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a b s t r a c t 

Variability of the mean summer-fall ocean state in the Pacific Sector of the Arctic Ocean (PSAO) is stud- 

ied using a dynamically constrained synthesis (4Dvar) of historical in situ observations collected during 

1972 to 2008. Specifically, the oceanic response to the cyclonic (1989–1996) and anticyclonic (1972–1978, 

1997–2006) phases of the Arctic Ocean Oscillation (AOO) is assessed for the purpose of quantitatively 

comparing the 2008 circulation pattern that followed the 2007 ice cover minimum. 

It is shown that the PSAO circulation during July-December of 2008 was characterized by a pro- 

nounced negative Sea Surface Height (SSH) anomaly along the Eurasian shelf break, which caused a sig- 

nificant decline of the transport in the Atlantic Water (AW) inflow region into the PSAO and increased 

the sea level difference between the Bering and Chukchi Seas. This anomaly could be one of the rea- 

sons for the observed amplification of the Bering Strait transport carrying fresh Pacific Waters into the 

PSAO. Largrangian analysis of the optimized solution suggests that the freshwater (FW) accumulation in 

the Beaufort Gyre has a negligible contribution from the East Siberian Sea and is likely caused by the 

enhanced FW export from the region north of the Canadian Archipelago/Greenland. 

The inverse modeling results are confirmed by validation against independent altimetry observations 

and in situ velocity data from NABOS moorings. It is also shown that presented results are in significantly 

better agreement with the data than the output of the PIOMAS model run utilized as a first guess solution 

for the 4dVar analysis. 

© 2017 Elsevier Ltd. All rights reserved. 
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1. Introduction 

In recent years, studies of the Arctic Ocean circulation and the

freshwater (FW) budget have gained considerable attention due to

its influence on the global climate system. Ice conditions and the

circulation in the Arctic Ocean have undergone a particularly pro-

nounced change, including a persistent decrease in ice cover at an

average rate of 15% per decade ( IPCC, 2013 ) accompanied by the

tremendous ice retreats of 2007 and 2012, when most of the Pa-

cific Sector of the Arctic Ocean (PSAO) became almost completely
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ce-free in the summer ( Zhang et al., 2013 ). These processes are

ell correlated with other observed phenomena such as: enhanced

ind-driven vertical mixing during the ice free periods (e.g. Yang

t al., 2004; Kawagachi, 2015 ), a tendency for intensification of the

ow through the Bering Strait during 20 07–20 09 ( Woodgate et al.,

010 ), and an increase in significant wave height ( Francis et al.,

011 ). During the summer, increased storm activity may cause an

dditional reduction of the ice cover due to storm-generated mix-

ng in the upper ocean ( Zhang et al., 2013 ; Long and Perrie, 2012 ).

he enhanced wave-ice interaction in the marginal ice zones and

ave induced mixing also contributes towards the decrease of ice

 Williams et al., 2013a; 2013b; Qiao et al., 2004 ). These processes

ay significantly accelerate the observed changes in the ice condi-

ions and affect accumulation and redistribution of the freshwater

n the Arctic Ocean (e.g. Woodgate et al., 2012 ). 

The outflow of low-salinity Arctic Water into the North Atlantic,

ne of the most important advective sources of liquid freshwater

http://dx.doi.org/10.1016/j.ocemod.2017.06.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ocemod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ocemod.2017.06.006&domain=pdf
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n the World Ocean, is crucial for maintaining the global conveyer

elt forced by the Atlantic Meridional Overturning Circulation (e.g.

ones and Anderson, 2008 ). 

Alternatively, redistribution of the salty Atlantic, relatively fresh

acific water, and riverine water within the Arctic Ocean are the

ey factors controlling thermohaline circulation and FW distri-

ution within the Arctic Ocean (e.g., Jones et al., 1998 ). Impor-

antly, the FW deficit in the surface layers may cause fast ero-

ion of the pycnocline and enhanced vertical mixing. This may

ring relatively warm Atlantic water (AW) to the surface and ac-

elerate the observed trend of the diminishing ice cover in the

rctic Ocean (e.g. Carmack et al., 2015 ). Because of the impor-

ance of the FW budget, monitoring the FW balance and redistri-

ution has become one of the primary objectives of several large

bservational programs (e.g. Beaufort Gyre Exploration Program

BGEP www.whoi.edu/beaufortgyre ), Nansen Amundsen Basins Ob-

erving System (NABOS http://research.iarc.uaf.edu/NABOS/ ), Cana-

ian Basin Observational System (CABOS)). 

In the Arctic, the FW is mostly stored within the Beaufort Gyre

BG) (Aagaard and Carmack, 1989). According to Proshutinsky et al.

2002) , wind is the major forcing responsible for the accumulation

f FW in the Beaufort Sea through the convergence in the Ekman

ayer and subsequent FW downwelling in the central part of the

yre. Intensification of this process is correlated with the Arctic

cean Oscillation (AOO) index quantifying the Sea Surface Height

SSH) anomaly associated with the BG ( Proshutinsky and Johnson,

997 ). Thus, being closely connected to the regional changes in the

tmospheric circulation, this relationship potentially allows large

cale analysis of the FW accumulation and its export from the Arc-

ic Ocean. 

Analysis of the long-term SSH variability in the Arctic Ocean has

hown that this process of FW accumulation and release is usually

overned by a 5–7 year cycle ( Proshutinsky et al., 2009 ). During

yclonic epochs (1953–1958, 1963–1970, 1980–1986, 1990–1996),

he Arctic atmosphere was relatively warm and humid, while the

W outflow into the Atlantic was intensified ( Proshutinsky et al.,

002; 2015 ). In contrast, the anticyclonic periods were character-

zed by the clockwise shifts in the PSAO circulation accompanied

y a significant reduction in the FW export. According to this con-

ept, the period of the positive AOO which started in 1997 should

ave changed sign around 20 04–20 06. However, the positive AOO

alues still persists through the years of 2005–2017. One of the

ypotheses, explaining such anomalous behavior, is related to the

dditional FW export from Greenland which may significantly in-

rease the periods of the positive AOO index due to the intensifi-

ation of the FW advection from Greenland into the Arctic Ocean

 Proshutinsky et al., 2015 ). It is noteworthy to mention that recent

bservations of FW anomalies in the Lincoln Sea ( De Steur et al.,

013 ) appear to support this hypothesis. 

Persistence of the positive AOO phase after 2007, associated

ith the FW accumulation and intensification of the BG was con-

rmed by McPhee et al. (2009) through analysis of in situ tem-

erature and salinity observations and by Kwok and Morrison

2011) who analyzed ICEsat altimetry and diagnosed a distinct SSH

ome of approximately 40 cm over the Beaufort Sea during 2004–

008. Recently, the BG intensification was also identified in a nu-

erical study with simplified ice data assimilation by Zhang et

l. (2016) who obtained a persistent amplification of the BG since

992 and its stabilization after 2008. Analysis of a more advanced

ata assimilative solution (20 02–20 08) from the Global Ocean Re-

nalysis and Simulations (GLORYS1) run also revealed FW accu-

ulation in the BG accompanied by salinization of the Eurasian

asin ( Ligue et al., 2011 ). The authors linked these processes to

pecific atmospheric conditions during 2007 and 2008 and spa-

ial re-distribution of the liquid freshwater in the Arctic Ocean.

ique et al. (2011) also diagnosed an enhanced inflow of the AW
hrough the Fram Strait, which may lead to the observed saliniza-

ion in the GLORYS1 solution. However, it is necessary to note that

he above mentioned data assimilation solutions did not assimi-

ate any oceanic and (in the case of GLORYS1) ice observations. In

articular, salinization in the Eurasian Basin was not conclusively

upported by McPhee et al. (2009) and Rabe et al. (2011) who an-

lyzed the in situ observations in the Arctic Ocean. 

In controversy to the above mentioned hypothesis, Morison

t al. (2012) suggested that the observed BG freshening is caused

y the increased sea ice melting and changes of the pathways of

he Eurasian river runoff. According to this hypothesis, changes of

he riverine water pathways are due to the strengthening of the

astward atmospheric circulation in the Northern Hemisphere, as-

ociated with the increased Arctic Oscillation index. 

