data assim-
ilation strongly improves agreement between the modelled
and observed fields. Significant improvement of the modelled
temperature can be seen in the western and southern parts of
the BS, where optimization has removed an artificial bound-
ary layer and attracted the modelled temperature to the “two-
tongue” distribution in the data (see the upper panels in Figs
2, 5 and 6). Assimilation regularized the model solution in
July, when the temperature and salinity data are obviously
noisy in the north-eastern part of the BS (Fig. 2), and kept a
similar level of smoothness in August and September when
the spatial data coverage was more uniform. Selective filtra-
tion of the data noise in the reconstructed fields is the conse-
quence of correct specification of the smoothness terms
incorporated into the cost function, Eq. (1). 

Figure 6 shows normalized differences between the first
guess temperature, Tfg, and data, and the optimized tempera-
ture, Topt, and data, estimated as 

for each level. Here, T* is the mean climatological tempera-
ture at level z, T = (Tfg, Topt). As was discussed in Section 4a,
the optimized solution is much closer to the climatological
data in August and September. Even more important is that
the difference between optimized and climatological fields is
uniform in time, while the first guess solution gradually
departs from data. The relative errors, ε(z), increase slightly
with depth due to a significant decrease in the temperature
variability in the lower layers, but the absolute errors remain
smaller than the prior error estimates for the climatological
data.  

The regions with the worst visual agreement between cli-
matological data and optimized temperature fields (Fig. 2 and
Fig. 5) are located in the shallow regions of the south-eastern
BS. There can be two reasons for this. Firstly, the climato-
logical temperature (Fig. 3, left panels) and salinity (not
shown) exhibit relatively high natural variability in these
regions resulting in higher prior data error variances and
lower cost function weights. Secondly, the vertical mixing in
our model is defined by fixed coefficients, therefore the
model cannot describe complicated mixing processes in the
shallow regions. Note that in shallow regions the level of the
30-m depth is within the layer of the summer thermocline
with a strong vertical gradient, therefore the model deficiencies
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in the description of local vertical mixing should be the more
pronounced at this level. A sharp increase in ε(z) (Fig. 6) at
the 20–30 m level in August–September supports this specu-
lation.

The salinity distribution in the BS is more uniform due to
an intense inflow of relatively uniform high salinity water
(34.6–34.9 psu) by the Norwegian Atlantic Current (Figs 1
and 2) and relatively small (2–3 ×10–7 kg m–2) averaged sur-

face salt fluxes in the summer season (Fig. 4). Strong changes
in salinity occur in the northern and south-eastern regions of
the BS, where ice melting (northern regions) and river runoff
(south-eastern regions) strongly affect the salinity distribution.

The optimized velocity fields at 30 m and the evolution of
summer SSH are presented in Fig. 7. In agreement with prior
estimates of drifter velocity errors, the surface currents in Fig.
7 are rather close to the drifter velocity data in the western
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(25°E–30°E) part of the BS. In the region between 30°E and
40°E, the coincidence between drifter and model velocities
gradually decreases due to larger drifter data errors.

In agreement with the schematics of the BS circulation (Fig.
1, Tantsiura (1959); Loeng et al., 1997), the Norwegian Atlantic
Current flows into the BS, with velocities up to 20 cm s–1

through the western boundary and flows eastward forming two
jets. One of these jets outflows through the Kara Gate, while
another jet follows the 200-m isobath and splits into two
unequal branches near NZ. The more intense of these branches
deflects offshore forming a loop and then again follows the 200-
m isobath. The second branch deflects onshore and flows along
the coast of NZ. The onshore branch is weak in July 
but in August it gradually intensifies with velocities reaching 
5 cm s–1 in September.

The northern branch of the Norwegian Atlantic Current fol-
lows the local topography (400-m depth isobath) and deflects
northward. The major part of this branch recirculates through
the western open boundary along the southern flank of Bear
Island, while the remaining part flows north-eastward and
forms the eastward current between Central and Great banks
with an amplitude of 1–3 cm s–1. 

The currents north of 77°N are predominantly westward
and south-westward with amplitudes of 2–7 cm s–1. In the
north-eastern region the westward currents are rather variable
with time. The major branch of this current flows westward
along the coast of FJL, while another branch turns southward
and then flows out through the eastern open boundary, fol-
lowing the local topography. In the western BS, the south-
westward currents are more stable and form a tongue of low
salinity water (Figs 2 and 6, right panels) which enters the BS
through the northern boundary.

