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Abstract Sea surface height anomalies observed by sat-
ellites in 1992-2010 are combined with monthly climatol-
ogies of temperature and salinity to estimate circulation in
the southern Bering Sea. The estimated surface and deep
currents are consistent with independent velocity observa-
tions by surface drifters and Argo floats parked at 1,000 m.
Analysis reveals 1-3-Sv interannual transport variations of
the major currents with typical intra-annual variability of
3—7 Sv. On the seasonal scale, the Alaskan Stream transport
is well correlated with the Kamchatka (0.81), Near Strait
(0.53) and the Bering Slope (0.37) currents. Lagged corre-
lations reveal a gradual increase of the time the lags between
the transports of the Alaskan Stream, the Bering Slope
Current and the Kamchatka Current, supporting the concept
that the Bering Sea basin is ventilated by the waters carried
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by the Alaskan Stream south of the Aleutian Arc and by the
flow through the Near Strait. Correlations of the Bering Sea
currents with the Bering Strait transport are dominated by
the seasonal cycle. On the interannual time scale, significant
negative correlations are diagnosed between the Near Strait
transport and the Bering Slope and Alaskan Stream currents.
Substantial correlations are also diagnosed between the eddy
kinetic energy and Pacific Decadal Oscillation.

Keywords Bering Sea - Inter-annual variability -
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1 Introduction

Transport of waters in the Bering Sea (BS) plays an
important role in the exchange of properties between the
Pacific and Arctic oceans. Therefore, monitoring long-term
variations of the BS currents and their relations between
each other and the atmosphere may provide a better
understanding of the mechanisms controlling regional and
global climate change phenomena (Luchin et al. 2002;
Overland and Stabeno 2004).

Recent modeling (Clement et al. 2005; Maslowski et al.
2008; Clement Kinney et al. 2009; Hu and Wang 2010)
and observational (Mizobata et al. 2002, 2006) studies
suggest, in particular, that mesoscale eddies play a decisive
role in the exchange of properties between the northern BS
shelf and the southern BS basin, thus controlling transport
of the Pacific waters into the Arctic Ocean. Process studies
by Wang and Ikeda (1997) and Zhang et al. (2011) confirm
the importance of mesoscale instabilities along sloping
topography and their ability to strongly affect local large-
scale circulation along the BS shelf break. Equally
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important are transports of the larger-scale components of
the BS circulation, primarily driven by winds and the
Alaskan Stream inflow into the basin at the southern open
boundary. Due to significant uncertainties of the forcing
fields, numerical estimates of the large-scale transports in
the BS system are subject to large uncertainty in the lit-
erature. As an example, the mean transport of the Kam-
chatka Current varies from 10-14 Sv (Stabeno et al. 1999)
to 20-25 Sv (Panteleev et al. 2006; Hu and Wang 2010) in
the numerical studies with 9-18-km resolution. New mas-
sive sources of data (satellite altimetry, Argo drifters) may
improve the accuracy of these estimates in the near future.

Large-scale circulation features in the deep basins of the
BS were estimated from observations by many authors
(e.g., Reed 1984; Verkhunov and Tkachenko 1992; Reed
et al. 1993; Stabeno et al. 1999) who primarily used
dynamic topography maps relative to 500-1,500 dbar
derived from available hydrological stations. Development
of satellite technologies introduced massive sources of
information coming from drifters and altimeters, which
enabled direct observations of both the surface (Stabeno
and Reed 1994) and deep (Johnson et al. 2004) circulation
features. In particular, observations of deep currents by
Argo drifters have shown that circulation at 1,000 m pro-
vides a substantial, if not primary, contribution to the total
transport and, therefore, should not be neglected in the
computations.

Satellite altimeters supply information on the BS surface
geostrophic currents for more than 2 decades. Combining
these data with in situ observations of temperature, salinity
and subsurface currents allowed obtaining increasingly
accurate estimates of the Bering Sea mean dynamic
topography (MDT) (Panteleev et al. 2011), which indicated
that the major current systems in the Bering Sea and sur-
roundings are stronger than those deduced from hydro-
logical surveys using the assumption of no motion at
1,000-1,500 m. In particular, Panteleev et al. (2006) esti-
mated the Kamchatka Current transport of 24 Sv
(1 Sv = 10° m%/s), a value significantly higher than pre-
vious estimates of Stabeno and Reed (1992) and Verkhu-
nov and Tkachenko (1992) referenced to 1,500 dbar.
Similar indications of stronger transports were obtained by
Cokelet et al. (1996), who analyzed ADCP-referenced
geostrophic circulation in the deep basin of the BS, and by
Hughes et al. (1974), who estimated transports of the Near
and Bering Straits from surface drifters and CTD sections.