Due to a scarcity of hydrographic observations in the Arctic

cean, most of the above mentioned in situ data analyses were

erformed via simple optimal interpolation by combining observa-

ions from different seasons (e.g. Proshutinsky et al., 2009; McPhee

t al., 2009 ). To analyze interannual variability, it is also necessary

o specify background fields in the regions where the observations

ere absent for a particular year (e.g. Proshutinsky et al., 2009 ).

aking the background from previous years may lead to significant

rrors in the derived temperature-salinity distributions due to the

omogeneity of the correlation functions ( MacIntosh, 1990 ) and

ime variations of the background information. These errors will

nevitably impact the derived estimates of the circulation patterns

hich are usually obtained by estimating the geostrophic velocities

elative to the level of no motion at 40 0–50 0 m (e.g. Morrison et

l., 2012 ). In this regard, it is necessary to note that direct veloc-

ty observations in the Makarov and Amundsen Basins as well as

long the Siberian continental slope demonstrate relatively strong

4–7 cm/s) currents at these depths ( Pnyushkov et al., 2015 ). 

Modeling studies (e.g., Maslowski et al., 20 0 0; Zhang and

othrock, 2003; Wang et al., 2014 ; Zhang et al., 2016 ; Wang et al.,

016 ) have the advantage of better dynamical consistency, but may

uffer from uncertainties in the forcing fields and sub-grid param-

terizations, resulting in a rather different and sometimes contro-

ersial representation of the water’s properties and in estimating

irculation in Arctic Ocean models (e.g. Stainer et al., 2004; Hol-

oway et al., 2007; Aksenov et al., 2016 ). 

In the present study, we make an attempt to combine obser-

ations with the dynamical constraints of a numerical model in

he framework of the four-dimensional variational data assimila-

ion approach (4dVar). The method (e.g., Le Dimet and Talagrand,

986 ) provides a way of interpolating observations in space and

ime using the dynamical constraints of a numerical model. In par-

icular, this approach allows a reasonably accurate reconstruction

f the data-driven circulation on the shelves, where geostrophic

urrents cannot be estimated from temperature/salinity observa-

ion alone. 

We reconstruct summer-fall PSAO circulations during four dif-

erent periods, focusing on the comparison of the 2008 July-

ecember circulation with the respective conditions reconstructed

n the previous decades (1972–1978, 1989–1996, 1997–2006)

hich correspond to the periods of positive and negative AOO

hases ( Proshutinsky et al., 2015 ). The year 2008 was chosen

ue to the largest volume of observations collected, after the

nomalous ice retreat of 2007. To assess interannual variations

f the FW content, we also reconstructed July-December circu-

ations for 20 03, 20 04, 20 05 and 2006. A significant effort has

lso been made to validate the performance of the Pan-Arctic Ice-

cean Modeling and Assimilation System (PIOMAS), whose solu-

ions were used to initialize the 4dVar assimilation. 

The paper is organized as follows. In the next section we de-

cribe the methodology and the data set that have been used. In

ection 3 , the PSAO circulations for two anticyclonic (1972–1978,

http://www.whoi.edu/beaufortgyre
http://research.iarc.uaf.edu/NABOS/
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Fig. 1. PSAO model domain (solid rectangle) with hydrological stations assimilated 

into SIOM during July-December 2008 (http://oregon.iarc.uaf.edu/dbaccess.html). 

Contours show bathymetry. Vertical red line shows the Eurasian continental slope 

section where the flow of Atlantic water was monitored in the solutions. 2008 ob- 

servation are designated by: (1) clear squares – CTD’s from NABOS project; (2) clear 

circles – CTD’s from Siberian Shelf Study; (3) clear diamonds – CTD’s from BGEP; 

(4) gray squares – CTD from ARK23 PSA cruise; (5) gray circles – CTD’s from Oshoru 

Maru cruise; (6) gray diamonds – ITP observations; (7) dark asterisk –ITP observa- 

tions; (8) black triangles – CTD from the 2008 Chinese Arctic Research Expedition. 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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1997–2006) and one cyclonic (1989–1996) AOO periods are recon-

structed and analyzed. Results of these reconstructions are used for

analyzing the anomalous PSAO circulation during July-December

2008 retrieved from the synthesis of the IPY data with PSAO cli-

matologies. A special focus is made on the quantification of the

PSAO inflow at the Eurasian continental shelf break, on the advec-

tive FW transport into the Beaufort Gyre, and the validation of the

reconstruction against independent SSH observations. 

2. Methodology 

The major objective of the present study is to investigate the

details of the circulation within the PSAO domain ( Fig. 1 ) during

July-December 2008 and compare with the mean circulation pat-

terns during three periods which correspond to different phases

of the AOO and circulation during 20 03–20 06 in the same re-

gion. During 20 03–20 07, there was an intense accumulation of FW

in the Beaufort Gyre. Starting in 2008 and the subsequent years

following, the FW accumulation rates have dropped significantly
 Proshutinsky et al., 2009 ; Zhang et al., 2016 ). Therefore, the cir-

ulation during 2008 can be treated as a typical circulation for a

ew period of the positive AOO. The second half of the year was

elected as a testbed for analysis since data coverage during this

ime is much more abundant, which is crucial for a detailed re-

onstruction of the circulation features using a model-data synthe-

is technique. Also, July-December is a thermodynamically active

eriod which sees a transition from peak ice melt to deep freeze

n the upper ocean, and strong wind forcing which intensifies the

ertical mixing and increases Ekman pumping processes. 

In the presented analysis, we employ a methodology which has

een successfully used by Panteleev et al., (2010; 2016 ) for recon-

tructing the circulation in the Chukchi and Bering Seas. 

This was also applied for reconstructing the circulation in the

ntire Arctic Ocean ( http://www.whoi.edu/science/PO/arcticgroup/

rojects/andrey _ project2/resultsAP.html ) at a coarser (65 km) res-

lution. The method is based on the successive use of two data

ssimilation systems: The first one, Pan-Arctic Ice-Ocean Model-

ng and Assimilation System (PIOMAS) assimilates ice concentra-

ion and sea surface temperature (SST) into a coupled ice-ocean

odel using a “sequential nudging” technique which attracts the

odel trajectory to observations, but, in contrast to 4dVar, disrupts

he physics by introducing an artificial external forcing. Violation of

he physical constraints may also cause improper spreading of the

bservational information in space and time. The PIOMAS model

as chosen as one of the best models in simulating the water

roperties in the Arctic Ocean ( Holloway et al., 2007 ). 

The PIOMAS output provides realistic first guess estimates of

he sea-ice and sea-atmosphere fluxes for the second assimilation

ystem based on 4dVar assimilation into the semi-Implicit Ocean

odel (SIOM). The second system makes adjustments to the poorly

nown model parameters (initial and open boundary conditions

nd surface flux estimates) in such a way that the model trajec-

ory passes from observations at a distance consistent with their

rror bars. 

.1. Numerical models and data assimilation 

Since a large part of the PSAO is ice covered during the second

alf of the year, the data assimilation procedure should take into

ccount ice-ocean interactions, and the data assimilation algorithm

hould be designed for a sea ice/ocean coupled model. Develop-

ent of a 4dVar data assimilation procedure for such a complex

ystem is not straightforward. A strong nonlinearity of the sea ice

ynamics complicates the development of a stable adjoint model

nd results in low controllability of the sea ice model. Effectively,

ynamical complexity of this coupled ice-ocean system may limit

he applicability of the 4dVar data assimilation methods for inte-

ration times longer than a month. Thus, to avoid such technical

roblems, we use a set of simplified suboptimal data assimilation

ethods described below. 