The evolution of velocity and temperature fields at 200 m
is shown in Fig. 8. Because of its barotropic origin, deep cir-
culation resembles the circulation at the surface: the
Norwegian Atlantic current flows into the BS, partly recircu-
lates and forms two jets. The first jet follows the 200-m iso-
bath, another jet, with velocities of about 2–5 cm s–1, passes
between the Central and Great banks. The locations of these
jets correlate well with the locations of the tongues of warm
water clearly seen in both climatological and optimized tem-
perature fields at 200-m depth (Figs 3 and 9, right panels).
Note that the amplitude of the optimized velocity decreases
with depth in the north-eastern BS (Figs 7 and 8). Similar
behaviour of the velocity field was observed by Loeng et al.
(1993).

The optimized circulation pattern approximately agrees
with the circulation scheme proposed by Tantsiura (1959),
and adopted by other authors (e.g., Novitsky, 1961).
However, there are two exceptions. In the reconstructed cir-
culation one can notice the presence of an intense offshore
branch of the NZ current and the current between the Central
and Great banks (Figs 1, 7 and 8). These currents were recent-
ly described by Ozhigin et al. (2000) and Loeng and Satre
(2001).

The variations of the onshore/offshore branches of the NZ
current in July have a simple physical explanation based on
the data used. According to Fig. 2, there is a temperature
frontal zone at 73°N, 50°E near NZ in July, which prevents
flow along NZ and amplifies the offshore current. This front
disappears in September and the onshore branch of the NZ
current becomes stronger. 

The schematics of the circulation in the eastern BS were
recently revised by Ozhigin et al. (2000), who found that the
high salinity waters of the eastern BS are formed by signifi-
cant transformation of Atlantic Water rather than having been
carried by the Central current from the north-east (Tantsiura,
1959). High salinity waters form during cold winter periods
along the NZ coast and at the Central Bank (Fig. 1) and then
sink along the slope, inducing anticyclonic circulation in this
region. Our results support this conclusion: Fig. 8 clearly
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indicates predominantly north and north-eastward currents in
the 42°–50°E and 71°–75°N region and weak south-westward
and westward currents along the southern slope of the Central
Bank. 

The eastward current between the Central and Great banks
was recently outlined by Loeng and Saetre (2001). The loca-
tion of this current coincides with the location of the narrow

tongue of warm water clearly seen in climatological tempera-
ture fields at 200-m depth between the Central and Great
banks. Both direct velocity measurements (Fig. 7, thick
arrows) and the results of Panteleev et al. (2004), based on the
variational inversion of Acoustic Doppler Current Profiler
(ADCP) and Conductivity-Temperature-Depth (CTD) mea-
surements along 40°E longitude (Fig. 1), revealed an eastward
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current between 74°N and 76°N with a similar increase in
velocity with depth. Therefore, the eastward current between
the Central and Great banks in summer has both physical and
observational confirmation. Finally, it is worth noting that a
similar eastward current between the Central and Great banks
and the north and north-east transport between the Central
Bank and NZ was obtained in a diagnostic calculation of
Yakovlev (1999).

The optimal circulation agrees with the drifter velocity data
(Fig. 2). The data assimilation results in the reduction of the rel-
ative error 
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from 0.4–0.5 in the first guess solution to 0.25–0.35 in the
optimized velocity field. In the region where the drifter data
are assimilated, the amplitude of the velocities ranges
between 5 and 15 cm s–1. Therefore, the optimized velocities
do not contradict the prior assumptions about the drifter
velocity errors (Section 2b), while the velocities obtained in
the first guess solution have larger errors.  

