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Abstract

Freshwater content (FWC) in the Arctic Ocean has changed rapidly in recent years, in response to

significant decreases in sea ice extent. Research on freshwater content variability in the Canada Basin, the main
storage area of fresh water is very important to understand the input-output freshwater in the Arctic Ocean. The
FWC in the Canada Basin was calculated using data from the Chinese National Arctic Research Expeditions
of 2003 and 2008, and from expeditions of the Canadian icebreaker Louis S. St-Laurent (LSSL) from 2004 to
2007. Results show that the upper ocean in the Canada Basin became continuously fresher from 2003 to 2008,
except during 2006. The FWC increased at a rate of more than 1 m-a~!, and the maximum increase, 7 m, was
in the central basin compared between 2003 and 2008. Variability of the FFWC was almost entirely limited to the
layer above the winter Bering Sea Water (wBSW), below which the FWC remained around 3 m during the study
period. Contributors to the F'WW ' increase are generally considered to be net precipitation, runoff changes, Pacific
water inflow through the Bering Strait, sea ice extent, and the Arctic Oscillation(AO). However, we determined
that the first three contributors did not have apparent impact on the F'W ' changes. Therefore, this paper focuses
on analysis of the latter two factors and the results indicate that they were the major contributors to the FWC

variability in the basin.
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0 Introduction

The Arctic Ocean (Figure 1) is one of the major
source regions for surface waters of the subpolar At-
lantic Ocean, where deep convection caused by weak
stratification is the main force of ocean circulation and
thermodynamics!!l. Sea ice export is one of the primary
ways by which the Arctic Ocean provides freshwater to
the Atlantic Ocean. Mauritzen and Hikkinel? stated
that the thermohaline circulation in the North Atlantic
might be strengthened by 10%-20% in response to a
decline of the ice outflow of 800 km?3. Freshwater con-
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tent (FW () variability has therefore aroused great at-
tention. Previous research has shown that among river
runoff, net precipitation (precipitation minus evapora-
tion), sea ice melting/freezing and wind-driven circula-
tion each has some influence on the FW C changes in the
Arctic Ocean®~8!. Using a vast collection of observa-
tional data, Polyakov et al.?) studied the FWC' changes
in the Arctic Ocean over the past 100 years. They ob-
tained FWC spatial distributions by using linear inter-
polation and analyzed the influencing factors with their
respective contributions to the FWC' wvariability. They
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Figure 1 Map of the Arctic Ocean and study area (inset).

concluded that the central Arctic Ocean became increas-
ingly saltier over the twentieth century, with a rate of
freshwater loss of 2394270 km?® per decadel!. Since the
late twentieth century, however, dramatic changes of the
Arctic atmosphere-ice-ocean system, including rapid sea
ice retreat, has occurred because of the global warming,
resulting in a fact that the Arctic Ocean became cor-
respondingly fresher[!9). Potential causes for the FIWC
anomalies include precipitation larger than evaporation,
runoff changes, Pacific water inflow through the Bering
Strait, sea ice melting/freezing and freshwater export.
The first three mechanisms are considered too weak to
cause significant FW (' variability, leaving the last two
factors as probable causes®~9. Aagaard and Carmack’s
estimates suggested that the freshwater storage in the
Arctic Ocean was approximately 80 000 km? (relative to
the salinity 34.8)(l. Of this, the Canada Basin (Figure
1) contained 45 800 km3, representing about 60% of the
total Arctic Ocean storagel®. This large proportion gives
import to research on the FW (' variability in the Canada
Basin, toward an understanding of freshwater changes in
the Arctic Ocean.

The Bering Strait is the only ocean gateway between
the Pacific and Arctic Oceans. Pacific water flows into
the Chukchi Sea through the Bering Strait, then gath-
ers into a polar basin across the slopel'!.  Although
the Bering Strait inflow is the major freshwater source
for the Arctic Ocean, previous studies have shown that
its annual variability was not sufficient to significantly