Recent results of the long-term moored velocity mea-
surements in the major straits of the Aleutian Arc also
indicate a significant contribution of the deep currents:
using the results of 4-year moored observations in the
Amukta Pass Stabeno et al. (2005) estimated its transport
as 4 = 1 Sv, which is almost seven times higher compared
to the previous indirect estimates, obtained from
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hydrological station data (Stabeno et al. 1999). More
recent observations in the Amukta Pass have shown even
higher northward tranport of 4.7 Sv into the Bering Sea
(Ladd and Stabeno 2009).

In this study we try to obtain a 18-year-long estimate of
the BS circulation from the Aviso altimetry (http://www.
aviso.oceanobs.com), historical station data and drifter
observations. To reduce the unrealistically strong near-
bottom currents that routinely emerge when the dynamical
method is referenced to the sea surface, we utilize
monthly temperature/salinity climatologies adjusted to the
original stations, drifter and atmospheric data by means of
the dynamically constrained variational interpolation
technique (Panteleev et al. 2006, 2011). The impact of
mesoscale eddies, unresolved by the climatologies, is
accounted for by the Cooper-Haines (1996) algorithm.

The article is organized as follows: In the next section
we describe the data sets used, their pre-processing and
error analysis techniques. In Sect. 3 the results of the flow
field reconstruction in the ice-free regions of the BS are
presented and validated against independent drifter data. In
the same section we analyze correlations between the
transports of the major BS currents, including an inde-
pendent estimate of the Bering Strait transport derived
from 10-year moored observations by Woodgate et al.
(2005). Reconstructed flow field anomalies are also used to
analyze intra-seasonal variations of the eddy kinetic energy
and to establish correlations with atmospheric forcing on
interannual scales parameterized by the Pacific Decadal
Oscillation (PDO). Section 4 summarizes the results of the
study.

2 Data and methods
2.1 Aviso altimetry

Since 1992, the ocean surface topography has been con-
tinuously observed from space by the Topex/Poseidon,
European Remote Sensing (ERS), Geosat Follow-On
(GFO), Envisat and Jason satellite missions. These data are
available at http://www.aviso.oceanobs.com. In this study
the gridded sea surface height anomalies (SSHA) for the
period of 1992-2010 were used to define a reference
pressure for the diagnostic computations.

For each 7-day period, the SSHAs, obtained by optimal
interpolation of all the available altimeter missions, were
downloaded from the Aviso site together with the respec-
tive error estimates. The latest version of the product is
derived using anisotropic and spatially inhomogeneous
covariance functions with an improved statistical error
model, accounting for subgrid motions and various types of
long wavelength errors (Pascual et al. 2006). Every week
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Fig. 1 Schematics of the BS circulation. Bold rectangle shows the
domain of the diagnostic computations. Thick gray lines show the
sections across the key circulation features, where weekly transports

were estimated. Topography contours of 1,000 and 3,000 m are
shown

the gridded Aviso SSHA and the respective error fields
were interpolated from the original 1/3° x 1/3° grid on the
model grid with 18 km (approximately 1/3° x 1/6°) hori-
zontal resolution (Fig. 1).

The horizontal resolution of the gridded SSHA is
defined by the footprints of the Topex-Poseidon and Jason-
1 satellites (Fig. 2b). Although the along-track SSHA data
have a resoluiton of approximately 8 km, the distance
between the tracks is about 100 km, thus limiting the
effective resolution of the Aviso product by 20-30 km.
Because of this, the gridded Aviso SSHA can be used for
analysis of the circulation in the Kamchatka and Narrow
straits, but does not resolve narrow Aleutian Passes
(Fig. 2b), which, in addition, are characterized by higher
errors associated with the detiding procedure of the raw
along-track observations. For this reason the overall
accuracy of the Aviso product data is generally higher for
the deep regions where the tidal signal is smaller. Aviso
data have been successfully used for analysis of the BS
circulation (e.g., Foreman et al. 2004; Chernyawsky et al.
2004, 2005; Mizobata et al. 2010).

Being highly accurate (~2-3 cm) in retrieving the time-
dependent component of SSH variability, the mean SSH
provided by satellites still suffers from significantly larger
errors (~ 10-20 cm) of geoid models (e.g., Elmann 2010).
To derive the absolute SSH maps, the gridded Aviso
anomalies were added to the Bering Sea mean dynamic
topography (MDT, Fig. 2a) obtained by combining all
available observations with dynamical constraints in the
framework of the variational data assimilation approach
(Panteleev et al. 2011). The respective MDT and SSHA
error fields were assumed to be uncorrelated, and the
resulting errors varied between 1 and 10 cm (Fig. 2b) with
the mean magnitude of 2.9 cm in the deep part of the BS
basin.
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Fig. 2 The climatological mean SSH field (a) and the snapshot of the
total SSH error field on 1 April 2000 (b). White quadrangles in the
upper panel show averaging areas of the drifter data in the KC (/), NS
(2), BSC (3) and AS (4) regions used in the validation experiments
(Table 1)

2.2 Argo and surface drifters

Drifter data were used in the study for validation purposes
and consisted of two major components: surface and sub-
surface (Argo) drifters.