The time-averaged direct velocity measurements (Loeng and
Saetre, 2001) are shown in Fig. 7 by thick arrows. Since the
velocity data were averaged over different time periods (from ten
days up to one year), a straightforward comparison of the obser-
vations and modelled results is problematic. Therefore, we plot-
ted all velocities for each month of the reconstructed circulation
regardless of the actual time and duration of the observations. A
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Fig. 9 Optimized surface heat (left panels, W m–2) and salt fluxes (right panels, 10–7 kg m–2 s–1). Dotted line indicates the location of the climatological ice
edge for different months. The corresponding NCEP/NCAR surface heat fluxes are given in the boxes. 



detailed description of these velocities can be found in Appendix
B (Table B1). Regardless of how we treat such velocity obser-
vations statistically, we can see a reasonable correspondence
between measured and optimized velocities. The least agreement
between observed and optimized velocities can be seen in the
region 74°–76°N and 31°–33°E. In part, this difference in veloc-
ities can be explained by an insufficient period of data averaging
and strong variability of the current in this region. According to
Table B1, velocities at the second mooring were averaged over
only eight days, while the velocity measurements at the fourth
mooring were averaged over one month and were half the mag-
nitude. High variability of the local currents is clearly seen from
the velocity measurements at 74°32′N and 30°58′E (lines 15–20
in Table B1): the observed velocities had almost opposite direc-
tions for different years. It is noteworthy that both direct veloci-
ty measurements in the central part of the BS and model results
reveal cyclonic circulation in the region 72°–75°N, 38°–46°E.
According to Ozhigin et al. (2000), generation of cold and saline
water on the Central Bank and NZ shallows during the winter
season (Midttun, 1985) and permanent export of this water into
the basin between Central Bank and NZ creates cyclonic circu-
lation in this part of the BS. The reconstructed summer circula-
tion supports this conclusion. 

Some circulation schemes (Tantsiura, 1959; Midttun and
Loeng, 1986; Ozhigin et al., 2000) and results of numerical
modelling of the BS circulation (Trofimov, 2000) suggest the
presence of narrow currents along the Norwegian coastline and
the southern part of NZ. These currents are the consequence of
the local temperature/salinity fronts (see for example Fig. 2 in
Ingvaldsen et al. (2002), and characterized by relatively warm
and fresh water. Temperature and salinity climatology (ACSYS,
1999) do not capture these coastal currents (Fig. 2). Therefore,
we do not exclude the possibility that utilization of a different
dataset or consideration of a different season would modify the
results of the reconstruction in this region. For example,
Trofimov (2000) used the October temperature and salinity data
derived from a database collected by the Polar Scientific
Research Institute of Marine Fisheries and Oceanography,
Murmansk, and obtained an intense north-eastward current
along NZ. Notice that, in our results, the onshore branch of the
NZ current and the Norwegian Coastal current showed strong
intensification in September (Fig. 7) and we may assume that
they intensified further in October. 

The strong near-shore NZ current along the southern coast of
NZ obtained by Yakovlev (1999), is probably a consequence of
the total 0.015 Sv flow into the BS through the Kara Gate
obtained in his results instead of the commonly accepted 0.6 Sv
outflow from the BS into the Kara Sea. The reversed Kara Gate
throughflow in the results of Yakovlev (1999) may prevent the
eastward current in the southern part of the BS from exiting
through the Kara Gate and redirect it backward along NZ. 

b Surface Fluxes
Figure 9 shows the distribution of the optimized surface heat
and salt fluxes in summer. The surface heat flux is roughly
proportional to the difference between the atmospheric and

sea surface temperature. Taking into account that spatial
scales in the atmosphere are essentially larger than in the
ocean, the “noisy” structure of the optimized heat fluxes
seems to be realistic.

The spatial structure of the optimized surface salt fluxes
(Fig. 9, right panels), is very uniform in the central and
western parts of the BS with absolute values between ±10.0 ×
10–7 kg m–2 s–1. The surface salt flux depends on evaporation
and precipitation. In the absence of strong temperature gradi-
ents between the sea surface and the atmosphere (the situation
observed in the BS in summer), the evaporation and precipi-
tation should have a meteorological spatial scale. So, the spa-
tial structure of salt fluxes obtained in the western and central
parts is physically reasonable. 

The optimized surface salt fluxes in the northern and east-
ern regions of the BS are negative and range from –20 ×
10–7 kg m–2 s–1 to  –100 × 10–7 kg m–2 s–1. During July and
August, the strong negative salt fluxes in the northern region
(78°–80°N) of the BS correlate with weak positive (0–40
W m–2) and negative (–30 to 0 W m–2) surface heat fluxes.
Taking into account the small influence of the advective
processes on the evolution of the ice cover in the BS
(Makshtas and Ivanov, 1990), we can explain this correlation
by the ice melting in July and August, and the gradual retreat
of the ice edge shown in Fig. 9 by the dotted line. The ice
edge locations observed in August and September are close to
each other indicating an equilibrium of the ice melt and
growth processes. The optimized solution reveals the corre-
sponding decrease in amplitude of the heat and salt surface
fluxes in the northern regions of the BS in September (Fig. 9).

