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IPY (after the year of strongest anti-cyclonic forcing: Supplementary F igure 1) and has since
declined.

F ig. 4 D istribution of freshwater (column height in m) in the Canada Basin in late summer, relative to 34.8
salinity. These frames display the build-up of freshwater during 2003–2007. The annotation is each year’s
freshwater inventory in 1000’s km3 (Copyright 2009 American Geophysical Union. Reproduced/modified by
permission of American Geophysical Union: Proshutinsky et al. 2009)

F ig. 3 230Th profiles measured in
1983 near the A lpha Ridge (85°
50!N , 108°50!W: Bacon et al.
1989), in 1995 at A O1 (72°32.5!
N , 143°4938!W; Edmonds et al.
1998), in 2007 at C3O’s K C2000
(71°44!N , 135°30!W) and
K C2700 (72°28!N , 136°56!W)
and at G E O TR A C ES’ L2 (74°30!
N , 137°00!W)
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Input: 
0.45 m Rivers 
0.27 m Bering Strait 
0.13 m P‐E 
‐‐‐‐‐‐‐‐‐ 
0.85 m 
 
Output: 
0.18 m Canadian Archipelago 
0.12 m Fram Strait Water 
0.49 m Fram Strait Ice 
‐‐‐‐‐‐‐‐‐ 
0.79 m 

h1p://psc.apl.washington.edu/switchyard/overview_pages/circula,on.html 



stress curl dynamics (Figure 15) and the SLP distribution
for the 2000s (Figure 14). Except for 2000–2002, in the
2000s, the Arctic High was perfectly located over the BGR,
centered over mooring B (where the maximum trend in
FWCL accumulation was observed) and the wind stress curl
reached its historical minimum (maximum EP) (Figure 15).
[50] Summer time series of FWC in different vertical

layers of the BG, including sea ice, shows that the maxi-
mum change occurred in the mixed layer (as expected) and
that in the 1990s the FWC in the mixed layer increased by
2400 km3 (Table 1) relative to the 1980s. The volumes of
freshwater in summer and winter Pacific Water decreased.
Volumetric changes of freshwater in the Atlantic Water layer
for the same period are small relative to the accuracy of the
estimates (150 km3). Small increase in FWCL in the mixed
layer and reduction in the Pacific layer relative to the 1990s
were observed in the 2000s (Table 1).
[51] Our explanations for decadal variability of FWC in

the BGR are speculative, but it is clear that the BG FWCL
field in the 2000s is not in steady state despite the more than

10 years of prevailing anticyclonic atmospheric circulation
(1997–2007). There are strong increasing trends in BG
FWC in 2003–2007 observed at the mooring locations,
along ITP trajectories and at the standard summer shipboard
BGOS CTD station sites. We speculate and provide some
observational evidence that there are three major causes of
these changes, namely, (1) wind-generated EP which rep-
resents the mechanical part of the ocean freshwater redis-
tribution, (2) mixing and changes of water stratification, and
(3) sea ice transformations accompanied by freshwater and
salt release. More quantitative analysis of these processes
has to be done by means of numerical modeling: a subject
for future studies.

5. Conclusions

[52] Summarizing the major results of this study, we
conclude the following.
[53] 1. The Beaufort Gyre in the southern half of the

Canada Basin is the largest freshwater reservoir of the

Figure 11. FWCL content anomalies (m) calculated on the basis of ITP data relative to 2003–2006
mean FWCL distribution for the region (numerals in inset). Colored lines show different ITP FWCL time
series. The black solid line depicts the overall linear trend calculated using all ITP data (193 cm a!1). The
inset shows ITP trajectories and the mean gridded values.
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Arctic Ocean. It contains approximately 20,000 km3 of
liquid and approximately 800 km3 of solid (sea ice) fresh-
water (on the basis of a mean ice thickness in the region of
2.0 m). Decadal, interannual and seasonal changes in total
FWC influence the extent of sea ice cover, the surface
albedo, the energy balance, the temperature and salinity

structure of the water masses, and biological processes in
the entire Arctic Ocean. Moreover, the intensity of the
Atlantic Ocean Meridional Overturning Circulation can be
influenced significantly by freshwater fluxes from the
Arctic Ocean. Our results demonstrate that the seasonal
changes in BG total FWC range from 5% to 10% of its total