Surface drifters included 497 trajectories from the Fish-
eries Oceanography Coordinated Investigations (FOCI) data
base http://www.pmel.noaa.gov/foci and 84 drifter trajec-
tories from the Global Drifter Program (GDP) data
base http://www.aoml.noaa.gov/phod/dac/ observed during
1992-2004. The FOCI surface drifters were drogued at 40
m, and GDP drifters had drogues at 15 m. Most (86 %) of
the these velocity data were obtained from FOCI drifters
driven by currents below the Ekman layer due to a rela-
tively deep drogue. Preliminary analysis of these obser-
vations included low-pass filtering of the trajectories with a
1-week cutoff period and velocity estimation by taking the
difference between the drifter’s positions. The root-mean-
square (rms) error variance ranged from 0.05 to 0.2 m/s
depending on the drifter location.

Velocity data from Argo drifters (Wilson 2000) were
taken from http://apdrc.soest.hawaii.edu/projects/yomaha/
yomahaO7. This data set included 1994 velocity estimates
at 1,000 m spanning the period from May 2001 to April
2007. The mean duration of an Argo drifter residence at the
parking depth was 8.9 days, with 90 % of the values
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ranging in between 8.2 and 10.3 days. The mean dis-
placement of a drifter at 1,000 m was 35 km, giving a
rough mean speed estimate of 4.3 cm/s. The mean velocity
at the parking depth was estimated by taking the difference
between drifter coordinates before the dive and immedi-
ately after resurfacing. The respective error ¢4 combines an
estimate of the drifter’s displacement during the ascent/
descent phase with an estimate of surface velocity acquired
from the drifter’s position fixes at the surface (more details
can be found on the YoMaHa website). The mean value of
g4 in the region was found to be 3.1 cm/s.

2.3 Temperature and salinity

Computation of geostrophic currents by integrating density
from the surface results in severe violation of the kinematic
constraints imposed on the velocity field by the bottom. A
standard way to improve the accuracy is to start integration
from a reference level (1-1.5 km), assuming that pressure
anomalies are negligible there. Such a procedure provides
the SSH value under an implicit assumption of the error-
free density in the water column (Fomin 1964).

In the present study the mesoscale density anomalies p’
are largely unknown, whereas the mean density field p
could be determined with a reasonable accuracy from
historical observations. The hydrological database at our
disposal contains 56,342 temperature and salinity profiles
collected in the Bering Sea between 1932 and 2004 (see
Panteleev et al. 2011 for more details). These observations
were assimilated together with drifter and atmospheric
forcing data into a regional primitive-equation model
(Panteleev et al. 2006, 2011) to obtain dynamically con-
sistent estimates of the climatological distribution of the of
p and { in the region. A similar technique was used to
obtain seasonal climatologies for density.

A posteriori errors ¢,,0; of the mean fields were com-
puted by estimating the diagonal elements of the Hessian
matrix associated with the assimilation problem. Their
values varied within 10-30 % of the respective mean val-
ues. The dynamically optimized density climatologies were
then linearly interpolated in time to obtain weekly fields of
p, which were corrected for unresolved mesoscale signal p’
and combined with { and {’ to diagnose velocity.

2.4 Velocity estimation

To obtain a realistic velocity field with the diagnostic
method, one has to account for the density variations p’
associated with the mesoscale eddies, which are absent in
the seasonal climatologies, but are implicitly present in
Aviso SSH anomalies (. In this study, {’ was projected on
o’ by the means of the Cooper-Haines (1996) technique,
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Fig. 3 Scatter plot of the diagnosed density field against in situ
observations in the Bering Sea during 2002. Slanted bars show
observed rms variations of the BS density field at selected depths

widely used in sequential data assimilation schemes: the
density profiles p(z) + p'(z) were obtained by vertical
displacement of p(z) to cancel bottom pressure anomalies
induced by {'. The pressure field p was computed by

0

p=gpo(C+C’)+g/(p+p’)dz, (1)
—h

where 4 is the local depth, g is the gravitational accelera-
tion, pg is the water density at the surface, and p’(z) is the
Cooper-Haines correction to the background climatological
density profile p(z).

To validate the approach, we compared the diagnosed
density p + p’ with in situ observations taken during
4 years (1997, 1998, 2002, 2003) of the most abundant
observations in the 1990s and 2000s. As an example, Fig. 3
compares the diagnosed density with the density data from
678 CTD stations occupied in 2002. The depth-averaged
correlation coefficient for this year is 0.71, whereas the
difference between the observed and diagnosed densities
(rms deviation of the points from the diagonal) is several
times smaller than the typical rms variation of the density
field at a given level shown by slanted bars. Other years
demonstrated similar distributions with the correlation
coefficients of 0.61 (1997), 0.63 (1998) and 0.67 (2003).
These estimates show that the adopted diagnostic method
provides mesoscale density variations with an accuracy of
30-40 %, which is sufficient for statistical analysis of the
velocity field in the major part of the investigated region,
including the all sections shown in Fig. 1.

