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Abstract The Bering Strait throughﬂow has important implications for the Arctic freshwater, heat, and
nutrients. By keeping the interannual variabilities of the atmospheric forcing only inside or outside the
Arctic Ocean in numerical simulations, we can quantify their relative contributions to the interannual
variability of the throughﬂow. We found that winds play a much more important role for the throughﬂow
interannual variability than buoyancy forcing. Winds over the western Arctic Ocean and North Paciﬁc
determine the direction of Ekman transport, thus changing the sea surface height gradient between the two
basins, and consequently inﬂuencing the volume transport strength. Although winds over the two basins are
similarly important for the variance of ocean volume transport, the North Paciﬁc winds cause stronger
variability in freshwater and heat transports through modifying the inﬂow temperature and salinity. After
1994, winds over the western Arctic Ocean explain a larger part of the variability of Bering Strait volume
transport than the winds outside the Arctic Ocean.

Plain Language Summary The Paciﬁc Water entering the Arctic Ocean through Bering Strait
can affect the Arctic freshwater storage, sea ice cover, ecosystem, and even the large‐scale ocean
circulation. Therefore, it is crucial to understand the mechanisms driving the Bering Strait inﬂow
variability. We designed a set of numerical simulations that allow us to quantify the origins of the
interannual variability of the inﬂow. We found that winds both upstream and downstream the Bering
Strait together drive the variability, while ocean surface buoyancy forcing plays a relatively small role.
However, the variability induced by winds over the North Paciﬁc and western Arctic Ocean are not in
phase. Winds over the North Paciﬁc lead to stronger changes in the freshwater and heat transport
intensity than winds over the western Arctic Ocean, whereas the latter are responsible for the major part
of the volume transport variability after 1994. We expect that the improved understanding can help to
identify reasons for the discrepancy between projected Bering Strait inﬂow in climate models and thus
improve model predictions in future work.

1. Introduction
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The Bering Strait is the only oceanic linkage between the Paciﬁc and Arctic Ocean (Figure 1a). The
northward volume transport of the Bering Strait throughﬂow, about 0.8 Sv (climatological value;
Roach et al., 1995) to 1 Sv (recent observations; Woodgate, 2018), is relatively small compared to the
ocean volume transport through the Fram and Davis Straits and the Barents Sea. However, this ﬂow
is one of the main freshwater sources (about one third) to the Arctic Ocean (Aagaard & Carmack,
1989; Serreze et al., 2006), and its heat transport has a signiﬁcant impact on the sea ice retreat of the
Chukchi Sea and the western Arctic Ocean (Woodgate et al., 2010). The Paciﬁc Water is ﬁnally released
to the North Atlantic and can affect the meridional overturning circulation and global climate (Goosse
et al., 1997; Hu et al., 2007, 2010; Shaffer & Bendtsen, 1994). In addition, the Paciﬁc Water also contains
lots of nutrients, which sustain the ecosystem in the western Arctic (Springer and McRoy, 1993; Torres‐
Valdés et al., 2013). Therefore, it is necessary to understand the mechanism driving the variation of the
Bering Strait throughﬂow.
It has been suggested that the Bering Strait inﬂow on annual to interannual time scales is primarily driven by
the oceanic pressure difference between the Paciﬁc and the Arctic Oceans (the so‐called pressure head),
which is related to the sea surface height (SSH) gradient between the two basins, while the throughﬂow
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Figure 1. (a) The 1968–2009 mean SLP pattern. The red lines show the four Arctic gateways, which are deﬁned as the
boundaries of the Arctic region in this study. The inset shows ocean bottom bathymetry around the Bering Strait. (b)
Volume transport, (c) freshwater transport, and (d) heat transport anomalies through the Bering Strait in the control run
(blue lines). The observational estimates are shown with red dots. (e) Anomaly of ocean volume transport through Bering
Strait in the control run (red line) and results from 14 CORE2 models (thin lines) described in Wang et al. (2016b). The
ensemble mean of the CORE2 models is shown by the black line. (f) Anomaly of Ekman transport through the Bering
Strait compared to the volume transport in the control run. All the correlation coefﬁcients between the curves shown in
the plots are signiﬁcant at the 0.05 level.