Figure 12. (a, b, c, d, e) Annual SLP (hPa) (solid contours and colors) and geostrophic wind direction
(vectors) in 2003–2007. A, B, C, and D depict mooring locations, and black lines bound the BG Region.
(f) SLP and wind direction averaged for 2003–2007. It is expected that largest Ekman pumping should
be observed in 2004, 2005, and 2007, which is in agreement with Figure 8.
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of available sea surface observations. Ice/water classifica-
tion procedures [Kwok et al., 2007] are used to identify the
set of sea surface samples that are of interest in the present
analysis. The ice returns are not used.

2.2. Hydrographic Data
[8] The North Pole Environmental Observatory (NPEO)

airborne hydrographic survey (Figure 2) in March–April

2008 has been discussed by McPhee et al. [2009] and Alkire
et al. [2010]. It included 35 stations made by landing an
aircraft on the sea ice in the Beaufort Sea (15) and North
Pole region (20) and measuring ocean temperature and
salinity profiles to 800 m depth with a Conductivity!
Temperature!Depth (CTD) instrument and recovering water
samples for chemical analysis. An additional eight stations
were made in the Beaufort Sea using Airdropped eXpendable

Figure 1. Dynamic ocean topography (DOT) of the Arctic Ocean from ICESat. (a) Geometric relationships between DOT,
sea surface height, geoid, and reference ellipsoid. (b) Mean DOT of the Arctic Ocean from five winter ICESat campaigns
(2004!2008) using estimates of sea surface height in open leads. (c) Spatial density (counts) of sea surface estimates within
25 km by 25 km grids used in the construction. (d) DOT for the five winter ICESat campaigns (2004–2008). (e) Mean
DJFM (December through March) sea!level pressure and ice motion of the five winters. (contour interval: 4 hPa)
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its second minimum. In September, both factors contribute
to the increase of FWCL: EP increases and sea ice continues
melting but in October EP is the major influence on FWCL
while sea ice starts growing reducing FWCL.
[40] These simple considerations demonstrate that the

departure of the BG FWCL seasonal cycle from an ideal
ice/ocean state is related to the wind forcing. Thus, the
FWCL maximum observed in November–January (two to
three months later than expected from thermodynamic sea
ice transformations) is forced by the atmospheric anticy-
clonic circulation cell over the BGR.
[41] For a complete study of the seasonal variability of

FWCL, it is important to analyze the potential for mixing
between the upper and deep ocean layers as a mechanism
that preserves freshwater in the BG. For example, Figure 7
demonstrates how the evolution of salinity and FWC in the
BG can be influenced by (1) upper ocean transformations
due to ice melt and growth, (2) EP, and (3) mixing. While
surface salinity is more influenced by sea ice transformation
and reaches a maximum in mid-January because of ice
growth and salt release, salinity at deeper levels is con-
trolled more by EP and exhibits minimum values in mid-
January.
[42] In September and October the upper ocean layer is

relatively fresh and the surface mixed layer quite thin
(Figure 7). With time the surface layer deepens, entraining
deeper layers and by November the mixed layer depth
reaches 30 m. Gradually, the salinity of the surface layer
increases because of ice growth and salt release, mixing
with deeper layers. In July, the upper ocean layer again
receives freshwater from sea ice melt and the vertical ocean
stratification increases. In addition, because of Ekman

divergence, salinity anomalies generated by winter EP have
to relax. In an ideal ocean without mixing, the freshwater
content of the area remains the same after completing the
EP seasonal cycle. In the real ocean, we speculate that
because of mixing and entrainment of deeper layers the
ocean can accumulate freshwater or salt and preserve it for
long periods. Such preserved anomalies are strongly related
to the mean anticyclonic baroclinic BG circulation.