The influence of negative surface salt fluxes with an ampli-
tude of 50–100 × 10–7 kg m–2 s–1 during July and August is
approximately equivalent to the ice melting at an average rate
of 0.25–0.50 m mo–1. Nikolaev et al. (1984) reported that typ-
ical ice thickness in the marginal zones is 0.8–1.5 m, with ice
concentration gradually increasing from 0 up to 100% within
a distance of about 100 km from the ice edge. Under the
assumption that in August and September ice is imported into
the BS and then melts in the vicinity of the ice edge, the
reconstructed salt flux magnitude gives a typical mean ice
thickness estimate of 0.5–1.0 m, which is in agreement with
the independent estimates of Nikolaev et al. (1984). 

According to Fig. 9, the maximum positive heat fluxes are
located in the central (73°N, 39°E) part of the BS in July and
August. We used the results of the National Centers for
Environment Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis (http://www.cdc.noaa.gov/
cdc/reanalysis/index.html) and estimated the mean surface heat
flux for the following regions (73°N, 30°E), (73°N, 39°E),
(73°N, 45°E) during August, which were found to be 46, 81 and
74 W m–2respectively. These numbers are also plotted in Fig. 9.
As can be seen, the August NCEP/NCAR surface heat fluxes
reveal a maximum at 73°N, 39°E and a significant decrease in
the surface heat fluxes in the western part of the BS. We specu-
late that the pattern of surface heat fluxes is associated with local
surface temperature distribution (Fig. 2, left panels), which
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reveals the spot of relatively cold water in July–August at 73°N,
39°E. 

A simplified description of vertical mixing may cause sig-
nificant errors in temperature and salinity evolution in shal-
low regions. Because of that, the negative salt fluxes in the
south-eastern part of the BS may indicate an artificial model
response. At the same time, our model utilizes boundary con-
ditions with zero heat and salt fluxes along the lateral bound-
aries, and does not take into account some important
processes such as river discharge (e.g., the Pechora river) or
summer glaciers melting on NZ. Therefore, the negative salt
fluxes can also be treated as compensation for zero lateral
boundary fresh water fluxes. Note that the magnitude of neg-
ative salt fluxes along NZ and in the northern BS decreases in
September when the drop in the air temperature should
decrease the fresh water discharge.

In order to analyse the obtained heat fluxes in the central
part of the BS, we grouped the available estimates in Table 2.
It can be seen that the optimized heat fluxes are in a good
agreement with the observations of Makshtas and Ivanov
(1997), are in slightly poorer agreement with the
NCEP/NCAR reanalysis results and are approximately
30–50 W m–2 higher than the heat fluxes of da Silva et al.
(1995). Since da Silva et al. (1994) and the NCEP/NCAR cli-
matological fields are over smoothed in the BS and in the
Arctic, we believe that the reconstructed heat fluxes are more
realistic than da Silva and NCEP/NCAR climatologies and
reflect the local features of the BS circulation better.

c Error Estimates 
The standard posterior error analysis through the inversion of
the Hessian matrix associated with the cost function, Eq. (1),
(Thacker, 1989) is computationally prohibitive in our study
because of the large dimension (250,000 elements) of the con-
trol vector. Therefore, we conducted the posterior error analy-
sis based on a sample variance estimate for an ensemble of
data assimilation results. 

Since the circulation in the BS is essentially barotropic, it
is reasonable to assume that the uncertainties in the drifter
velocity data and the errors in transport estimates are a major
contribution to the uncertainties of the assimilated solution. If
so, the error covariance of the optimized velocities and/or
SSH can be estimated as the covariance of the ensemble of
optimal solutions generated by adding random noise (with the
amplitude of the corresponding data error, see Sections 2b
and 2c) to drifter velocities and transport estimates. Drifter
data provide information on the Norwegian Atlantic current
and can be treated as one datum. Consequently we disturb
only six parameters (five estimates of the transport and drifter
velocity amplitude) in order to determine the major part of the
uncertainties of the velocity and SSH fields in the BS.