At any given moment this approach keeps the water
mass structure intact, conserves potential vorticity and
avoids violation of the kinematic boundary condition at the
bottom, because mesoscale velocity at z = —h is zero,
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Fig. 4 The snapshots of the
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arrows) at 1,000 m in the

14.6.2006

60 - o
eastern and western parts of the - NI
. . = N
BS. Thick arrows sh(.)w.velomty N //}/\ AN N T
of the Argo floats within the RSB N
temporal window of 70 days 58 '/4\\,,\»\\. AENENENEA | -
. /\\/,.\._\'\g RSN N .,
with respect of the day AR AN N
H : N N NN o JEEPEEENEEN -, b .
designated in the subplots 4/t RN NINENE B AN T
PSRN N N N P f
561 ® /'111/1'“‘—‘\ _,k»\}\\,‘ e O
V77 YRS REEED R R R RN DR IRy
9% 1900 "BRNESR R RING SEESSL XN
A,,\\_.H\ N NN AR R ,\_,.\\',N‘
/ ,,\\\\\,\\‘_//’, V\\|/,.\\.AVIV//4
54 'i/,\\\x\\‘\_lf ‘\'\,,///H_\._!/‘/,
P N N N NN N - VAV ,rl.lrm
(NN NNV BRI |
AANEUNININENNIA N oI (SRS
l.‘\\\\\‘\-—\\\\ " -, ,}\‘//H,/
g\.\\w\\&\\r \\\. ‘3 i
i R INNISASNT S 7 R R S L
[ YN 2PN RN (Y
165 170 175 180
whereas the climatological fields { and p are dynamically =~ 3 Results

balanced by the variational assimilation algorithm.

Weekly velocity vectors v were computed by applying
the geostrophic relationships to the pressure field given by
Eq. (1):

(2)

where f'is the Coriolis parameter, and K is the vertical unit
vector.

Figure 4 compares the velocities estimated from
Eq. (1, 2) with those and velocities derived from Argo
floats parked at 1,000 m. Qualitatively, the best agree-
ment is observed in the Kamchatka Strait and in the
Alaskan Stream where strong currents are controlled by
local topography. The agreement is worse in the Near
Strait and in the eastern part of the BS where currents
are weaker and eddy activity is stronger. Despite that,
Fig. 4b suggests that reconstructed velocities resolve a
significant part of the eddy activity observed by the Argo
floats.

Equations (1, 2) do not guarantee the integral volume
conservation. Despite this, we found that the northward
flow through the northern boundary of the region ranged
between 1.5 and —0.5 Sv, i.e., was fairly consistent with
the observed variability of the Bering Strait transport
(Woodgate et al. 2005). Such a reasonable behavior could
be partly attributed to the dynamical balance between the
MDT and the climatological density fields.

Velocity errors were estimated using the relationship

E, = G'EG,, (3)

where Gy is the matrix of discrete representation of the
diagnostic operator (Egs. 1, 2), mapping SSH and density
on the velocity, and E is the diagonal matrix of the SSH

and density error variances o2

2
20

3.1 Validation against drifter and mooring data

To check the consistency of the diagnosed velocity fields,
we compared their weekly values with the drifter data
described in Sect. 2.2.

Prior to comparison with the Argo data, velocity fields at
1,000 m were smoothed with the 25-km-wide Gaussian
filter centered at the average drifter location between its
position fixes at the surface. Figure 5b shows the scatter
plot of the computed velocity v against the respective and
Argo floats u velocity. Given the relatively large errors in
determination of both the drifter (3.1 cm/s) and diagnosed
(5.3 cm/s) velocities, their magnitudes coincide at the
85 % confidence level.

We also computed the canonical correlation coefficient
¢ (Schrier 2008) between u and v

¢c=1-det[l -C,'C,C..CL]. (4)

Here C stands for the covariance matrix between the sub-
script vectors, T denotes transposition and | is the 2 x 2
identity matrix. The coefficient ¢ is normalized in a way
that 0 < ¢ < 1 and measures the degree of linear depen-
dence between u and v. The resulting value ¢ = 0.42 is
different from zero at the 90 % confidence level and
appears satisfactory, given the uncertainties in the deter-
mination of # and v.