3.3. Causes of Interannual FWC Changes
in 2003–2007

[43] The small positive trends observed in 2003–2007 in
the sea ice draft (Figure 4) apparently are the result of sea
ice redistribution under wind forcing and are not influenced
by the thermal regime, because the 2003–2007 air temper-
ature linear trend averaged over the BGR is positive (0.72!C
a!1, not shown). Therefore, sea ice melt cannot contribute
to the FWCL increase in the region at a rate of more than
100 cm a!1 (Figure 4, top). Geochemical water analysis in
the BGR [Carmack et al., 2008; Alkire et al., 2009; Guay et
al., 2009] shows that the net effect of sea ice formation and
melting removes "30% of the freshwater contributed to this
region by other sources. Therefore the only candidate
responsible for this trend is EP, if we follow our conclusions
about the mechanisms of FWCL changes in the BGR.
Indeed, in 2003–2007 there was a significant trend in wind
stress curl (Figure 8) with an unprecedented (for 1948–
2008 period, see analysis of decadal changes in section 4)
minimum of wind stress curl in 2007 when anticyclonic
circulation dominated over all months including summer.
[44] In order to analyze interannual changes in the BGR

FWCL volume we have used results from BG summer
observations at repeat CTD and XCTD stations in conjunc-
tion with all other available mooring and drifter data from
the cruise times (Figure 2). The FWCL was calculated for all
years employing equation (1) for each T&S profile available
in the region at this time. Then calculated FWCs were
gridded using optimal analysis (section 2.2). While during
2003–2004 FWCL in the BGR showed little change
(Figure 9), in 2005 the total FWCL in the region began to
increase, reaching 20,000 km3 in 2007. The maximum
annual trend of FWCL accumulation was observed at the
new center of the BG (which was first established in the
1990s, see section 4) with a rate of approximately 1.5 m a!1

in the center and tapering away with increasing radius
(Figure 10). Preliminary data from the BGOS 2008 cruise
indicate that the FWCL in the BG continued to rise in 2008
and reached 21,000 km3, a historical maximum from all
available years of observations. Compared to 1970s clima-
tology (the pre-1990s decade with the most extensive data
coverage, Figure 1) there has been a FWCL increase in the
BG of approximately 5000 km3. This is comparable with
the volume of freshwater annually delivered to the Arctic
Ocean by rivers and through Bering Strait (5700 km3 a!1

[Serreze et al., 2006]).
[45] Both the mooring (Figure 4) and ITP data (Figure 11)

demonstrate that from 2003 to 2007 the absolute maximum
of FWC was located in the southeast region of the BG (near
the location of mooring D). The maximum rate of FWCL
increase over this time period (178 cm a!1) (Figure 4) is
observed at mooring B; somewhat smaller rates are ob-
served at moorings A and C. Summer CTD data further

Figure 7. ITP-5 60-day running mean time series of water
salinity at levels 10 dbar through 100 dbar with 5 dbar
interval. Thick lines show 25 dbar (25 m) and 50 dbar
(50 m) levels. In September and October the upper ocean
layer is fresh. With time this layer mixes with deeper layers.
By November the mixed layer depth reaches 30 m, and
gradually its salinity increases because of mixing with
deeper layers, ice growth, convection, and Ekman pumping.
In July the upper ocean layer gets freshwater from ice
melting, and the vertical ocean stratification increases.
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information about changes in snow depth and snow water
equivalent is already taken into account by our sea ice draft
measurements as discussed above. Ocean mixing (FWCM)
is an important factor which is able to preserve freshwater
anomalies in the region. It depends on many oceanic internal
and external parameters. The majority of them are associated
with wind forcing (or sea ice stresses at the ocean surface) and
the ocean vertical stratification. For this study we assume that
FWCM can be included in the term of EP which is also a
function of wind stress and ocean stratification.
[36] The EP forcing, which influences freshwater accu-

mulation and release [Hunkins and Whitehead, 1992;

P2002] in the BGR, was evaluated using time series of
wind curl averaged over the BGR or in the vicinity of each
mooring. The 2003–2007 NCAR/NCEP Reanalysis 1 wind
curl estimates were detrended and a mean seasonal cycle
was constructed for each mooring location. The climato-
logic annual mean wind stress curl over the BGR is negative
(not shown) [see P2002; Yang and Comiso, 2007; J. Yang,
Seasonal and interannual variability of EP in the Beaufort
Sea, submitted to Journal of Geophysical Research, 2009]
and the EP is positive leading to the accumulation of FWC
in the BG. In the typical seasonal cycle (Figures 5e, 5f, 6e,
and 6f) the wind stress curl anomaly usually reaches