variability is also modulated by local winds over the strait (Aagaard et al., 1981, 2006; Coachman & Aagaard,
1966). When northerly winds over the Bering Strait intensify, the volume transport decreases; when they
weaken or change the direction, the transport increases (Coachman & Aagaard, 1988; Woodgate et al.,
2006). Woodgate et al. (2012) found that two thirds of the Bering Strait transport interannual variability
can be attributed to the Paciﬁc‐Arctic pressure head, while local wind stress explains the remaining one
third of the transport variability. The recent research reveals that the increase of the Bering Strait transport
after 2000 is due to increasing far‐ﬁeld pressure head rather than local wind changes (Woodgate, 2018).
Danielson et al. (2014) proposed that the SSH difference between the Paciﬁc and Arctic Oceans can be inﬂuenced by ocean surface wind stress in both the northern Paciﬁc Ocean (associated with the location of the
Aleutian Low atmospheric pressure system) and Arctic Ocean (wind over the Chukchi and East Siberian
Seas). The surface wind affects SSH through Ekman transport, thus inﬂuencing the SSH gradient across
the Bering Strait and then the throughﬂow. By using ocean bottom pressure observations, Peralta‐Ferriz
and Woodgate (2017) suggested that the Bering Strait throughﬂow variability is predominantly driven from
the Arctic in the period of observations, in particular by the SSH change in the East Siberian Sea, although
other forcings also play a role depending on the season.
The aforementioned studies suggested possible processes controlling the variability of the Bering Strait
inﬂow, but there is no consensus on the relative contributions to the inﬂow variability on interannual time
scales. In this paper, we will quantify their relative contributions using numerical simulations. By keeping
ZHANG ET AL.
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Figure 2. (a) The anomaly of Bering Strait annual mean volume transport in the control experiment (gray dotted line),
AO‐IAVF experiment (red solid line), and non‐AO‐IAVF experiment (blue solid line). (b) The anomaly of the volume
transport in the control experiment (gray solid line) and the sum of those from AO‐IAVF and non‐AO‐IAVF (yellow
dotted line). (c and d) The same as (a) and (b) but for anomalies of freshwater transport. (e and f) The same as (a) and (b)
but for anomalies of heat transport. The correlation coefﬁcients between the curves are shown; they are signiﬁcant at the
0.05 level except for the correlations between the AO‐IAVF and non‐AO‐IAVF runs. The 42‐year (1968–2009) mean values
are removed from the time series to compute the anomalies.

the interannual variation of the atmospheric forcing only inside or outside the Arctic Ocean in the
simulations, we are able to directly attribute the interannual variability of the throughﬂow.

2. Model Setup and Methods
The Finite Element Sea ice‐Ocean Model (FESOM) was used in our study. It is widely used in Arctic Ocean
studies as a new‐generation global sea ice‐ocean model with variable‐resolution unstructured meshes. A
brief description of the model conﬁguration is given below. Details of the model's ocean and sea ice components are described by Wang et al. (2014) and Danilov et al. (2015), respectively.
Simulations were performed on a mesh with nominal horizontal resolution of 1° in most of the global ocean
regions. To the north of 45°N, the horizontal resolution is gradually increased to 24 km. We use 47 z levels in
the vertical with thickness of 10 m in the upper 10 layers and gradually increasing below. The ocean starts
with the temperature and salinity ﬁelds from the PHC 3.0 global ocean climatology (Steele et al., 2001), and
the sea ice model is initialized with the long‐term mean sea ice concentration and thickness from a previous
simulation. The model is forced by the Coordinated Ocean‐ice Reference Experiments Phase II (CORE‐II)
atmospheric forcing data sets (Large & Yeager, 2009), which are widely used in modeling studies of the
Arctic Ocean (e.g., Wang, Marshall, et al., 2019) and other ocean basins. The CORE‐II data sets provide 6‐
hourly near surface winds, air temperature and humidity, daily downward longwave and shortwave radiation, and monthly precipitation from 1948 to 2009. The model employs a climatology of the monthly mean
river runoff provided by Dai et al. (2009). Previous research showed that FESOM with CORE‐II forcing can
reasonably simulate sea ice and ocean in the Arctic and North Paciﬁc Oceans compared to observations and
other models (e.g., Ilıcak et al., 2016; Tseng et al., 2016; Wang et al., 2016a, 2016b).
ZHANG ET AL.
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Figure 3. Correlation coefﬁcients between annual mean sea level pressure (SLP) and Bering Strait volume transports in
(a) control, (c) AO‐IAVF, and (e) non‐AO‐IAVF runs. Correlation coefﬁcients between annual mean sea surface height
(SSH) and Bering Strait volume transports in (b) control, (d) AO‐IAVF, and (f) non‐AO‐IAVF runs. The black contours
represent the p values of 0.05.