influence FWC' changes'?). The Pacific water inflow
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forms the Arctic halocline below the fresher surface water
(SW), which is crucial for maintaining the low tempera-
ture character of the SW'3l. Most Pacific water is stored
in the Canada Basin and forms three distinct water
masses with varying temperature and salinity after enter-
ing the Arctic Ocean. These three are Alaskan Coastal
Water (ACW), summer Bering Sea Water (sBSW) and
winter Bering Sea Water (wBSW). These water masses
have two types of vertical structure in the Canada Basin:
along the exterior of the Transpolar Drift Stream in-
fluenced by the Pacific water, the wBSW underlies the
sBSW: in the southern Canada Basin, the wBSW un-
derlies the ACWI['. A typical temperature and salinity
profile in the southern Canada Basin is shown in Figure
2. In this figure, the top 50 m layer in the Arctic Ocean is
defined as SW, where the temperature is nearly constant
and salinity is less than 30; below the SW is the Pacific
halocline water, defined by a temperature near the freez-
ing point within the salinity range 30< S <34, where the
ACW is above the wBSW. Under the Pacific halocline
water lies intermediate Atlantic Water (AW), which has

a salinity higher than 34091,

Freshwater changes take
place mainly in the upper Arctic Ocean water masses
above the AW, and the depth changes of the AW do not
affect the FWC. Thus, we take the mean salinity of in-
termediate AW, 34.8, as the reference salinity, on which
the FWC is calculated®). The water masses above the
AW | influenced by the Pacific water, can be divided into
two parts by the wBSW. First, the water in the lower
layer below the wBSW originates from the Bering Sea
and the Chukchi Sea shelves, which has a constant tem-
perature and salinity in winter*®!. In contrast, the waters
in the layer above the wBSW containing summer Pacific
water and sea ice melt water is the most variable region
within the Arctic Ocean. Therefore, we define the upper
ocean as the layer above the wBSW by a temperature
minimum with salinity less than 33.1, upon which we
paid considerable emphasis in our paper.

In the late 1980s, the upper part of the Arctic Ocean
began to become fresher in response to decreasing sea

(17-18]  Meanwhile, export of multiyear ice

ice volume
from the ocean began to accelerate'92%). Since the mid-
1990s, sea ice extent has drastically decreased and con-
21-23] - Gatellite data
indicates that sea ice extent in the summer Arctic Ocean

has declined by 11.5% per decade since 1979 and, in

tinued to reach new record lows!
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Figure 2
cruise of 2005, marked with yellow symbol in Figure 3).

August, 2007, it broke all the previous records. In 2008
and 2010, the September minimum extents were the sec-
ond and the third lowest in the satellite record®*. Com-
bined with decreases in extent, the age of sea ice in the
central Arctic basin has also dramatically changed since
the mid-1980s. In 1987, 57% of the ice pack was at least
5 years old, and a quarter of that ice was at least 9 years
old. By 2007, however, only 7 percent of the ice pack
was at least 5 years old, and virtually none was at least 9

25 Sea ice melt in the Arctic Ocean occurred

years old!
mainly in the Canada Basin, lowering salinity and in-
creasing freshwater in the upper ocean.

Changes of the FW (' in the Arctic Ocean have been
left untouched till the discussion provided by Proshutin-
sky et al.?%l, They suggested that changes of FWC stor-
age in the anticyclonic Beaufort Gyre (BG) could po-
tentially be much larger than those due to variations of
river runoff and ice export events, and were tied to the
decadal mode of ocean circulation variations, the Arc-
tic Oscillation (AO)I?6l. The BG is a wind-driven gyre
bounded by latitudes 70.5°N and 80.5°N, and longitudes
170°W and 130°WE27): it is a basic surface circulation
pattern and is well within our study area (Figure 1).
During the negative phase of the AO, an anticyclonic
atmosphere circulation with high pressure induces sub-
stantial mass transport in the ocean toward the center
of the anticyclonic gyre. Such continuous volume trans-
port generates a downward velocity (Ekman pumping).
In this case, the Canada Basin accumulates freshwater.

In contrast, when the positive phase of the AO is dom-

Salinity /psu

Temperature and salinity profiles in southern Canada Basin (based on Station LSS042 of the Canadian LSSL

inant, the Canada Basin releases freshwater under cy-
clonic wind forcing. Water released from the basin flows
into the Atlantic Ocean through the Fram Strait, re-
ducing freshwater in the upper ocean of the basin!?¢.
Proshutinsky et al.[?6] investigated the FW C storage in
the BG and found a fact that interannual changes in the
FWC during 2003—-2007 were characterized by a strong
positive trend in this region, with a maximum of approx-
imately 1.5 m-a~! in the central basin. One of the major
causes for this was the anticyclonic atmosphere circu-
lation, which aggravated the mixing due to the Ekman
pumping. In response, the FWC' in the Canada Basin
increased significantly!?®l. Considering that wind forcing
is limited and its influence on sea water would be weak-
ened by ice cover, water mixing should be confined to the
upper ocean. We thus emphasized our analysis mainly on
the FWC of the upper ocean, i.e., the layer with salinity
lower than 33.1, to investigate its variability in the Arctic
Ocean.