Correspondence between the surface drifter velocities ug
and v appears somewhat better (Fig. 5a), possibly because
of the absence of errors introduced by the Cooper-Haines
corrections to the density field during calculation of the
dynamic height and its derivatives. The magnitudes of u;
and v differ insignificantly with the 95 % confidence. The
respective correlation coefficient (4) is also higher (0.48)
than for the Argo drifters (Fig. 5).
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Table 1 Mean magnitudes (cm/s) of the reconstructed velocity
vectors and the velocity vectors retrieved from drifter trajectories
(shown in italic)
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Fig. 5 Scatter plots of the surface (a) and Argo (b) drifter velocity
components (vertical axes) against the reconstructed velocity com-
ponents (horizontal axes) at 30 and 1,000 m. Correlation coefficients
are shown. Velocity values are in cm/s

Table 1 compares the mean velocity magnitudes in the
four key regions of the Bering Sea shown in Fig. 2a. The
relative difference between the mean velocity magnitudes
is 5 % for the Argo drifters and 17 % for the surface
drifters. A larger discrepancy with surface drifters can be
partly explained by the contribution of the Ekman flow
(especially to the GDP drifters), which may also be
responsible for larger magnitudes of the surface drifter
velocities compared to the diagnosed geostrophic velocity
(two lower lines in Table 1). Indications of the large
Ekman transport, especially in winter, have been well
documented by both experimental (Stabeno et al. 1999)
and numerical (Hu and Wang 2010) studies of the BS.

Overall, the results of validation show that the recon-
structed weekly velocity fields are consistent with
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Total KC NS BSC AS
Argo drifters 4.5 10.1 4.9 34 5.8
4.4 7.3 54 3.8 6.4
Surface drifters 9.8 12.1 9.2 8.2 14.0
11.8 11.1 11.6 9.1 18.6

Averaging is done separately for the entire domain (first column) and
for the four key regions shown in Fig. 1

independent drifter observations and can be used for fur-
ther statistical analysis of the key integral features of the
circulation.

3.2 Transport anomalies

Geostrophic circulation in the Bering Sea is characterized
as a cyclonic gyre driven by the inflow of the Alaskan
Stream water through the numerous straits of the Aleutian
Arc. The major portion of the inflow recirculates in the
deep southwestern basin within the Bering Slope Current
and exits through the Kamchatka Strait (Stabeno et al.
1999). Several percent of the gyre transport enter the
northeastern BS shelf to form the Bering Strait outflow into
the Arctic Ocean.

Although qualitatively this circulation pattern has been
known for decades, transports of its major branches and
their variability (except for the Bering Strait) remain highly
uncertain because of the lack of direct observations of the
deep currents. The diagnosed circulation sheds new light
on the dynamics of the BS gyre and its variability on
decadal to monthly time scales.

Figure 6 demonstrates the time series of the transports
through the sections shown in Fig. 1: the Kamchatka cur-
rent (KC), the Near Strait transport (NS), the Bering Slope
Current (BSC) and the Alaskan Stream (AS). For better
comparison with the result of Johnson et al. (2004), the
BSC transports are averaged over two southwestward
sections, starting from the 1,000 m isobath (Fig. 1).

A remarkable feature of the curves in Fig. 6 is relatively
high amplitude of the transport variations compared to their
mean values. The KC transport reached its maximum of
38.5 Sv in January 1998, while its 20-year minimum was
only 6 Sv in May 1993, a value, statistically indistin-
guishable from zero. Similar extremes of the KC transport
were obained by Hughes et al. (1974) and Verkhonov and
Tkachenko (1992).

The AS transport appears to be more steady with a
typical seasonal variation of 7 Sv around the mean value of
24.3 Sv. The BSC transport exhibits much larger fluctua-
tions, which even reversed their direction to a —1.2-Sv
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southeastward flow in the beginning of March 1996. The
mean value of the BSC transport, calculated above the
2,000 m is 7.3 Sv, is in a reasonable agreement with
the value obtained by Johnson et al. (2004) whose diag-
nostic estimate of 5.8 &+ 1.7 Sv was referenced to the
velocity field derived from Argo drifters. Hu and Wang
(2010) obtained a somewhat lower estimate of 5 Sv by
integrating their model result between 1,000 and 200 m
contours. The NS inflow into the Bering Sea has a typical
seasonal variation of 4 Sv with a mean value of 11 Sv.
Table 2 contains correlation coefficients between the
low- and high-pass filtered transports of the series shown in
Fig. 6, and the similarly filtered Bering strait transport
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Fig. 6 Transport anomalies (Sv) of the Kamchatka Current (KC), the
Near Strait (NS) throughflow, the Bering Slope Current (BSC) and the
Alaskan Stream (AS). Low-pass filtered series are shown by thick
lines. The mean values of transports are shown in the left corners

from observations of Woodgate et al. (2005). In all the
cases the cosine window with the annual cutoff scale was
used. The filtered series were subject to autocorrelation
analysis, which diagnosed the decorrelation scales of
approximately 8.7 weeks and 2 years for the high- and
low-pass series, respectively. Using these estimates, we
evaluated the number of independent points (degrees of
freedom) in the 18-year filtered series as 108 and 9. These
numbers were used to compute the confidence limits via
Fischer transformation of the sample correlations.

According to Table 2, the intra-annual correlations
(above diagonal) with the Bering Strait transport are mostly
negative. The result reflects domination of the seasonal
signal in the series: it is well known that the Bering Strait
transport reaches its maximum in summer and fall (e.g.,
Roach et al. 1995), whereas the BS circulation tends to
spin up in winter (Fig. 5; Hughes et al. 1974). As a con-
sequence of such intensification of the BS gyre, the mean
SSH in the Bering Sea drops, reducing the large-scale sea
level difference between the Pacific and Arctic Oceans that
drives the Bering Strait transport on the interannual time
scales.