A historical simulation (hereinafter referred to as “control”) was carried out using the interannually varying
forcing (IAVF) of the CORE‐II data sets. Two sensitivity experiments were carried out by using the combination of the IAVF and the normal year forcing (NYF) version of the CORE‐II data sets. The NYF consists
of one‐year atmospheric forcing representing the mean climatology of atmospheric ﬁelds averaged over
the period 1984–2000 (Large & Yeager, 2009). The ﬁelds in the NYF have the same frequencies as in the
IAVF. In one sensitivity run we used IAVF inside the Arctic Ocean and NYF outside the Arctic Ocean (hereinafter referred to as “AO‐IAVF”). The Arctic region is deﬁned by the Arctic gateways of the Bering, Davis,
and Fram Straits and the Barents Sea Opening (see Figure 1a). In the other sensitivity run we used the NYF
in the Arctic Ocean region and the IAVF outside the Arctic Ocean (hereinafter referred to as “non‐AO‐
IAVF”). These two simulations allow us to distinguish the impacts of the atmosphere forcing in the two
regions on the interannual variability of the Bering Strait transport. This method to decompose the atmospheric forcing geometrically has been successfully employed in a study on the ocean transport variability
through the Barents Sea Opening (Wang, Wang, et al., 2019).
All the simulations were carried out for 62 years (1948–2009). The one‐year NYF was applied repeatedly
when it was used. The ﬁrst 20 years are considered as spin‐up and we analyze the last 42 years. To evaluate
the control simulation, we used observational data provided by Woodgate et al. (2015) and Woodgate (2018),
which is available from http://psc.apl.washington.edu/.

3. Results
The mean volume transport averaged over the last 42 years (1968–2009) is 0.91 Sv in the control run, which is
within the range of the climatological values from observations (0.8–1 Sv; Roach et al., 1995; Woodgate,
2018). The anomaly of annual mean volume transport of the control run and in situ observations is shown
in Figure 1b. The respective mean volume transport is removed from each time series to obtain the anomalies. The observational uncertainty is given as standard errors assuming an appropriate number of degrees of
freedom (Woodgate, 2018). For the period of 1998–2009 when continuous observations are available, the correlation coefﬁcient between the modeled and observational data is 0.77 (p = 0.01). The observed events of
high inﬂow (2004 and 2007) and low inﬂow (2001, 2005, and 2008) are well reproduced in the model. In addition, the simulated volume transport interannual variability compares very well with other ocean general
circulation models using the same atmospheric forcing analyzed in Wang et al. (2016b) as shown in
Figure 1e.
ZHANG ET AL.
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Figure 4. (a) The volume transport anomaly normalized by its standard deviation in control run. The black dotted lines
indicate the ±1 range for deﬁning years of high and low throughﬂow in the control experiment. (b) The difference of SSH
between years with high and low Bering Strait volume transport (the years are deﬁned as in (a)) in the control run. (c and
d) The same as (a) and (b) but for the AO‐IAVF experiment. (e and f) The same as (a) and (b) but for the non‐AO‐IAVF
experiment.

The simulated Bering Strait freshwater and heat transports are 65.32 mSv (referenced to 34.8 psu) and 9.7
TW (referenced to −1.9 °C) averaged over the last 42 model years, respectively. They are at the lower bound
of the uncertainty ranges suggested by observations and synthesis (2,500 ± 300 km3/year (Woodgate et al.,
2005) and 3–6 × 1020 J/year (Woodgate et al., 2010)). The observed variation of both the freshwater and heat
transports is reasonably reproduced by the control simulation, as shown in Figures 1c and 1d. This is because
a large part of the variability of freshwater and heat transports can be attributed to the ocean volume transport (Woodgate, 2018; Woodgate et al., 2006), which is well represented in the model.
The Ekman transport through the Bering Strait has much weaker variability than the total ocean volume
transport in the control run (an order of magnitude lower; see Figure 1f). Therefore, as expected, the variability of the volume transport can be mainly attributed to changes in the SSH gradient between the Arctic
and northern Paciﬁc Oceans. In the following we will use the sensitivity runs to distinguish the variability
originating from the two basins.
Figure 2a shows the Bering Strait volume transport anomalies for the three simulations. The variances of the
volume transport in AO‐IAVF (2.9 × 10−3 Sv2) and non‐AO‐IAVF (2.8 × 10−3 Sv2) are very similar, which
indicates that the atmospheric forcings inside and outside the Arctic Ocean are equally important for the
strength of the interannual variability of the volume transport over the period considered. The correlation
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Figure 5. Composite plots of Ekman transport anomalies. (a) The anomaly of Ekman transport for high‐throughﬂow
years (the years are deﬁned as in Figure 4). (b) The same as (a) but for the low‐throughﬂow years. (c and d) The same
as (a) and (b) but for the AO‐IAVF experiment. (e and f) The same as (a) and (b) but for the non‐AO‐IAVF experiment. The
color maps represent the magnitude of the Ekman transport and the arrows represent the directions.