In the new century, more accessible observational
data in the Canada Basin facilitates study of FWC
changes in the upper ocean. We analyzed CTD data from
the Chinese and Canadian expeditions, to investigate the
FWC variability and its influences for 2003-2008 in the

Canada Basin.
1 Data sources and methods

1.1 Data sources

We calculated the FWC' in the water column of the up-
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per ocean in the Canada Basin by comparing salinity
vs. depth with reference salinity. The hydrographic data
that we analyzed came from CTD data obtained during
the 2nd and 3rd Chinese National Arctic Research Expe-
ditions in 2003 and 2008 (the 2nd CHINARE-Artic, the
3rd CHINARE-Artic), and expeditions of the Canada
icebreaker Louis S. St-Laurent (LSSL) in the Canada
Basin, from 2004 to 2007. Hydrographic stations used in
this study are shown in Figure 3. Data from the Chinese
expeditions were collected mainly in the western basin,
whereas stations of LSSL’s cruises covered most of the
basin. Although the number of stations was limited and
distribution of those exhibited large gaps owing to ob-
servational conditions in the Arctic Ocean, those profile
data were adequate to analyze upper ocean FWC' vari-

ability in the basin.

80UV

150°

Figure 3 Hydrographic stations of Chinese National Arctic
Research Expeditions in 2003 and 2008 and Canadian LSSL
cruises in the Canada Basin for 2003-2007.

We also analyzed monthly mean sea ice concentra-
tion obtained from the National Snow and Ice Data Cen-
ter (NSIDC). This product was created with resolution
25%25 km? using satellite passive microwave data from
the Special Sensor Microwave /Imager (SSM/T). Monthly
mean AQO index data since January 1950 used in our anal-
ysis were from NOAA/CPC, constructed by projecting
daily 1 000 mb height anomalies poleward of 20°N onto
the loading pattern of the AO, which is defined as the
leading mode of Empirical Orthogonal Function (EOF)
analysis of monthly mean 1 000 mb height during 1979-
2000.

1.2 Freshwater content calculation

The FWC (m) within a horizontal unit area in the ocean
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is calculated as

S(2)

FWC:/ Shet = 5(2) 4, (1)

S}ef
where S is water salinity at depth z and Sies is the ref-

291, Here we took the mean salinity of the

erence salinity
AW as Sie, namely Spef=34.8. z1 and z9 are the upper
and lower boundaries of the layer, respectively, within
which the FW(C' is calculated. Thus, the FWC is a
measure of how much freshwater volume is in the ocean
column bounded by z; and z5. While the upper ocean
FWC was calculated, z;=0 and zo was the depth of the
upper ocean’s bottom boundary, i.e., the depth of the
33.1 isohaline. When we calculated the FWC below the
wBSW, we took the depth of the 33.1 isohaline as z; and
the depth of reference salinity (34.8) isohaline as zs.

Based on observational data from the Chinese ex-
peditions and the Canadian LSSL cruises, we calculated
the FWC of the two layers bounded by the wBSW. Fig-
ures 4 and 5 show its distribution and variability in the
Canada Basin during 2003-2008. To aid understanding
of FWC changes in the upper ocean, the depth of the
33.1 isohaline is shown in Figure 6.

2 Results and discussion

2.1 Freshwater content variability

Although an accurate total freshwater volume in the
Canada Basin was unavailable for lack of observational
stations, the profiles we obtained are satisfactory for
showing the tendency of the FWC variability in the
basin.