Figure 4. FWCL time series (m) from MMPs using (top) derived FWCL coefficients and (bottom) time
series of sea ice draft (m) from Upward Looking Sonars from BGOS moorings for 2003–2007. FWCL
trend lines in Figure 4 (top) (dotted) are calculated from the corrected FWC MMP data. Ice draft trends
are also shown in Figure 4 (bottom) as dashed black lines. Note that the ice draft data are offset from one
another by 2 m.
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maximum in July–August (minimum EP) and minimum in
December–January (maximum EP); and the cumulative
wind stress curl (solid blue line) indicates that the accumu-
lation of freshwater in the BGR usually occurs between
November and June (negative wind stress curl anomaly).
Starting in June–July and until October–November the

wind stress curl does not support freshwater build up in
the region and the BG can even release the freshwater
because of the reduction or reversal of EP.
[37] On the other hand, the role of EP could be estimated

from equation (4). Knowing anomalies of liquid (FWCL)
and solid (FWCI) FWCs and assuming that other factors

Figure 5. Mean annual seasonal cycles (red thick lines) of (a, b) liquid and (c, d) solid FWC component
anomalies (m) and (e, f) anomalies of FWC due to Ekman pumping (red) at mooring A (Figures 5a, 5c,
and 5e) and mooring B (Figures 5b, 5d, and 5f). Thin colored lines show seasonal changes for particular
years (2003, deep blue; 2004–2005, light blue; 2005–2006, light green; 2007, dark green). Dotted and
thick blue lines show anomalies of monthly air temperature (!C) and sum of degree days (!C) averaged
for 2003–2007 over the BGR (Figures 5c and 5d). Note that the air temperature and sum of degree days
are scaled with a factor of 0.025 to be compared with FWC values. In Figures 5e and 5f, blue dotted and
solid lines depict seasonal anomalies of wind stress curl and sums of wind stress curl (similar to sums of
degree days) averaged over a 300 ! 300 km box centered at each mooring site.
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indicate that this trend could be as high as 140–150 cm a!1

in places (Figure 10). The regional differences in trends can
be explained by regional differences in the EP (atmospheric
circulation). Figure 12 shows annual SLPs and geostrophic
winds for 2003–2007 where centers of the atmospheric
circulation (max/min EP) and their intensity can be easily
identified. On the basis of Figure 12, the largest EP should
be observed in 2004, 2005 and 2007 which is in agreement
with wind stress curl data shown in Figure 8.
[46] Moorings B and C have no overall FWCL increase

between 2003 and 2004 or even a small reduction (Figure 4).
This could be due to a reduced annual wind curl in 2003
(Figure 8; note also the monthly wind curl is positive in
June, July, August, and October) with a low-gradient SLP
field (Figure 12). In 2004–2005, SLP gradients intensified
and the absolute wind curl over the region (Figure 8)
increased by approximately 30% relative to the previous
year and the region influenced by anticyclonic winds
extended over the entire Canada Basin (Figure 12). In
2004, the center of circulation and maximum EP was very

close to mooring B, accounting for the significant increase
of FWC at this mooring by December of 2004 (4 and
Figures 3b). Moorings A and C also show accumulation of
freshwater during this period but at a lower rate (Figures 3a,
3c, and 4). In 2005–2006, the SLP gradients in the region
relaxed, absolute wind curl decreased by approximately
35% and the freshwater accumulation at all moorings fell
accordingly. Another jump in the FWC was observed in
2007 (Figures 3, 4, and 8) when an anomalous anticyclonic
circulation regime dominated the Arctic Basin for the entire
year (Figure 12) and the annual wind curl reached its
absolute minima in the 2000s (Figure 8).

4. Decadal Shift

[47] On the basis of our analysis of the decadal distribu-
tions of FWCL in the BGR (Figure 13), decadal distribu-
tions of SLP fields (Figure 14) and decadal changes of wind
stress curl (Figure 15), we conclude that the anticyclonic
atmospheric circulation dominated over the BG since at

Figure 8. Wind curl time series over the BGR showing (top) annual, (middle) monthly, and (bottom)
integrated in time.
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