.1.1. PIOMAS 

The PIOMAS system is a coupled parallel ocean and sea ice

odel with capabilities of assimilating sea ice concentration and

ST data. It consists of the thickness and enthalpy distribution ice

odel developed by Zhang and Rothrock (20 01; 20 03 ) and the

arallel Ocean Program (POP) developed at the Los Alamos Na-

ional Laboratory ( Smith et al., 1992 ). The POP ocean model is

n advanced version of the Bryan–Cox–Semtner-type ocean model

 Bryan, 1969 ; Cox, 1984 ; Semtner, 1986 ). The POP includes many

mprovements: incorporation of the isopycnal mixing scheme of

ent and McWilliams (1990) and the K-profile parameterization

cheme for vertical mixing ( Large et al., 1994 ), implementation of

n implicit free-surface formulation of the barotropic mode, and

http://www.whoi.edu/science/PO/arcticgroup/projects/andrey_project2/resultsAP.html
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daptation to shared-memory or distributed-memory parallel com-

uters ( Smith et al., 1992 ). The sea ice model explicitly simulates

ea ice ridging and has 12 ice categories, each for ice thickness, ice

nthalpy, and snow. The model employs a teardrop viscousplastic

ce rheology that determines the relationship between ice inter-

al stress and ice deformation ( Zhang and Rothrock, 2005 ). Assim-

lation of sea ice concentration in PIOMAS is based on sequential

udging of the model ice concentration estimate to the observed

ne in a manner that minimizes the effect of observational errors

n the interior of the ice pack with reduced weighting of the obser-

ations ( Lindsay and Zhang, 2006 ). Assimilation of SST is based on

he nudging of the model’s SST estimate to the NCEP/NCAR reanal-

sis SST, following Manda et al. (2005) . The NCEP/NCAR reanalysis

ST is based on the Reynolds SST analysis ( Reynolds et al., 2002 )

hich incorporates satellite and in situ observations ( Kalnay et al.,

996 ). The SST assimilation is performed only in open water areas

here satellite SST observations are available. More details on the

IOMAS assimilation run used in this study can be found in the

aper by Zhang et al. (2015) . 

.1.2. SIOM assimilation system 

The 4dVar assimilation performed by SIOM is a much more

omputationally intensive procedure with the benefit of produc-

ng a dynamically consistent evolution of the ocean fields which

s also consistent with the assimilated data. The SIOM dynamical

ore is a modification of the C-grid, z -coordinate OGCM developed

n the Laboratoire d’ Oceanographie Dynamique et de Climatologie

 Madec et al., 1999 ). This model is semi-implicit in both barotropic

nd baroclinic modes, permitting long-term simulations with rela-

ively large time steps of approximately 0.1–0.3 days. This design

as specifically chosen to reduce the number of control param-

ters in the 4dVar runs involving long-term regional simulations

rimarily controlled by fluxes at the open model boundaries and

he sea surface. More details of the SIOM data assimilation sys-

em can be found in Panteleev et al. (2006, 2010) and references

herein. 

The principal advantage of the utilized 4Dvar data assimilation

pproach, compared to the widely used optimal interpolation al-

orithm, is the possibility of being able to use observations taken

uring relatively long ( ∼6 months) time intervals, where the 4Dvar

pproach implicitly employs inhomogeneous correlation functions

efined by the model dynamics. The optimal interpolation ap-

roach uses heuristic approximations to the correlation functions

ecause they cannot be obtained with sufficient accuracy from the

vailable data. 

SIOM 4Dvar data assimilation system was successfully applied

or the reconstruction of the circulation in the regions heavily con-

rolled by open boundary conditions (e.g. Nechaev et al., 2005;

anteleev et al., 2005, 2010, 2016 ). It was also used for the recon-

truction of the climate circulation and corresponding mean dy-

amic ocean topography ( Panteleev et al., 2007; 2011 ; 2014) and

ptimization of the observations through adjoint sensitivity analy-

is and observing system simulation experiments ( Panteleev et al.,

008, 2013 ). 

.1.3. Configuration of the assimilation systems 

The PIOMAS ice-assimilative run was performed for the entire

rctic domain (north of 43 °N) during 1972–2008. Fig. 2 shows the

i-monthly averaged PIOMAS solution during the second half (July-

ecember) of 2008. Comparison with the direct velocity measure-

ents from moorings along the Siberian continental slope demon-

trates only a qualitative agreement of this solution with the data.

espite the presence of a small westward component along the

ontinental slope in the mean model velocities, these are barely

onsistent with observations in direction and magnitude (lower
anels in Fig. 2 ). Similarly, the respective SSH patterns (upper pan-

ls in Fig. 2 ) are only in qualitative agreement with the monthly

OT distributions, recently developed by Armintage et al. (2016) ,

hereas their magnitude appears to be substantially underesti-

ated (see Section 3.2.2 ). 

These inconsistencies were substantially reduced by 4dVar cor-

ections of the model’s initial state and its surface/boundary forc-

ng. The PIOMAS run was used as a first guess approximation to

he above mentioned model controls of the SIOM 4dVar system

hat was run in the PSAO domain ( Fig. 1 ) for 6-month intervals

orresponding to the mean PSAO variabilities for the years 1972–

978, 1989–1996, 1997–2006, and for its (data-driven) evolution in

008. 

The SIOM 4dVar system was configured with a horizontal res-

lution of 27 km with 30 unequally spaced vertical layers rang-

ng in thickness from 5 m near surface to 600 m near the bottom.

he time step of the model was 0.2 days. With this discretization

or a 6-month run, the number of unknowns at the lateral open

oundaries was close to 7 million, greatly exceeding the number of

vailable observations (see next section) and formally making the

dVar problem under-determined. To relax this condition, the tem-

oral variability of the SIOM forcing fields at the open boundaries

as approximated by piecewise linear functions of time on 10-

ay intervals, thus reducing the number of unknowns 10/0.2 = 50

imes. 

The final product of the PIOMAS/SIOM data assimilation system

ere the oceanic fields of temperature T , salinity S , horizontal ve-

ocities u, v and sea surface height ζ sampled on the SIOM regular

rid at a 10-day discretization during a 6-month period. 

.2. Data and data sources 

.2.1. Surface fluxes 

Near surface (10 m) wind fields, heat and salt fluxes were taken

rom the National Centers for Environmental Prediction (NCEP) re-

nalysis ( www.cdc.noaa.gov/cdc/data.ncep.reanalysis.derived.html ). 

he corresponding momentum flux was recalculated from the

CEP wind using the conventional bulk formula ( Large and Pond,

981 ). To allow for the adjustment of the spatial details in the

odel forcing, we used wind stress, heat, and salt flux data with

elatively high error variances (up to 40% of their spatial and tem-

oral variability). Meteorological data were filtered with a 5-day

utoff filter in order to remove high-frequency variations. In the

ce-covered regions, the 4dVar DA subsystem used the ice-water

urface fluxes delivered by the PIOMAS system. 

.2.2. Satellite observations 

Sea ice concentration included the Special Sensor Mi-

rowave/Imager (SSMI) ice concentration obtained from the Hadley

enter ( http://hadobs.metoffice.com/hadisst/ ) and interpolated on

he PIOMAS model grid. To validate PIOMAS ice cover performance,

e used raw buoy displacement data from the International Arc-

ic Buoy Program (IABP) and satellite-derived ice velocities based

n images from the SSMI, available from the National Snow and

ce Data Center (NSIDC). In addition, sea ice concentration data

ere used as proxy data for sea surface temperature, which was

ssumed to be near the freezing point for the particular near sur-

ace model salinity. 

Sea Surface Temperature NCEP/NCAR daily SST data ( https://

ww.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html ) were 

sed in the PIOMAS data assimilation system. A comparison of

he NCAR/NCEP SSTs and in situ historical surface temperature

bservations (see description below) in the PSAO region were

airly consistent and had standard deviations of 0.5 °C–0.7 °C, de-

ending on the period of time. In the 4dVar DA system, we

sed the Operational SST and Sea Ice Analysis (OSTIA) product

http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.derived.html
http://hadobs.metoffice.com/hadisst/
https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
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Fig. 2. Bi-monthly (Jul-Aug, Sep-Oct, Nov-Dec) averaged PIOMAS SSH (cm, upper panels) and circulation (lower panels) in 2008. Red arrows in boxes show mean velocities 

measured by NABOS moorings during the respective periods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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( Strak et al., 2007; Donlon et al., 2012 ), which appears to show

better consistency with in situ SST observations in the PSAO

( Stroh et al., 2015 ). These data were used with a 0.5 °-2.5 °C
STD. 