Calculations on the observational data show that for
the period 2003-2008, the FWC below the wBSW re-
mained roughly constant, 3 m in the southern basin and
2.5 m in the north (Figures 4a—4e). There was an excep-
tion in 2008, however, when the FWW C below the wBSW
exhibited a mild increase (Figure 4f). Our conclusion is
that the FWC changes were generally limited to the up-
per ocean, because liquid freshwater obtained from the
sea ice melt and BG accumulation do not usually influ-
ence water masses to depth below the wBSW. We be-
lieve that the mild FWC increase below the wBSW in
the southern basin in 2008 was related to a combination
of rapid decline of sea ice extent (Figure 7f) and a strong
dominance of the AO negative phase. We will discuss
this in detail in section 2.2.2.
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Figure 4 Freshwater content for 2003-2008 in the layer below wBSW in the Canada Basin (m). a. 2003; b. 2004; c. 2005;

d. 2006; e. 2007; f. 2008.

McPhee et al.l'% confirmed that the FWC in the
southeast Canada Basin in 2008 had increased by as
much as 11 m, 60% greater than the climatological mean
from 1950 to 2000. Our calculations suggested that the
FW C variability took place primarily in the upper ocean.
Figure 5 shows the magnitude of freshwater at each sta-
tion in the basin. During 2003-2008, the FWC in the
basin exhibited an apparent increasing trend, 1 m-a™!,

except for the year 2006. In the central basin, the FWC

increased rapidly from less than 17 m in 2003 to 22 m in
2008, showing that the upper ocean had become much
fresher. In the early part of this period, the FWC' in-
crease was relatively mild (Figures 5a, 5b). However, the
FWC in 2005 increased by approximately 2 m in most
areas, except for the southeast basin, where the decline
of sea ice extent temporarily halted (Figure 5c). There
was an overall decrease in FWC' in 2006 (Figure 5d), but
thereafter, rapid growth in FFWC' broke out and in 2008,
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Figure 5 Freshwater content for 2003-2008 in the upper layer of the Canada Basin (m). a. 2003; b. 2004; c. 2005; d. 2006;

e. 2007; f. 2008.

the absolute maximum F'WC increase, 3 m, was reached
in the south central region (Figure 5f). Another conclu-
sion from Figure 5 is that freshwater stored in the south-
ern Canada Basin, especially in the southeast, was much
greater than that in the northern area. The Bering Strait
inflow was the key contributor to the imbalanced distri-
bution because oceanic heat flux through the strait would
melt large amounts of sea ice in the southern basin['?.

Sea ice melt produced a great deal of freshwater, mak-

ing the FW (' in the south much higher than that in the
north.

Salinity in the upper ocean clearly changed in re-
sponse to the FWC variability. Thus we showed the
spatial distribution of the bottom depth of the upper
ocean in the Canada Basin (the depth of 33.1 isohaline)
in Figure 6, to reveal indirectly the changes in FWC' of
the upper ocean. This figure demonstrates that, coinci-
dent with the increasing tendency of FWC, base depth
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of the upper ocean also showed large changes with sig-
nificant positive trends during 2003—2008. In 2003, the
base depth of the upper ocean was generally less than 160
m. Thereafter, thickness of the upper ocean increased by
approximately 10 m-a~! in the south except for the year
2006, and it reached 200 m in the central basin in 2008.
The reason for this rapid increase was that the freshening
upper ocean in the Canada Basin transported substan-
tial freshwater downward through Ekman pumping®,
which lowered sea water salinity below the surface wa-
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ter. As stated previously, the exceptional case of 2006
was related to the pause in the decrease of sea ice extent
(Figure 7d), which caused salinity of the upper ocean to
increase slightly.

2.2 Causes of the FWC variability in 2003—2008

What were the key factors contributing to the strong
positive trend in the F'WC observed in 2003-2008? Con-
sidering freshwater sources, there are such contributors

having an impact on FWC as net precipitation, runoff
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160 GUO GuiJun, et al. Adv Polar Sci

changes, Bering Strait inflow and sea ice melt-
ing/freezing. When freshwater transport and distribu-
tion are taken into account, oceanic circulation also has
an influence on the FWC variability. Due to lack of cur-
rent observational data, we explored the impact of the
AO index, which is closely related to oceanic circulation.