Following the hypothesis outlined, we conducted ten con-
strained minimizations of the cost function, Eq. (1), with the
perturbed “barotropic” data (drifter velocities and transport
estimates) and computed the field of normalized standard
deviation for the ensemble of optimal velocities and standard

deviation estimate for the ensemble of optimal SSH. Because
of limited ensemble dimension (ten elements), the derived
fields were smoothed with a 130-km cut-off spatial filter and
the final results are presented in Fig. 10. 

The analysis of Figs 7 and 10 demonstrates that the
obtained climatological summer circulation is statistically
reliable in the major part of the BS. The regions with strong
relative variability in the ensemble are located in the northern
part of the BS, near NZ and in Bear Island Trough. Note that
the error analysis reveals a relatively high level of variability
at 75°N, 31°S, that is in the location where long-term veloci-
ty observations also show strong variability in the currents
(see Fig. 7 and Table B1).  

According to Fig. 10, the reconstructed current between the
Great and Central banks and cyclonic circulation between
Central Bank and NZ are relatively reliable, while some of the
commonly accepted features are not. For example, the circu-
lation scheme proposed by Tantsiura (1959), indicates the
presence of a continuous westward current in the northern
part of the BS (Fig. 1). Our results (Fig. 7) show a similar cur-
rent in July, but the error analysis shows that the statistical
reliability of this current is very weak (Fig. 10, left panels).
Note that in August and September the reconstruction of the
circulation in the northern BS is more reliable than in July,
but the westward current entering through the eastern bound-
ary of the region does not continue to flow westward and
retroflects eastward near 79°N, 50°E.

One of the potential problems in the variational approach is
the sensitivity of the optimized solution with respect to the
choice of the first guess solution. A set of numerical experi-
ments started from different first guess solutions has revealed
very small changes in the optimized SSH, velocity, tempera-
ture, salinity, wind stress fields, and moderate variability in
the optimized surface heat flux at the beginning and end of
the data assimilation period. Sensitivity of the surface heat
and salt fluxes with respect to the first guess solution may
have several explanations. Firstly, the absence of surface heat
flux data in the cost function, Eq. (1) allows these fields to
vary within a broader range than other model variables, which
are constrained by data. Secondly, in the middle of the assim-
ilated period (August), the optimized model solution is con-
strained by a larger amount of temperature and salinity data
than at the end and/or beginning of the period. 

Based on the error analysis and the sensitivity study of the data
assimilation results we may conclude that the problem of the
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TABLE 2 Estimates of the surface heat flux (W m–2) for the central part of the
BS taken from: (1) da Silva (1995), climatology; (2) NCEP/NCAR
reanalysis (http://www.cdc.noaa.gov/cdc/reanalysis/index.html); (3)
Makshtas and Ivanov (1997); (4) Panteleev et al. (2003); and (5)
estimated in this paper.

Month, (1) (2) (3) (4) (5)

July   100  155 140 –     80 – 180 
Aug.   30 75 100 –     60 – 160 
Sept.  –50  –25  –    10  –20 – +10 
Oct.   –140  –160 –80 –    – 



reconstruction of the summer BS circulation from climatological
data is well posed. Well-posedness of the problem is conditioned
by the proper choice of the non-eddy resolving parameters and
grid resolution of the model, by introduction of smoothness
terms into the cost function, Eq. (1), and reduction of the control
vector dimension. The latter was achieved through the linear
interpolation in time of the boundary conditions of the model.

From the dynamical point of view, the well-posedness of the
data assimilation problem can be illustrated as follows. Within
the frames of the non-eddy resolving nearly geostrophic
dynamics, the fields of temperature, salinity and wind stresses
determine the vertical shear of the velocity in the BS. Given the
low frequency of variability of these fields in the model, these
fields are well constrained by hydrographic and wind stress
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Fig. 10 Distribution of the normalized standard deviation (σu/abs( ) for the ensemble of optimal velocities (left panels) and standard deviation for the ensem-
ble of the optimal SSH (right panels, cm).
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data. To recover the absolute or reference velocity in the BS,
the model imposes additional volume, heat, and salt mass bal-
ance constraints on the circulation. Additional data sources
such as surface velocities and transport estimates, combined
with the bogus data enforcing smoothness of the optimal fields,
make the reconstructed absolute velocity more reliable.