Sea Surface Height data were employed in the present study

only for validation purposes. Two satellite altimetry products were

used. The first one was the AVISO along track Envisat altime-

try observations available from http://www.aviso.altimetry.fr/en/

my-aviso.html . The preprocessing of these data was performed in

three steps: First, the mean along track satellite altimetry anoma-

lies were computed as a time average over the ice-free (July-

September) periods encompassing twelve 35-day cycles in 2003–

2006 and two 35-day cycles in 2008. Second, the obtained along-

track SSH anomalies were averaged within 20 km x 25 km bins. Fi-

nally, the SSH anomaly values were low pass filtered with a decor-

relation scale of 50 km and interpolated onto the SIOM grid to

obtain the 20 03–20 06 and 20 08 July-September SSH anomalies

in the region. The difference between 20 03–20 06 and 20 08 SSH

anomalies was used for the evaluation of the reconstructed 4Dvar

SSH in order to remove possible inaccuracies in definition of the
eference Mean Dynamic Ocean Topography utilized by AVISO to

ecalculate SSH anomalies into absolute SSH. 

Note however, that the relatively small ensemble used for the

omputation of the PSAO SSH anomalies is likely to result in sub-

tantial errors, especially in the shallow water regions where SSH

aries significantly due to tides, winds and topographically trapped

aves (e.g. Schlax and Chelton, 1994a; 1994b ). 

Since Envisat (AVISO) observations are available only in the ice-

ree subdomain of the PSAO, which covers less than 20% of the

pace-time volume of the 2008 4dVar reconstruction, we also em-

loyed an alternative Dynamical Ocean Topography (DOT) product

eveloped recently by Armitage et al., (2016) . This dataset includes

onthly mean DOTs between 60 °N-81.5 °N for the period of 2003–

014. This product was obtained as a composite of along-track al-

imetry observations from the Envisat satellite referenced to the

OCO03 geoid and the SSH derived from CryoSat-2 observations

 Laxon et al., 2013 ). CryoSat-2 data were used for estimating SSH

n the leads and polynyas over areas with dense ice coverage. The

nal DOT was averaged over the 2 °x0.5 ° grid cells and then the

ridded data were additionally smoothed with a Gaussian convo-

http://www.aviso.altimetry.fr/en/my-aviso.html
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Fig. 3. Spatial distribution of the AARI data during three multi-year assimilation periods http://www.whoi.edu/science/PO/arcticgroup/projects/andrey _ project2/resultsAP. 

html . 
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ution filter with a radius of 300 km ( Armitage et al., 2016 ). As a

esult of the smoothing, the final product can be used only for the

alidation of the large scale component of the PSAO circulation. In

urther discussion, we will refer to this DOT product as CPOM-DOT.

.2.3. In situ observations 

Hydrological data from the database of the Arctic and Antarctic

esearch Institute, St. Petersburg, Russia, (AARI) was a major source

f information for the SIOM 4dVar assimilation during the 1972–

006 period. The AARI database comprises of more than 60 0,0 0 0

rofiles obtained by the research vessels of AARI and other insti-

utions during the period of 190 0–20 06. Previously, the data from

he AARI database were assimilated into the coarse (65 km) reso-

ution SIOM-PIOMAS data assimilation system and utilized for the

econstruction of the annual mean Arctic Ocean states for three

ulti-year intervals: 1972–1978 (hereinafter A1), 1989–1996 (C1),

nd 1997–2006 (A2). Results of this reanalysis as well as AARI

ata can be found at http://www.whoi.edu/science/PO/arcticgroup/

rojects/andrey _ project2/resultsAP.html . In the present study, these

oarse resolution states were interpolated on a finer (27 km) grid

nd utilized as background fields for the reconstruction described

n Section 3.1 . 

Assimilation of the raw temperature and salinity ( TS ) profiles

rom the AARI database into the model is not computationally ef-

cient since, in many cases, the individual instantaneous profiles

ere located close to each other in either space or time, so that

he respective space-time intervals could not be resolved by the

ssimilative models run at a coarser resolution. To prepare these

ata for 4dVar assimilation, they were preprocessed as follows.

irst, the profiles within a given month were grouped into regular

5–25 km bins, and the data within each space-time bin were lin-

arly projected onto PIOMAS levels. These data were then averaged

n time over the monthly period of the bin and the correspond-

ng error bar was estimated for subsequent use in the 4dVar data

ssimilation procedure. The number of TS profiles in some model

rid boxes was not sufficient enough to derive reliable estimates

f the error variance. For these cases, horizontal interpolation of

he statistics characterizing data variability was carried out. The

utlined procedure was executed for each of the three multi-year

ntervals 1972–1978 (hereinafter A1), 1989–1996 (C1), 1997–2006
A2) and for each year during the 20 03–20 06 period. Fig. 3 shows

he coverage of the first three climatological periods by the AARI

ata points. These data were assimilated by the SIOM 4dVar sys-

em using a bilinear grid-to-grid interpolation. A similar prepro-

essing of the AARI observations was utilized for the analysis of

he Kara Sea circulation by Panteleev et al. (2007) . 

Bering Strait transport estimates were taken from the re-

ults of the interdisciplinary monitoring program ( Woodgate et al.,

006; R.A. 2015 ) based on observations at the A3 mooring located

7 km north of the Diomede Islands ( Woodgate et al., 2007 ). Accu-

ate representation of the Bering Strait flow requires a resolution

igher than 27 km and an extended model configuration which

ould include the entire Arctic and North Pacific Oceans, which

s not computationally feasible for 4dVar reanalysis. Therefore, the

bservations of the Bering Strait transport were particularly impor-

ant as they controlled the overall transport of mass and freshwa-

er from the Pacific Ocean, and therefore imposed constraints on

he net outflow of the PSAO waters into the Atlantic. For the as-

imilation periods before 1991, we used the climatological monthly

ean Bering Strait volume transports compiled by Woodgate et al.

2005) . 

2008 hydrography included additional data sets from the In-

ernational Polar Year (IPY) database compiled by Stroh et al.

2015) ( http://oregon.iarc.uaf.edu/dbaccess.html ). These observa-

ions included 533 instantaneous TS profiles from a variety of

ources, including 82 stations from the 2008 Chinese Arctic Re-

earch Expedition ( Zhang, 2009 ); 133 profiles from the Eurasian

helf obtained during the course of the Siberian Shelf Study ( http:

/www.iarc.uaf.edu/research/projects/siberian- shelf- study ); 45 ice-

ethered profiler observations released by the BGEP of the Woods

ole Oceanographic Institution ( Krishfield et al., 2006 , http://www.

hoi.edu/page.do?pid=20781 ); 73 CTD profiles from the BGEP ex-

edition in 2008 ( http://www.whoi.edu/beaufortgyre ); 65 profiles

btained during the 2008 expedition in support of the Nansen

nd Amundsen Basins Observational System (NABOS); 58 CTD

rofiles from the Hokkaido University expedition onboard the

V Oshoru Maru ( http://odyssey.fish.hokudai.ac.jp/IPY/data2008/

ruiseReportSummary-2008.pdf ); and 142 profiles acquired dur-

ng the ARK23 PSA cruise on the German r/v Polarstern ( https:

/www.pangaea.de/PHP/CruiseReports.php?b=Polarstern ). Locations 

http://www.whoi.edu/science/PO/arcticgroup/projects/andrey_project2/resultsAP.html
http://www.whoi.edu/science/PO/arcticgroup/projects/andrey_project2/resultsAP.html
http://oregon.iarc.uaf.edu/dbaccess.html
http://www.iarc.uaf.edu/research/projects/siberian-shelf-study
http://www.whoi.edu/page.do?pid=20781
http://www.whoi.edu/beaufortgyre
http://odyssey.fish.hokudai.ac.jp/IPY/data2008/CruiseReportSummary-2008.pdf
https://www.pangaea.de/PHP/CruiseReports.php?b=Polarstern
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of the above listed IPY hydrographical observations are shown in

Fig. 1 . The estimated T&S variances vary from region to region

within the limits of 0.1 °C – 0.3 °C and 0.03–0.2 psu, respectively.