Correlation estimates on the interannual time scales
have an order of magnitude fewer degrees of freedom (e.g.,
9 against 108 for the BS transports) and are much less
confident: only three coefficients below the diagonal in
Table 2 maintain their sign within the 95 % confidence
limits. Among them are the correlations of the NS transport
with the transports of the BSC (—0.67) and the AS (—0.84)
(Table 2).

The third confident correlation is between the BSC and
AS. Tts value (0.58) appears to be larger than the intra-
annual one (0.37), indicating that the teleconnection
between these two currents across the Aleutian Arc is
masked by eddy activity on the intra-annual scales.

Computation of the lagged correlations » among the
transports of the AS, BSC and KC have shown that the time
lags T of maximum correlations gradually increase between
the pairs AS-BSC (r = 0.66, 7 = 0.9 years), BSC-KC
(r=20.8, 7=3.1years) and AS-KC (r=0.74,
4.4 years). These numbers roughly correspond to the travel

T =

Table 2 Correlations between the transports across the sections shown in Fig. 2

KC NS BSC AS BStr
KC 1.00 0.38 0.53 0.65 0.16 034 0.50 0.73 081 087 -0203 —-044 —0.63
NS —0.33 043 0.85 1.00 012 030 046 0.62 072 0.80 —0.09 —-0.35 —0.56
BSC -050 -—0.25 078 -0.11 -—0.67 —0.92 1.00 0.20 037 052 -020 -0.07 —-0.33
AS —0.56 0.16 082 —-040 -—-0.84 —0.97 0.13 058 0.90 1.00 —0.17 —-0.42 —0.62
BStr  —0.87 002 088 —-08 -—-011 —-09 -0.87 0.06 0.89 -085 —0.13 091 1.00

Matrix elements above the diagonal show correlations between the high-pass filtered transports retaining the seasonal cycle and shorter time
scales. Low-pass filtered correlations on interannual time scales are shown below the diagonal. Boldfaced numbers show correlations. Numbers

to the left and to the right show their 95 % confidence limits
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Fig. 7 Low-pass filtered 3
transport anomalies (Sv) of the
Bering Slope Current (dashed 2r -— )
line), the Alaska Stream (gray) 1k v/ ’ S~ i
and the Near Strait throughflow _\—-\ g M
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times along the pathways of the AS water in the BS basin
with the mean depth-averaged velocity of approximately
2-3 cm/s. We assume that this result supports the concept
that a significant portion of the AS is responsible for the
deep ventilation of the Bering Sea basin.

Interestingly, the NS and KC transports correlate posi-
tively at zero lag (r = 0.43, Table 2) and negatively
(r = —0.72) with the lag of 4.4 years. This is due to the
high negative correlation (r = —0.84) between NS and AS
transport at zero lag (Table 2) and a moderate positive
(r = 0.5) correlation at the lags 4-5 years. The low-pass
filtered BSC and NS transports in Fig. 7 have an opposite
phase to the AS transport with a period of approximately
4-5 years. The origin of such behavior of the NS and AS
transports is not quite clear, but one of the possibilities can
be the formation of the large-scale eddies in the Alaskan
Stream that block the transport of the AS water through the
Aleutian Passes. A perfect example of this mechanism was
described by Okkonen (1996).

Lagged correlation analysis suggests simple statistical
relationships between the KC and BSC transports and NS
and AS transports:

TKc(t) = O.STNs(I) + 0.26TAs(t — 44) + €xc (5)
Tgsc(l) = —0.47TNs(l‘ — 11) + 0.3TA5([ — 09) + €eBsc
(6)

Here, for TKS(I)’ TBSC([)v TNs(t), TAS(I)’ are KS, BSC, NS
and AS transports, ¢ is the time in the years, and egg, egsc
are the stochastic errors. The relationships (5, 6) describe
89 and 77 % of the variability of the KS and BSC trans-
ports, respectively.

3.3 Eddy kinetic energy

Mesoscale variability is an important factor in the Bering
Sea dynamics. Analysis of the moored velocity measure-
ments along the eastern Alaskan continental slope
(Schumacher and Reed 1992; Cokelet and Stabeno 1997)
have shown mesoscale currents exceeding 80 cm/s, i.e.,
1015 times higher than the long-term mean BSC velocity.
Eddy-induced across-shelf mixing is not well studied,
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although high mesoscale activity in the region indicates the
importance of this mechanism. In particular, Mizobata
et al. (2002, 2006) obtained evidence of the enhanced
eddy-driven up-slope cross-shelf transport below 50 m in
the BSC region with the opposite transport above. Earlier
numerical experiments by Wang and Ikeda (1997) revealed
a tendency for enhanced production of smaller scale eddies
under the environment with a gently sloping southward
bottom characteristic for the BSC region, whereas clima-
tological simulations of Hogg et al. (2005) indicate a clear
connection between the long-term variability of the large-
scale dynamics and oceanic eddy activity.