5 Summary
We present a quantitative estimate of summer climatological cir-
culation in the BS derived from hydrographic and velocity obser-
vations. The circulation is obtained through the variational
optimization of initial and boundary conditions of a non-eddy
resolving ocean model. The optimized circulation is dynamical-
ly balanced within the framework of the model and consistent
with the evolution of temperature and salinity fields documented
in the BarKode hydrophysical atlas (ACSYS, 1999).

The climatological circulation is characterized by an
intense (3.2 Sv) Norwegian Atlantic Current, with average
velocities reaching 10–15 cm s–1. Approximately 1.5 Sv of
this inflow recirculates along the northern flank of Bear
Island Trough, while the major branch of the current crosses
the BS and flows out through the FJL–NZ and Kara Gate
straits with transports of 1.1 Sv and 0.7 Sv, respectively. The
optimized transport between 73°N and the Norway coast
gradually increases from 2.9 Sv in July, to 3.1 Sv in August
and 3.6 Sv in September. These values are in good agreement
with the independent estimate of the mean summer inflow of
3.1 Sv obtained by Ingvaldsen et al. (2002).                           

The circulation is in agreement, with a general scheme pro-
posed by Tantsiura (1959) and adopted by other authors (e.g.,
Novitsky, 1961; Loeng et al., 1997). In addition, the data assim-
ilation is able to reconstruct the details, which had been missed
in the general circulation scheme. The optimized solution
reveals an eastward current between Great and Central banks
and cyclonic circulation in the region between Central Bank and
NZ. These circulation features have recently been confirmed in
a number of publications (Ozhigin et al., 2000; Loeng and
Saetre, 2001).

The reconstructed surface heat and salt fluxes can be treat-
ed as independent estimates of the surface heat and salt flux-
es in the BS region. Good agreement with available
climatological estimates (da Silva et al., 1994; Kalnay et al.,
1996) and actual measurements (Makshtas and Ivanov, 1997)
allows us to suggest that similar estimates can be obtained for
other parts of the Arctic Ocean. Flux estimates derived from
hydrographic data by an inverse method could be very useful
in the regions covered by ice, providing an alternative esti-
mate for poorly known fluxes at the sea-ice boundary. 

The error analysis and the study of sensitivity with respect to
the choice of the first guess solution demonstrate that our results
are statistically reliable. The highest reliability is achieved in the
middle of the assimilation period, while the results at the begin-
ning and the end of the assimilation period can be influenced by
the uncertainties in the first guess solution.

Finally, we would like to note that the data assimilation
approach has a strong advantage compared with the tradition-

al estimates of the ocean state obtained through the geostroph-
ic calculations and numerical modelling. The main advantage
of the circulation obtained from data assimilation is that it
agrees closely with the existing data and that all circulation
fields (temperature, salinity, velocity, surface heat, salt and
momentum fluxes) are dynamically balanced and provide the
information on the evolution of the currents. The geostrophic
calculations can only use one type of data (temperature/salini-
ty) and may only reproduce the circulation averaged over the
data period. The application of a high resolution OGCM
allows us to obtain the non-stationary climatological currents
and partially take into account different types of data, but these
results are usually obtained by using the nudging (or restoring)
technique (for example Maslowski et al. (2004)), which
strongly violates the conservation of heat and salt in the model
(Awaji et al., 2003). The variational technique has proved to
be extremely flexible and robust (Stammer et al., 2002). The
4D-var data assimilation algorithm used has demonstrated a
very high level of efficiency and controllability. This is the
result of semi-implicit non-linear model formulation (Nechaev
and Panteleev, 2000), which was developed specifically for
the solution of the 4D-var problem. The potential drawback of
the data assimilation model used is the simplified parame-
trization of the vertical mixing. In future we are planning to
incorporate the K-profile parametrization (KPP) vertical mix-
ing scheme (Large et al., 1994) and its adjoint into the inverse
model.

Acknowledgments
This study was funded by the Frontier Research System for
Global Change, through the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) Japan, and the sponsor-
ship of the International Arctic Research Center (IARC). The
development of the data assimilation system used in this study
was also supported by an Office of Naval Research (ONR) grant
N00014-00-1-0201 and a National Science Foundation (NSF)
grant OCE-01-18200. We thank A. Zuev and A. Trofimov for
helpful discussions and valuable assistance.