These data provided a key contribution to constraining the 2008

PSA circulation and allowed for confident identification of the ma-

jor anomalies in the evolution of the ocean state. 

3. Results 

3.1. 1972–2006 circulations 

In order to reconstruct the mean July-December PSAO circula-

tions during two anticyclonic (A1 (1972–1978), A2 (1997–2007))

and one cyclonic (C1 (1989–1996)) phases of the AOO, three half-

year 4dVar assimilation runs were performed for the A1, A2 and

C1 periods. The 6-month averages of the respective circulations are

presented in Fig. 4 . 

Anticyclonic AOO phases (A1, A2) are characterized by a more

pronounced BG with maximum SSH values of 18 and 16 cm, re-

spectively. The center of the Gyre is located around 80 °N 155 °W
during the A1 phase. In the next anticyclonic phase, it displaced

approximately 5 ° degrees southeast. The SSH pattern during C1

(middle panel in Fig. 4 ) does not show a pronounced offshore an-

ticyclonic dome, indicating that FW accumulation in the Beaufort

Gyre was at a relaxed phase. These features appear to be in rea-

sonably good agreement with the conceptual theory and analysis

of the hydrological observations conducted by Proshutinsky and

Johnson (1997) and Proshutinsky et al. (2002, 2009) . 

The pronounced SSH depression with the minimum at 110 °E
(upper panels in Fig. 4 ) is a surface signature of the AW inflow,

whose pathway generally follows the Eurasian continental shelf

break at this longitude with the core at 150–500 m. Our results in-

dicate a general increase of the total transport in this region from

2.1 Sv (A1) to 1.5 Sv (C1) to 2.8 Sv during A2. The observations of

the AW flow through the Fram Strait are available only since 1997.

Taking into account the lagged correlation between along-slope

flows in the Fram Strait and the Laptev Sea (e.g., Dmitrenko et al.,

2008a ), and suggesting that mean during 1997–2010 is within the

upper estimate of the mean climate flow through the Fram Strait,

our result show no contradiction with the findings of Beszczynska-

Moller et al. (2012) , who observed an increased AW volume trans-

port ( ∼7.1 Sv) through the Fram Strait during 1997–2006. 

It is worth noting that during the A1 and A2 phases, the above

mentioned SSH depression is more profound, while during the C1

phase, it was divided by the saddle around 75 °N (middle upper

panel in Fig. 4 ). Taking into account that the mean flow through

the Bering Strait is due to the large scale SSH difference between

the Arctic Ocean and the Bering Sea, one can speculate that the

positive AOO phases tend to support intensification of the Bering

Strait throughflow. This proposition is qualitatively supported, or

at least does not contradict the SSH values of −7, −1 and −3 cm

averaged over the area in the Northern Chukchi Sea (upper panels

of Fig. 4 ). However, the available SSH observations in the Bering

Strait and the Beaufort Sea do not span enough time back to 1980-

s and 1970-s to confirm this result. 

Fig. 4 also indicates that the fresh Siberian shelf water tends to

accumulate west of the Wrangel Island during the cyclonic phase

(C1) causing amplification of the anticyclonic dome in the East

Siberian Sea (ESS) around 73 °N 150 °E ( Fig. 4 , middle upper panel).

This water has a tendency to be released through the Long Strait

separating the Wrangel Island from the continent with approxi-

mate transports of 0.03, 0.12 and 0.09 Sv during the A1, C1 and

A2 phases, respectively. These numbers suggest a presence of the

developed Siberian Coastal Current which brings diluted waters

from the East Siberian Sea into the Chukchi Sea ( Weingartner et

al., 1999 ). The inverse modeling of the southern Chukchi Sea con-
ucted by Panteleev et al. (2010 ) suggests that this pathway is usu-

lly more persistent in the summer and weakens during the fall

nd winter months with a decline in the Siberian river runoff. 

In summary, the data assimilation results indicate certain alter-

tions of the PSAO state in response to the changes induced by the

OO. The periods of positive AOO index favors BG amplification ac-

ompanied by an offshore displacement and by a certain increase

f the Bering Strait transport. During the periods of the negative

OO index, the Beaufort Gyre has a tendency to move closer to

he coast, whereas the ESS circulation forms an anticyclonic dome

n the SSH field with increased FW content (3700 km 

3 for both A1

nd A2 and 4200 km 

3 for C1). The estimates of the total FW con-

ent calculated for the BG region (shown in Fig. 9 ) are 17,500 km 

3 ,

9,20 0 km 

3 and 18,50 0 km 

3 for the A1, C1 and A2 periods. Taking

nto the account the difference in the region and data processing

ethodologies, these numbers appear to be in reasonable agree-

ent with the estimates of Proshutinsky et al. (2009) . 

.2. Circulation features in 2008 

.2.1. 2008 circulation and SSH patterns 

The reconstructed bi-monthly evolution of the SIOM 4Dvar SSH

nd circulation at 250 m during July-December 2008 is shown in

ig. 5 . The SSH patterns are characterized by a pronounced BG

ome which gets slightly stronger in November-December (right

anel in Fig. 5 ) attaining a 40 cm elevation in the center. Com-

ared to the relatively smooth and symmetric SSH derived through

ptimal interpolation (e.g. McPhee, 2013 ), the reconstructed SSH in

he BG reveals finer features consistent with the observations. Dur-

ng September-October, the SSH pattern is characterized by a sec-

ndary SSH maximum at 74 °N 140 °W which tends to erode by the

nd of the year but still persists as a tongue spreading towards

laska, along 140 °W. This feature is seen in the AVISO anoma-

ies averaged over the second half of 2008 (see Section 3.2.2 ). An-

ther prominent feature consistent with the CPOM-DOT monthly

istributions, discussed below, is the prominent thorough spread-

ng zonally in the latitude band between 72 °N-80 °N from Sever-

aya Zemlya to the Bering Strait. Its signature is also present in

he PIOMAS solution ( Section 2.1.3 ) and is a natural result of the

ynamically constrained assimilation of the hydrographic data un-

erlying the reconstruction. A prominent signature of this SSH de-

ression can also be identified in the upper left and right panels of

ig. 4 corresponding to the anticyclonic phases of the AOO index. 

We assume that the emergence of this depression could be

ne of the causes of intensification of the Bering Strait transport

ue to the increase of the large-scale sea level difference between

he Chukchi and Bering Seas. This is supported by the analysis of

oodgate et al. (2012) who estimated the balance of the forces

ontrolling the flow through the Bering Strait and found a signif-

cant increase of the pressure head in 2007–2011 with respect to

he 1997–2006 period ( Fig. 1 h from Woodgate et al., 2012 ), when

he Bering Strait transport was smaller. 

Interestingly, a similar behavior of the SSH “depression” is ob-

erved in the bi-monthly SSH fields averaged over the area north

f the Bering Strait (upper panels in Fig. 5 ) which were estimated

o be −11, −10, and −6 cm respectively, which is consistent with

he decline of the Bering Strait inflow from 1.1 Sv in July-August

o 0.5 Sv in November–December 2008 ( Woodgate et al., 2012 ). A

eneral tendency for the decrease of the Bering Strait transport in

all-winter months was also described by Roach et al. (1995) , and

oodgate et al. (20 05, 20 07) . 

The SSH depression in the Arctic Ocean is not the only fac-

or controlling the Bering Strait flow. The SSH distribution in the

ering Sea as well as the regional wind forcing should obviously

lay a role. Thus, a more accurate analysis of the impact of the

ressure head forcing on the flow through the Bering Strait needs



O.P. Francis et al. / Ocean Modelling 117 (2017) 12–27 19 

Fig. 4. The mean SSH (cm, upper panels) and surface velocity (cm/s, lower panels) fields corresponding to the three phases of the AOO: A1 (1972–1978), C1 (1989–1996) and 

A2 (1997–2006). The red vertical line near 120 °E indicates the section across the continental shelf break where the total transport has been computed. The SSH averaging 

area is marked by the red rectangular sector. Yellow circles denote the BG center locations. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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 higher resolution data assimilation system that includes both the

ering Sea and PSAO region. 