Using the diagnosed velocity v fields at each level z;, the
depth-averaged eddy kinetic energy (EKE) was estimated
by

22
Po_ [ (v—va)ds, (7)

EKE = ———
2(z —z1)
21

Z

Here v is the horizontal velocity vector derived as
described above, v is the corresponding climatological
velocity, and py = 1,027 kg/m3 is the mean sea water
density. It should be noted that the definition of the eddies
(7) in terms of the zero time-mean component of the flow
may contain significant signal associated with transient
flow features on the larger scales (i.e., not necessarily
eddy-like structures). Although a more consistent scale
separation can be derived by employing additional
averaging in space (e.g., Wang et al. 2001), we will still
follow the time-averaged version (7), keeping in mind that
EKE also contains KE of the transient larger scale features.

The 18-year mean EKE distribution in the upper 300 m
of the Bering Sea is shown in Fig. 8. As expected,
enhanced eddy activity is observed in the KC and AS
regions. Obviously, it is partly associated with the above-
mentioned transient features of these large-scale currents.
Less intensive but persistent eddies are also present north
of the Aleutian Arc in the regions of the main inflow
passages and along the continental slope controlling the
BSC pathway (Mizobata et al. 2002, 2006).

Time evolution of the mean EKE at 20, 187 and 900 m
is shown in Fig. 9. The seasonal cycle is more pronounced
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at the intermediate depth (150 m) with the maxima
observed in March-April, exhibiting a 2-month delay with
respect to the maximum large-scale currents observed in
January (cf. Fig. 5). On the longer term, there is a signature
of a trend whose magnitude ranges between 0.5 % (at
50m) and 1 % (900 m) of the mean EKE per year.
Although long-term trends in the upper layers are not

185 190 195 200

Fig. 8 Horizontal distribution of the eddy kinetic energy (J/m?)
averaged in the 0-300 m water column

EKE, J/m®

0 1 i i 1 1 i 1 i i
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Fig. 9 Evolution of the BS eddy kinetic energy at (from fop to
bottom) 20, 187 and 900 m averaged for the domain show in Fig.1.
Thin straight lines show the long-term trends

statistically confident because of the strong variability on
seasonal and shorter time scales, the EKE trend below
700 m is apparent (lower curve in Fig. 9).

Long-term variations of the EKE in the Bering Sea also
exhibit significant correlations with the PDO index (Man-
tua et al. 1997). Figure 10 demonstrates the evolution of
the Bering Sea EKE averaged in the upper 1,000 m and the
PDO index. The quantities have correlation 0.49 at the 95
% confidence level under the assumption of statistical
independence of the bimonthly values. Even larger (0.54)
correlation is observed between PDO and EKE averaged
over the BSC region (quadrangle 3 in Fig. 2a). It is note-
worthy that correlations between the rms gradients of the
Aviso SSH anomalies and PDO index are much smaller,
indicating the validity of the presented reconstruction of
the velocity field in the deeper layers.

Positive correlations between the eddy activity in the BS
basin and the PDO index indicate an atmospheric tele-
connection between the North Pacific SST anomalies and
the BS circulation. During the positive PDO anomalies
there is an increase of the large-scale poleward temperature
gradient in the lower troposphere, which intensifies
cyclonic circulation in the Aleutian low of the North
Pacific (e.g., Wang et al. 2004). The latter amplifies oce-
anic cyclonic gyres, including the BS large-scale circula-
tion pattern (Fig. 1), which in turn causes enhanced eddy
activity. In particular, Schumacher and Reed (1992),
Cokelet and Stabeno (1997) observed that BS mesoscale
currents may reach up to 80 cm/s in magnitude and pene-
trate to the depth of at least 500 m along the eastern
Alaskan continental slope. Such a strong eddy activity
results in the enhanced transport of nutrients from the deep
regions onto the eastern BS shelf (Stabeno et al. 1999) and
explains higher biological production (Hare et al. 1999) in
the BS during the positive PDO anomalies.

The diagnosed correlation between PDO and the BS
eddies supports this hypothesis and provides another indi-
cation of the coherence between the BS circulation and the
NP currents on the interannual time scales.