Appendix A
A standard way to parametrize convective adjustment in
hydrostatic systems is to represent this process in the form of
non-linear diffusion:

where

(A1)

and µ is a sufficiently large constant, so that the convective
relaxation timescale is much shorter than the timescales of the
fastest processes resolved by the system. In the present study
we use a standard approximation of which is usually calledΠ̂
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the finite-difference convective adjustment scheme. The
operator is represented in the form

where k(s) is the “elementary” mixing operator, performing
a mass-conserving average between the layers ρk and ρk+1:

and N(ρ) is the total number of elementary mixing events nec-
essary to project a given profile {ρk}, k = 1,..., K onto the one
with ∆ρk ≡ ρk – ρk+1 ≤ 0 (for simplicity we assume homo-
geneity of the vertical grid δz1

= δz2
= ... = δzK

). The tangent
linear operator to k is

Therefore the adjoint finite difference convective adjustment
can be represented in the form

Π̂

Π̂

Π̂

In practice we have to store space-time coordinates of all the
elementary convective events during the “forward” run of the
model and then apply their transposes in the reverse order
when running the adjoint code.

Appendix B
From the early 1970s until 1996 the current measurements in the
BS have been carried out at more than 70 locations by different
Norwegian institutions. Unfortunately, most of the results were
published in data reports with limited accessibility. Loeng and
Saetre (2001) provide the analysis of these velocity measure-
ments in the BS and present the time-averaged velocities at each
current meter. In Table B1 we reproduce the time-averaged
velocity values (Loeng and Saetre, 2001) obtained at 25 moor-
ings located inside the model domain and shown in Fig. 7. Note
that the time period for averaging of velocity data varies for dif-
ferent current meters from 8 days to 400 days. Also, not all of the
data correspond to the summer season. This complicates the
quantitative comparison of the current meter data with data
assimilation results. 
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TABLE B1. Summary of the time-averaged mooring velocities described by Loeng and Saetre (2001). Current meter locations are shown in Fig. 7.

N Position (°N, °E) Depth (m) start/stop days u cm s–1 v cm s–1

1 75°00′ 34°57′ 50 18.09.88–28.10.88 –1.52 1.14 
2  75°15′ 31°59′ 45 11.07.79–19.07.79 3.40 6.68 
3  74°00′ 31°11′ 50 25.06.81–07.07.81 –1.03 2.82 
4  75°29′ 32°10′ 25 05.07.81–08.08.81 2.68 3.98 
5  73°05′ 40°01′ 25 25.08.89–21.10.89 0.47 –1.21 
6  74°30′ 39°58′ 20 26.08.89–10.10.89 –0.54 –0.45 
7  74°30′ 43°01′ 25 26.08.89–24.10.89 –1.00 –1.73 
8  76°00′ 34°60′ 60 13.09.92–30.09.93 1.32 1.37 
9  76°26′ 34°59′ 60 13.09.92–30.09.93 1.70 1.70 
10 80°00′ 30°00′ 75 30.07.80–25.08.81 1.70 1.70 
11 71°04′ 31°00′ 30 19.09.89–18.10.89 1.81 –2.40 
12 72°30′ 31°00′ 100 19.09.89–22.11.89 3.45 3.33 
13 73°00′ 31°00′ 50 18.09.89–22.11.89 6.40 –1.60 
14 73°40′ 31°01′ 100 18.09.89–22.11.89 3.96 2.88 
15 74°32′ 30°58′ 50 01.07.85–01.08.85 1.23 3.38 
16 74°32′ 30°58′ 50 01.08.85–01.09.85 1.41 0.75 
17 74°32′ 30°58′ 50 01.09.85–01.10.85 –0.84 –4.32 
18 74°32′ 30°58′ 50 01.07.86–01.08.86 1.57 3.89 
19 74°32′ 30°58′ 50 01.08.86–01.09.86 0.38 3.58 
20 74°32′ 30°58′ 50 01.09.86–01.10.86 1.23 1.32 
21 75°20′ 25°01′ 25 12.11.87–03.06.88 –2.69 0.24
22 70°57′ 41°00′ 75 14.09.94–15.09.95 3.03 –1.75
23 77°09′ 29°52′ 85 03.10.93–10.09.94 1.01 1.49 
24 72°00′ 31°00′ 50 01.09.89–30.09.89 2.09 5.73 
25 73°10′ 43°34′ 50 07.08–03.09    2.99 2.51 
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