Of particular interest is the impact of the above mentioned SSH

epression on the transport pattern in the region of the AW in-

ow. During the summer (i.e. July-August 2008), the negative SSH

nomaly is closely attached to the coastline, creating a positive SSH

radient across the continental slope and a westward geostrophic

ransport of −2.9 Sv along the continental shelf break (lower left

anels in Fig. 5 ). The effect becomes less visible by the end of

he year as the negative SSH anomaly detaches from the conti-

ental slope and the total transport relaxes to eastward values

f 0.8 Sv and 1.0 Sv, respectively for the September-October and
ovember-December periods. The diagnosed flow reversal agrees

ell with the NABOS moored velocity observations available at

ttp://nabos.iarc.uaf.edu/data (red arrows in Fig. 5 , see also Fig.

 from Pnyushkov et al., 2015 ), that were not used for constrain-

ng the optimal 4dVar solution. 

Interestingly, during July-August (and to some extent during

eptember–October), the reverse flow can be traced along the en-

ire Siberian continental slope. This westward flow weakens in

eptember–October but can still be observed along the continen-

al slope west of 180 °E. A signature of the weak westward flow

s also evident in the PIOMAS solution ( Fig. 2 ) obtained without

he assimilation of the hydrography. One may speculate that pre-

http://nabos.iarc.uaf.edu/data
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Fig. 5. The fields of 2008 bi-monthly averaged SSH (cm, upper panels) and velocity at 250 m (cm/s, lower panels). NABOS moorings with the respective velocity observations 

are shown in the inserts. The section used for calculating the total transport in the AW inflow region is shown by the thick red line. The solid rectangular sector in the upper 

panels shows the SSH averaging area is used for assessment of the Bering Strait transport variability. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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accumulation. 
conditioning by the anomalous large-scale atmospheric forcing, in

the previous years, is a major factor causing the anomaly which

was made more prominent by the 4Dvar assimilation of the hy-

drographic data that keeps memory of the atmospheric conditions

in the preceding years. 

Another important feature associated with the SSH depression

is a significant amplification of the eastward shelf current carry-

ing relatively FW enriched by the Siberian river’s runoff. This cur-

rent has a typical velocity of 0.1 m/s with a capability of FW trans-

port for several hundred kilometers during the summer season.

More importantly, is this current reduces the transport time of the
urasian shelf water to the Bering Strait meridian by almost two

imes, as it takes a much shorter route north of the Wrangell Is-

and. In the absence of the depression, the FW pathway mostly

oes through the Long Strait, which penetrates much deeper into

he southern Chukchi Sea and requires a much longer time ( ∼1

ear) to be a part of the anticyclonic circulation associated with

he Beaufort Gyre. In principle, this effect may partly contribute

o the freshening of the Beaufort Gyre described by Morison et

l. (2012) , but, as it will be shown below, this contribution is

ikely to be negligible in the currently observed process of the FW
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Fig. 6. Averages of the CPOM-DOT (left), 4dVar (center) and the PIOMAS SSH during September-October 2008. 
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.2.2. Validation against SSH data 

Since satellite altimetry observations in the Arctic are relatively

cant and inaccurate due to the presence of ice, we did not use

hem directly in the reconstruction. Upon the completion of this

tudy, a new CPOM-DOT product ( Armitage et al., 2016 ) combin-

ng Envisat and CryoSat observations and referenced geoid became

vailable. Although CPOM-DOT has a relatively coarse resolution in

ime (1 month) and space (more than 300 km), it is formally free

rom ice-cover restriction of the AVISO, and turns out to be valu-

ble for the validation of large-scale SSH features in modeling and

ssimilation results. 

Fig. 6 compares CPOM-DOT, 4dVar and PIOMAS SSH patterns

veraged for September–October of 2008. PIOMAS and 4Dvar so-

utions were additionally smoothed with a low-pass filter in or-

er to be consistent with the CPOM-DOT horizontal resolution.

he 2008 CPOM-DOT pattern has two major differences with the

POM-DOTs in the previous years (2003 is shown as an example in

ig. 7 ). First, the 2003 SSH depression extending from 80 °N 110 °E
oward the Siberian Coast near the Wrangel Island, continues fur-

her east toward the Alaskan Coast, in 2008. The second difference

s the much stronger Beaufort Gyre in 2008. 

In 2008, the BG magnitudes in the CPOM-DOT and 4Dvar SSH

atterns are very close (55 cm and 50 cm, respectively). How-

ver, the BG center in the CPOM-DOT is approximately at 74 °E
43 °W, while the 4Dvar SSH has a maximum at approximately

7 °N 154 °W. It should be noted, however, that the BG position

n the 4dVar reconstruction is in almost perfect agreement with

he results of hydrographic data analysis by McPhee et al. (2009) ,

ho diagnosed the 2008 BG center position at 75.8 °N 153 °W. A

ore recent analysis of the CPOM-DOT product by Armintage et

l., (2017) also indicates a certain north-western drift of Beaufort

yre center after 2008. 

Comparison of the SSH distributions during 20 03–20 06 demon-

trates a much better similarity between the CPOM-DOT and 4dVar

SH, with correlation coefficients between the SSH patterns rang-

ng within 0.92 (2003) and 0.96 (2006). Also noteworthy, is that

he 2003 pattern is shown to be qualitatively similar to the one
iagnosed for the A2 period (1997–2006, Fig. 4 upper right panel).

his similarity indicates that the major anomalies observed in

008 were taking place either near the very end of the A2 period

20 05–20 06), or even into 20 07–20 08. Note also, that the 2008

POM-DOT minimum around 80 °N, 120 °E ( Fig. 6 , left panel) is not

onsistent with the NABOS velocity observations shown in Fig. 5 .

o some extent this could be attributed to a relatively low hor-

zontal resolution of the product (note that the smoothed 4dVar

nd PIOMAS patterns in Fig. 6 also significantly decreases the SSH

ignature of the westward flow along the continental slope in the

estern Laptev Sea. 

Overall, taking into account the possible errors associated with

he limited set of the Envisat observations and significant smooth-

ng of the CPOM-DOT, we may assume that the presented 4dVar

eanalysis is in satisfactory agreement with the CPOM-DOT prod-

ct. 

As expected, comparison with the higher-resolution and “ice-

ree limited” AVISO data bears less similarity with the 4dVar re-

onstruction ( Fig. 8 ). The preprocessed (see Section 2.2.2 ) along-

rack AVISO altimetry appears to have significant (0.78) correlation

ith 4dvar only in the region deeper than 100 m, while showing

vidence of a secondary BG dome around 73 °−74 °N 140 °W (see

ection 3.2.1 ) and clear signatures of the BG southern periphery

long 76 °N and between 180 °−150 °W. Correlations with AVISO are

ot as good further south due to a loss of accuracy at the shelves

aused by contamination of the signal by tides, coastally trapped

aves, and insufficient statistics. The major reason for poor statis-

ics is that although the satellite altimetry observations in the Arc-

ic Ocean are spatially accurate enough (3–5 cm) starting with the

aunch of Envisat (2003–2011) and Saral (2014-present) missions,

he temporal sampling is not. This is due to the relatively long (35

ays) repeat cycle of these satellites and ice coverage during most

f the year, where there are only about 20–30 accurate altimetry

bservations for each Envisat track in the PSAO region since 2003.

uch a small ensemble may significantly increase the residual er-

or in the SSH anomaly estimates, especially in the shallow shelf

egions abundant in the Eurasian sector. Taking all these consider-
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Fig. 7. Bi-monthly average of the CPOM-DOT (left) and the corresponding 4Dvar SSH (right) during September-October 2003. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

h  

a  

a

 

l  

r  

k  

o  

l  

c  

i  

F  

c  

T  

2

 

p  

f  

r  

t  

i  

t  

w  

2  

0  

o

 

e  

a  

w  

f  
ations into account, we assume that the correspondence between

the SSH patterns in Fig. 8 is also satisfactory. 