Fig. 10 Depth-averaged eddy
kinetic energy in the upper

1,000 m (black lines, left axis)
and the PDO index (gray lines, 2
right axis). The low-pass filtered
series are shown in bold and

have a cross correlation of 0.49

EKE, J/m®

0.5

0 I i
1992 1994 1996

i I I I i I
1998 2000 2002 2004 2006 2008 2010
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4 Discussion and conclusions

The presented quantitative estimate of the 3d BS circula-
tion in 1992-2010 is the first attempt at such a recon-
struction that heavily relies on the massive satellite
observations of the sea surface height. To reduce the
uncertainty in the mean SSH, we used the mean dynamic
topography obtained from the 4dVar assimilation of the
hydrographic, drifter and atmospheric data into the regional
numerical model (Panteleev et al, 2006, 2011). Such an
approach allowed us to reduce the absolute SSH errors to a
few centimeters (Fig. 2b) and accurately estimate the mean
seasonal cycle of the BS density field. To assess the
mesoscale density anomalies, we employed the Cooper-
Haines scheme, and then diagnosed the velocity field using
the geostrophic and hydrostatic relationships.

The technique may poorly resolve only the density field
component driven by interannual variations in atmospheric
forcing, which may cause significant changes in the large-
scale water mass structure and potential vorticity. We
believe, however, that these effects are not dominant within
the 18-year period under consideration and have only a
marginal impact on the quality of the reconstructed circu-
lation. This assumption has been validated by the direct
comparison with subsurface and deep velocity observations
by drifters, which demonstrated a reasonable agreement
between the reconstructed velocities and the data (see
Table 1; Figs. 4, 5).

Analysis of the BS circulation in 1992-2010 provided
the following mean transports for the major currents: the
Alaskan Stream 24.3 + 6.7 Sv, the Kamchatka Current
22.1 & 6.3 Sv, the Near Strait 11 & 3.9 Sv and the Bering
Slope Current 7.3 &+ 2.8 Sv. The AS and KC were diag-
nosed to have undercurrents below 2 km with the trans-
ports of —4.1 = 1.2 and —2.9 £ 0.8 Sv, respectively, so
that their transports in the upper 2 km exceed 28 and
24 Sv. Overall, the obtained estimates indicate that the BS
current system has a considerably higher magnitude than
previously thought. This is partly due to the fact that most
of the estimates known in the literature were obtained from
diagnostic calculations relative to 1,000-1,500 db. New
data from Argo drifters (Table 1; Fig. 4) indicate that deep
currents do significantly contribute to the total transport of
the BS currents.

At the seasonal scale, significant amplification of the BS
current system is observed in winter, with the maximum in
December—January (Fig. 6), which is followed by the EKE
maximum in March-April. The mean seasonal magnitudes
of the BS currents are diagnosed as 6 Sv for the AS, 8 Sv
for the KC, 4 Sv for the NS and 3 Sv for the BSC.

All the currents exhibited significant positive correla-
tions with the AS transport on intra-annual time scale.
Lagged correlation analysis revealed increasing time lags
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of the maximum transport correlations between the AS
and currents (BSC and KC) located further downstream
the BS cyclonic gyre. A significant negative correlation
between AS and NS transports has also been found. These
results support the concept that the BS basin is ventilated
by the waters, carried by the AS south of the Aleutian Arc
and by the flow through the Near Strait. In particular, the
Near Strait inflow amplifies when the upstream AS is
relatively weak, resulting in stronger recirculation in the
western BS. Stronger AS appears to reduce the Near Strait
inflow and at the same time produces larger transport
through the Aleutian Arc, which amplifies the main
cyclonic gyre controlled by the continental slope within
the BSC region.

The correlation analysis allowed proposing simple sta-
tistical relationships between the inflow NS and AS
transports and transports of the currents contributing to the
BS cyclonic gyre (KC and BSC). The relationships explain
89 and 77 % of the KC and BSC transport varaibility and
could be useful for hindcasting/forecasting the circulation
of the BS gyre.

Correlations with the direct observations of the Bering
Strait throughflow were found to be statistically insignifi-
cant on the interannual scale, whereas on the intra-annual
scales significant (—0.44 to —0.35) negative correlations
were observed for all the currents with an exception of the
BSC. The result is due to the fact that the Bering Strait
outflow reaches its maximum in late summer (Roach et al.
1995), whereas the BS circulation has a tendency to spin up
in winter. A possible reason for this is that the Bering Strait
outflow is generally controlled by the wind forcing and
shallow water dynamics on the vast shelf of the northern
BS, which was not considered in the present study because
of the lack of altimeter data over the ice.

Analysis of the eddy kinetic energy revealed a statis-
tically confident long-term trend of approximately 0.01
J/m*/year for the depth-integrated EKE, which is most
prominently seen at depths below 800 m (Fig. 9).
Although our definition of EKE also includes transient
larger-scale currents, the revealed trend clearly indicates
the increasing volatility of the Bering Sea circulation,
characteristic for climate transitions. Both EKE and major
current transports in the BS exhibit fairly strong correla-
tion with the PDO index, thus showing that the Bering
Sea basin is tightly connected to the NP dynamics on a
larger scale.

The major drawback of the present study is the absence
of integral mass balance, which can further constrain the
density field diagnosed from the well-observed surface
pressure. Introducing horizontal viscosity in the diagnostic
equations and modifying the Cooper-Haines algorithm by
prescription of zero normal velocity at the bottom may
bring more realism to the reconstruction.
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