The Bering Strait inflow is the major source of fresh-
water in the Arctic Ocean. The annual mean transport
through the strait is 0.8 Sv, equivalent to 25 000 km?

c'?. As long-

of the Pacific water flowing into the Arcti
term mean salinity of the inflow is generally near 32.53],
the freshwater volume contained in the imported Pacific
water is around 1 600 km3. No statistically significant
change has been found in the annual mean volume trans-
port, in spite of its great magnitude. During 2003—-2008,
the difference between the maximum and minimum of
the inflow transport was less than 0.2 Sv'?! therefore the
maximum magnitude of annual change in imported fresh-
water was approximately 400 km?, which was too small
to account for FWC variability in the Canada Basin.
According to NCEP/NCAR reanalysis data, long-term
variation of the net precipitation over the Arctic Ocean
was around 10%, ranging from —200 km? to +200 km?.
These values are so small compared with the magnitude
of the FWC' changes, measured in thousands of cubic

kilometers!®]

, that the net precipitation should be ne-
glected in our FW(C' anomaly analysis. In addition, we
also neglected the influence of river runoff changes on the
FWC variability. This decision is supported by the fig-
ures of Aagaard and Carmack®!, who demonstrated that
the total runoff from the major rivers entering the Arctic
Ocean was about 3 800 km?3-a~!, with an annual change
varying from —200 km?3 to +200 km?>. Furthermore, the
Mackenzie is the largest river emptying into the Canada
Basin, and its annual mean runoff is only about 340 km?,
with an interannual variability 5%-20%3].

Thus we can determine that the impacts of Bering
Strait inflow, net precipitation and runoff are too small to
cause the observed FW (' variability. The only remain-
ing candidate responsible for the rapid increase in FW(C
Indeed, the sea ice volume
anomalies range from —2 500 km? to +2 500 km?, which

would surely have a significant impact on changes in up-

seems to be sea ice melt.

per ocean freshwater storagel’!. However, as McPhee et

al.l'% suggested, an 11 m change of the Arctic Ocean
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FWC would require nearly 17 m of net sea ice melt. We
therefore conclude that sea ice melt alone could not bring
about such a large FWC increase (almost 5 m during
2003-2008). There must be other factors carrying im-
portant effects on the FWC variability. Proshutinsky
et al.l?®l showed that the FWC variability in the BG
region was closely linked to the atmospheric pressure.
During a dominant negative AO index, high pressure in
the atmosphere above the sea surface would induce in-
Therefore, the at-
mospheric conditions and the corresponding oceanic cir-

crease in FWC, and vice versal?sl,

culation variability were also important contributors to
FWC changes in the upper ocean of the Canada Basin
during 2003-2008.

2.2.1 Sea ice retreat

We explored the influence of changes in sea ice extent on
the upper ocean FWC' in the Canada Basin. With ac-
celerated global warming, sea ice in the Arctic Ocean has
retreated dramatically since the 1990s, frequently break-
ing records of minimum extents. The changes in sea ice
volume ranges from -2 500 km? to +2 500 km?®, which
closely parallel the FWC changes in the Arctic Ocean!®!.

The increasing Bering Strait oceanic heat flux is one
of the main causes of the ice retreat in the Arctic Ocean.
Consequently, the ice retreat occurs predominantly in
the region influenced by this inflow. Heat flux increased
from 2001 to a maximum in 2007, 5x102°-6x10%° J-a~!,
which was twice the 2001 heat flux and enough to melt a
third of the total seasonal Arctic sea ice melt of 200712,
In response to increasing heat transport, sea ice extent di-
minished significantly in 2003—2008. This accelerated sea
ice retreat enhanced consequently the upper ocean FWC
in the Canada Basin. This process was especially pro-
nounced in 2007 and 2008, when sea ice extent reached
a record low for summer (Figures 7e, 7f), causing the
upper ocean FWC' to be substantially higher than that
in previous years. The anomalous increase in the sea ice
extent (Figure 7d) is a plausible explanation for the over-
all FWC decrease of 2006. However, Figures 7a and 7c
demonstrate that the upper ocean freshwater anomalies
and sea ice volume anomalies were not in phase in 2003
and 2005. We attribute this lack of uniformity to the fact
that the AO projected differently on the upper ocean in

these two years, as explained in the next section.
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Figure 7 Sea ice concentration for 2003-2008.

2.2.2 Arctic oscillation changes

Proshutinsky et al.[*! proposed a mechanism for the ac-
cumulation and release of freshwater in the Arctic Ocean
that is centered on the BG, and is related to the tem-
poral variability of its freshwater content. The amount
of freshwater calculated relative to the salinity 34.8 in
the Canada Basin was about 45 000 km?, which was 10—
15 times larger than the total annual river runoff to the
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a. 2003; b. 2004; c. 2005; d. 2006; e. 2007; f. 2008.