3.3. Freshwater content 

The understanding of the processes controlling the FW content

in the Arctic Ocean is an important question which brings a lot of

attention to the Arctic research community. The FW content in the

water column was estimated via the relationship (e.g. Proshutinsky

et al., 2009 ): 

FW = 

∫ 0 

z ∗

[
1 − S(z) 

S re f 

]
dz 

where the reference salinity S ref = 34.8 psu, S(z) is the salinity of

the water at depth z and z ∗ is defined as either bottom or the

depth where S(z) = S ref while z = 0 corresponds to the ocean sur-

face. 

The 4dVar FW content in 2008 clearly demonstrates a signifi-

cant FW accumulation in the BG in 2008 as compared to the pre-

ceding decade ( Fig. 9 ). Location of the 2008 maximum is in good

agreement with the results of McPhee et al. (2009) . 

Apart from the increase of the net FW content in 2008, com-

parison with the mean FW distribution in 1997–2006 indicates a

north-westward shift in the location of the FW maximum from

74 °N 145 °W to 71.5 °N 155 °W. This agrees well with the FW maps

derived by Proshitinksy et al. (2009) . The total freshwater content

within the volume bounded by 70.25 °N-80 °N, 170 °W-140 °W, and

depths less than 400 m within the 4dVar model boundaries was

found to be about 20,700km 

3 and 18,500km 

3 for 2008 and 1997–

2007, respectively. 

The estimated total FW content for 2008 is slightly

(5% −6%) smaller than that found in literature (e.g.
ttp://www.whoi.edu/website/beaufortgyre/results ). This is due to

 somewhat smaller area of the integration of the 4dVar solution

nd the off-shore displacement of the BG observed in 2008. 

To assess interannual evolution of the BG FW content, we calcu-

ated this quantity for 20 03, 20 04, 20 05 and 2006 within the same

egion. The results demonstrate its gradual increase from 16,700

m 

3 in 2003 to 20,700 km 

3 in 2008, and are close to the estimates

f Proshutinsky et al. (2009) . Note that in reality, the FW accumu-

ation in the Beaufort Gyre in 2008 is probably even higher be-

ause of the integration area of the 4dVar domain, which does not

nclude the entire BG. It is also worth mentioning, that the 4dVar

W content in the ESS did not change in 20 03–20 06 but did in-

rease significantly (25%) in 2008 to attain the value of 4600 km 

3 .

his agrees well with the abnormally high Lena River discharge in

008 (annual discharge 716km 

3 ) ( Charkin et al., 2011 ). 

To assess the FW origin accumulated in the BG, the FW trans-

orts across the three sections shown in Fig. 9 were calculated

or each year and then averaged within respective 6-month pe-

iods. According to these results ( Fig. 10 ) the FW inflow through

he southern boundary does not vary significantly in time, remain-

ng around −0.1 ± 0.02 Sv, and slightly decreases after 2006, while

he FW transport through the eastern section persistently increases

ith an outflow of −0.1 Sv in 2003 and an inflow of 0.08 Sv in

008. The FW transport through the western section varies, with a

.01 Sv inflow during 20 03–20 04 and approximately a 0.1–0.15 Sv

utflow during 20 06–20 08. 

These numbers indicate that during 20 03–20 04 (and probably

arlier), the increase of the BG FW content was mostly due to the

dvective FW transport across the southern boundary (presumably

ater from the Chukchi and ES Seas), with a lesser contribution

rom the western section (presumably water from central Arctic

http://www.whoi.edu/website/beaufortgyre/results
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Fig. 8. A 4-month (July-October) average of the optimized SSH anomalies in 2008 (cm, left panel) with respect to the mean 4Dvr SSH in 20 03–20 06 and respective AVISO 

anomalies (right panel). 

AVISO anomalies have been smoothed in accordance to the spatial resolution of the 4dVar system. Correlation coefficient for the off-shelf (deeper than 150 m) subdomain is 

shown by the green contour which is given on the low end of the AVISO panel. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 

Fig. 9. Maps of the average FW content (m) of the 4Dvar reconstruction during September-October 1997–2006 and 2008. The three gray lines in the right panel show the 

eastern, western and southern sections used for estimating the FW transports. 
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Fig. 10. The interannual variation of the mean FW transports during July-December 

20 03–20 08 through the three boundaries of the Beaufort Gyre. Line colors corre- 

spond to the coloring in Fig. 9 . 
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Ocean), and a minor outflow through the eastern section. This pat-

tern drastically changes after 2006, when the western boundary

became the major supplier of FW into the BG. The results indicate

that the observed changes in the BG FW content were generally

caused by the FW transport changes confined to the latitude band

of 72 °N-77 °N at the eastern boundary of the 4dVar domain. The

model domain does not allow backtracking of the water entering

through the eastern boundary, but the hydrographic changes ob-

served in the Lincoln Sea by De Steur et al. (2013) allows us to

suggest that the source of the FW could be located north of the

Canadian Archipelago or even near Greenland. 

3.4. Lagrangian analysis 

To highlight and further evaluate the potential impact of the

anomalous features of the 2008 circulation with respect to the cir-

culations from previous years, we conducted a Lagrangian analysis
Fig. 11. The 6-month trajectory of the water parcels launched on July 1 at a 10m-dept

periods. The BG integration area is shown. 
f the particle trajectories released in four regions: north of the

ering Strait, northeast of the Wrangel Island, in the western ESS,

nd in the region of the AW inflow. The experiments were con-

ucted using the velocities averaged over the climatological peri-

ds of 1972–1978, 1989–96, and 2008. The respective 6-month tra-

ectories are shown in Fig. 11 . During 1972–1978 and 1989–96, the

articles released in the region of the AW inflow traveled persis-

ently eastward. 

The left and central panels in Fig. 11 indicate that the 6-month

article trajectories released at the AW inflow near 110 °E penetrate

urther eastward during the negative AOO index (1989–96), indi-

ating a certain suppression in the AW inflow during the positive

OO phase in 1972–1978. The anomalous 2008 circulation which

orresponds to the extended positive AOO period is characterized

y a westward transport of the particles released along the conti-

ental slope and an eastward transport over the shelf. Taking into

ccount the observational evidence of the AW propagation along

he continental slope ( Dmitrenko et al., 2008a ), may suggest that

eversal of the AW flow along the continental slope will result in

he lesser penetration of the AW into the Canadian Basin and ac-

umulation of the AW in the Eurasian part of the Arctic Ocean. 

Particles released in the ESS during the periods of negative AOO

1989–96) demonstrate confinement of the trajectories within the

SS shelf, accumulation of additional FW and more intensive East

iberian coastal current transporting FW toward the Chukchi Sea

hrough the Long Strait. In 2008, there is a clear tendency for the

helf water particles to follow the pathway north of the Wrangel

sland, which allows some of them to enter the BG periphery in

he same season (right panel in Fig. 11 ). However, after reaching

he area with coordinates 74 °N 160 °W, these particles turn east-

ard. Thus, they do not affect the FW content in the area shown

y the solid line in Fig. 11 and are conventionally utilized for the

nalysis of the FW content in the BG. So despite the more favor-

ble changes of the FW transport pathways in the ESS, the FW flux

hrough the southern BG periphery did not vary significantly be-

ween 2003- 2008 and even slightly decreased in 2008 ( Fig. 9 ).

hus, particles released in the Chukchi Sea have a somewhat bet-

er potential to affect the BG FW content during the period when

he BG was not as intense as in 2008. 
h in different years superimposed on the velocity fields averaged over respective 
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. Conclusions and discussion 

This study addresses the analysis of the PSAO circulation in

008, the first year of the 9-year period with the highest FW

ccumulation in the Beaufort Gyre. The 2008 circulation is com-

ared with the circulations during three climatological periods cor-

esponding to the positive (1972–1978, 1997–2006) and negative

1989–1996) phases of the AOO. In addition, a more detailed com-

arison is made with the PSAO states during the years of slow

rowth of the FW storage in the Beaufort Gyre (20 03–20 06). 