Arctic Ocean, and at least twice larger than the amount
of fresh water stored in the sea icel3). With Proshutin-
sky’s mechanism, the FW(C' annual changes are closely
associated with freshwater transport caused by atmos-
pheric conditions.

The AO has alternated between positive and neg-
ative phases, with no particular periodicity. Starting in
the 1970s, the oscillation tended to remain in the positive

phase, causing lower than normal Arctic air pressure.
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Polyakov et al.[¥ found that over the twentieth century
the central Arctic Ocean became increasingly saltier with
a freshwater loss rate of 239+£270 km? per decade. In
the new century, however, the negative phase of the AO
started to dominate (Figure 8) and inducing Arctic at-
mospheric conditions opposite to those of the positive
phase. According to the hypothesis of Proshutinsky et
al, the Canada Basin releases freshwater during the pos-
itive phase and hence the upper ocean FWC' in 2003
was less than normal, despite the relatively heavy sea ice
melt. Alternatively, in 2005, a dominant negative phase
of the AO caused persistent freshwater accumulation in
the basin, which even offset the impact of reduced sea
ice melt. However, the AO index returned to a posi-
tive phase in 2006 and, coupled with less sea ice melt,
this produced a slight FWC' decline in most of the area.

September(2011) Vol.22 No.3

In 2007, the sea ice cover reached a record low, and the
impact of sea ice melt was too great to be offset by the
positive phase of the AO. As a result, the FWC exhib-
ited a significant increase in the basin. A strong nega-
tive phase of the AO in 2008 generated substantial mass
transport of fresher surface water toward the center of
the anticyclonic gyre, resulting in downward freshwater
motion via Ekman pumping. In the same year, the sea ice
extent was the second lowest ever. The combination of
these two factors brought about the maximum FWC' in
the Canada Basin. In addition, due to the strong Ekman
pumping induced by anticyclonic circulation during the
negative phase of the AO, freshwater accumulated in the
upper ocean affected the stable water below the wBSW
through strong mixing, causing an abnormal increase in
FWC in these layers.

2.5

0.5~

AO index

—0.5

2.5 U | |

2003/1 2004/1 2005/1

Figure 8

3 Summary

We analyzed inter-annual variability of the FWC of the
upper ocean in the Canada Basin, based on data from
the 2nd and 3rd CHINARE-Arctic of 2003 and 2008 and
the Canadian LSSL cruises from 2004 to 2007. We also
examined major contributors to the FFW (' variability in
the upper ocean, such as sea ice concentration and AO
changes. We also touched briefly on the impact of Bering
Strait inflow, net precipitation and river runoff on the

FWC variability. In summary, we conclude the follow-

2006/1 2007/1 2008/1
Time

AO index time series for 2003—-2008.

ing. In 2003-2008, the FWC of the upper ocean in the
Canada Basin increased significantly except in 2006, re-
flecting a tendency toward rapid freshening. The FWC
increased by more than 1 m-a~! in the southern basin.
In the exceptional year of 2006, FW C in the basin exhib-
ited an overall decrease, but there was a slight increase
in the southeast.

Given their small magnitudes and annual variations,
Bering Strait inflow, net precipitation and river runoff
have little apparent impact on the F'W ' variability.

Our analysis shows that rapid sea ice melt, caused
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by global warming, was one of the major contributors to
the FWC increase over the study period. In 2007 and
2008, the sea ice extent reached record lows. In response,
the upper ocean FW C in these two years was higher than
that in previous years.

AOQ variability was another major control on the up-
per ocean FW (' in the Canada Basin. During the posi-
tive phase of the AO, the Canada Basin released fresh-
water under cyclonic wind forcing, and vice versa. A
weakening of the dominant positive phase of the AQO,
beginning with the 21st century, induced the freshwa-
ter increase in the basin. In 2003, the freshwater release
caused by positive phase of the AO offset the impact of a
relatively large sea ice melt. In contrast, a freshwater in-
crease triggered by a rapid sea ice retreat in 2007 was too
strong to be offset by the effect of the dominant positive
phase of the AO.
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