The analysis has been performed by merging in situ hydro-

raphic data, observations of the Bering Strait transport, and heat,

alt and momentum fluxes with the dynamical constraints of a nu-

erical model using a combination of two data assimilation sys-

ems. Validation of the results against independent SSH and ve-

ocity observations demonstrated a significantly better consistency

ith the data compared to the PIOMAS system, whose output was

tilized as a first guess solution for subsequent 4dVar analysis. 

The 4dVar reanalysis for the climatological periods of 1972–

978, 1989–1996, and 1997–2006, support and further quantify the

oncept of Proshutinsky and Johnson (1997) , who suggested that

he BG tends to accumulate FW during the anticyclonic AOO phase

nd release it during the negative phase. Our results also indi-

ate that positive AOO phases are characterized by a larger in-

ow into the PSAO along the continental slope of the Laptev Sea,

hich brings the AW and tends to increase the total salt con-

ent in the Canadian Basin over a long term perspective. How-

ver, it is necessary to note that this result is obtained only for

wo particular periods of the positive AOO index and requires ad-

itional analysis for the last decade (2008–2017). There are also

any other factors controlling the total FW content in the PSAO

egion, including the FW flow through the other open bound-

ries, ice drift and freshwater discharge which should be taken

nto account for a more accurate analysis of the FW content in the

egion. 

In addition, we have found indications of FW accumulation in

he East Siberian Sea during the cyclonic AOO phase (1989–1996)

ompared to the positive AOO phases (1972–1978, 1997–2006).

his process has a prominent SSH signature in the form of a 15–

0 cm high dome emerging in the western ESS (central panel in

ig. 4 ). Quantitative estimates show an increase of FW content in

he ESS by 10% (500 km 

3 ) during the negative AOO phases. The re-

ult is in quantitative agreement with the observational estimates

f Dmitrenko et al. (2008b) who studied long-term variations of

he FW content on the eastern Siberian shelf. However, our results

or 2008 do not support this tendency. Possible reasons are due to

he abnormally high discharge of the Siberian rivers (e.g. Charkin

t al., 2011 ) and the drastic decrease of ice cover during 2007 and

008 which may significantly impact the FW content in the shal-

ow Siberian Shelf. 

Of particular interest is the tendency of the Eurasian shelf wa-

er to follow the pathway through the Long Strait separating the

rangel Island from the continent (low panels in Fig. 3 ). This ten-

ency appears to be more visible during the cyclonic AOO phase,

hen even water parcels released northwest of the Wrangel Is-

and are eventually found in the Long Strait. This circulation fea-

ure seems to support a remarkable persistence of the heavy ice

onditions in the Long Strait during the relatively warm and humid

ummers which usually occur at the negative phase of the AOO in-

ex ( Dunlap, 1996 ). 

Analysis of the circulations during the positive and negative

OO phases indicates a larger SSH depression at the northern

hukchi Sea during the positive AOO phases suggesting a certain

ntensification of the Bering Strait throughflow during the positive

OO, but limited observational time span does not allow for a con-

dent verification of this result. 
i  
The major focus of our study was the analysis of circulation fea-

ures during the summer-fall season of the International Polar Year

2008) and the comparison of the 2008 circulation to circulations

uring previous years (20 03–20 06). The 20 08 period was elected

ot only due to the unprecedented abundance of data, but also

ecause it followed the year of a great ice melt anomaly (2007),

hich supplied the PSAO with an additional 1500 km 

3 of fresh wa-

er and was the first year of a relatively long period of extremely

igh levels of FW accumulation in the BG. Analysis of the circula-

ion and FW content in BG during 20 03–20 06, and 2008 indicate: 

a) A reversal of the total transport in the AW inflow region of

−2.9 Sv in July-August which later relaxed to an eastward trans-

port of 0.8–1 Sv. The reversal of the along-slope current is

confirmed by independent observations from NABOS moorings.

Certain indications of the reversal are also found in the PIOMAS

non-assimilative run. 

b) Formation of a prominent SSH trough extending from the east-

ern Laptev Sea to the Bering Strait. A similar and even stronger

structure was obtained in the PIOMAS solution and is indirectly

evidenced by two NABOS moorings located on the continental

slope of the Laptev Sea. The strengthening of the depression

between 2003 and 2008 can also be traced in the CPOM-DOT

monthly maps of Armitage et al. (2017) . This feature amplified

the BG and formed a 0.1 m/s strong current at the northern pe-

riphery of the Eurasian shelf. 

c) The above mentioned SSH depression intensified the eastward

flow north of the Wrangel Island and shortened the pathway of

the fresh Siberian waters to the Bering Strait meridian, where

they are engaged in mixing with the Pacific Water and in the

circulation within the southern periphery of the BG. In addi-

tion, the SSH depression in the Chukchi Sea tends to increase

the large-scale sea level difference between the Bering Sea and

the Arctic Ocean, contributing to the 25% increase in the Bering

Strait transport documented by Woodgate et al. (2010; 2012 ).

The 2008 SSH depression also agrees with the analysis of the

force balance in the Bering Strait, revealing an increased role

of the pressure head between the Bering Sea and Arctic Ocean

during 2007–2011 ( Woodgate et al., 2012 ). 

d) A significant increase of the FW content in the Beaufort Gyre

from 16,700 km 

3 in 2003 to 21,500 km 

3 in 2008. The FW accu-

mulation agrees well with the estimates made from in situ hy-

drographic observations obtained in the BGEP by Proshutinsky

et al. (2009) . The analysis of the FW transports across the BG

boundaries indicate that FW accumulation in 20 04–20 08 was

mainly caused by the anomalous inflow through the eastern

section that changed from −0.1 Sv in the beginning of 2003

to 0.8 Sv inflow in 2008. The exact factors responsible for this

FW inflow cannot be identified here, because our domain does

not include the large part of the Arctic Ocean. However, the

revealed FW inflow qualitatively agrees with the observational

evidence of Lique et al. (2011) who diagnosed significant FW

anomalies off of the Greenland coast and the hypotheses of A.

Proshutinsky et al. (2015) explaining the extended positive AOO

by the FW discharge from Greenland. 

e) Weak interannual variability of the flow through the southern

section suggests that changes of the FW pathways from the ESS

as well as a certain increase of the Bering Strait transport pro-

vides only a minor contribution to the emergence of the FW

anomaly in the Beaufort Gyre in 2008. Furthermore, the La-

grangian analysis and the above mentioned reduction of the FW

flux through the southern section in 2008 suggests that the FW

transport from the ES and Chukchi Seas into BG in 2008 was

less than in 20 03–20 05. 

Validation of the results by comparison with independent data

ndicates a significant improvement of the PIOMAS solution using
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4dVar analysis. There are however, several limitations. First, is the

absence of the explicit ice dynamics in the 4dVar system, which is

simulated by the background ice-ocean fluxes from PIOMAS. This

shortcoming does not allow explicit 4dVar analysis of the solid FW

content in the Arctic Ocean. Such analysis can be done however,

by a separate study of the PIOMAS DA output. Second, the utilized

4dVar system has an insufficient horizontal resolution to resolve

any complicated processes in narrow straights, especially in the

Bering Strait. 

In view of the above, our analysis should be treated as pre-

liminary, as it is limited by assimilating observations only in the

PSAO region and by the two-stage assimilation system involving

a state-of-the-art ice-ocean model equipped with a simple data

assimilation scheme based on nudging, and an ocean-only model

with an advanced 4dvar scheme. A more extensive study involving

a synthesis of the entire IPY dataset with dynamic and thermody-

namic constraints of a state-of-the-art ice-ocean model configured

for the entire Arctic Ocean is necessary for further understanding

the complex processes controlling the Arctic Ocean circulation. Our

experience shows that getting access to new data and their prepro-

cessing requires significant time and effort. It is therefore impor-

tant to make all observations available for complex 4dVar analysis

immediately after the field campaigns. This will allow for the oper-

ational tracking and monitoring of rapid changes occurring in the

Arctic Ocean within the last decades. 
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