of the volume transports between the two sensitivity runs is weak (r = 0.25, p = 0.11; Figure 2a), with a
covariance of (0.7 × 10−3 Sv2). This indicates that the variability of the atmospheric forcing over the
Arctic and North Paciﬁc basins, which drives the respective component of the volume transport
variability, is by large independent.
It is very interesting to see that summing the volume transport anomalies from the AO‐IAVF and non‐
AO‐IAVF runs well replicates the control run result (Figure 2b; the correlation coefﬁcient is as high as
0.96, p = 0.01). The variance of the volume transport in the control run is 7.2 × 10−3 Sv2. The sum of
the variances in AO‐IAVF and non‐AO‐IAVF and twice of their covariance is 7.1 × 10−3 Sv2. So the misﬁt
is only about 1% in representing the volume transport variance using the linear combination of the two
sensitivity runs. This supports our idea of decomposing the atmospheric forcing geometrically using sensitivity runs to quantify the sources of the interannual variability. As shown in Figures 2d and 2f, combining the two sensitivity runs can also well replicate the control run results for both the freshwater and
heat transports.
To understand the impact of the atmospheric forcing on the Bering Strait volume transport, we show the correlation coefﬁcient of the volume transport with sea level pressure (SLP) and SSH in the top and bottom
panels of Figure 3, respectively. In the control run, the volume transport is signiﬁcantly correlated with
the SLP in the Gulf of Alaska and in the Arctic area from the Beaufort Sea to the central Arctic, and anticorrelated with the SLP along the western coast of the Bering Sea (Figure 3a). The correlation of the volume
transport with the SSH is negative along the East Siberian Sea coast and positive along the eastern Bering
coast (Figure 3b). The SSH correlation map of the AO‐IAVF run (Figure 3d) also shows negative values along
the East Siberian Sea coast, while it reveals a clear signal of fast wave propagation toward the Bering Sea, as
proposed in the previous study by Danielson et al. (2014). That is, the variability of SSH over the western
Bering Sea shelf is the result of wave propagation from the Arctic Ocean, because only the atmospheric forcing inside the Arctic Ocean has interannual variability in AO‐IAVF. This signal cannot be directly shown by
the correlation between the SSH and ocean volume transport in the control run, because the variability
of the volume transport in the control run consists of components induced by the forcing over both sides
of the Arctic Ocean.
ZHANG ET AL.
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Figure 6. (a) The difference of upper 50‐m mean salinity between years with high and low Bering Strait throughﬂow (the
years are deﬁned as in Figure 4) in the AO‐IAVF run. (b) The same as (a) but for the non‐AO‐IAVF run. (c and d) The same
as (a) and (b) but for the temperature difference. Black dotted line marks the box used for calculating averaged salinity,
Ekman pumping velocity, and vertical velocity at 20 m shown in Figure 7.

By using composite plots in the following, we can better understand the
processes driving the variability of the Bering Strait throughﬂow. We
select the years when the volume transport is outside the range of ±1 standard deviation to deﬁne positive and negative composite years (Figures 4a,
4c, and 4e). The patterns of SSH difference between the positive and negative composite years (Figures 4b, 4d, and 4f) are very similar to the correlation patterns shown in Figures 3b, 3d, and 3f. The SSH difference can be
explained by considering the wind‐driven Ekman transport. In case the
Bering Strait inﬂow is strong, the nearly meridional winds (Figure S1a)
result in an Ekman transport anomaly toward the Alaska coast
(Figure 5a), while the winds in the western Arctic lead to an offshore
Ekman transport anomaly in the Chukchi and East Siberian Seas
(Figure 5a). These Ekman transport anomalies increase the SSH over
the eastern Bering shelf and reduce the SSH along the East Siberian Sea
coast (Figures 3b and 4b). The increased SSH gradient between the
Bering Sea and Arctic Ocean results in stronger Paciﬁc Water inﬂow to
the Arctic Ocean. In case the inﬂow is weak, the Ekman transport direction is opposite to the case when the inﬂow is strong (cf. Figures 5a
and 5b).

Figure 7. (a) Anomalies of Ekman pumping velocity and vertical velocity at
20 m averaged in the box deﬁned in Figure 6a obtained from the AO‐IAVF
run. The upward velocity is positive. The vertical velocity at 20 m largely
follows the variation of the Ekman pumping velocity. (b) The Hovmöller
diagram of lateral mean salinity averaged in the box obtained from the AO‐
IAVF run.

ZHANG ET AL.

When the inﬂow is strong in the control run, the Beaufort High is relatively strong and the center of the Aleutian Low is over the Aleutian
Basin (Figure S2a). On the contrary, when the inﬂow is weak, the
Beaufort High is relatively week and the center of the Aleutian Low is over
the Gulf of Alaska (Figure S2b). Danielson et al. (2014) found that the
location of the Aleutian Low can inﬂuence wind direction in the Bering
Sea on weather time scales, thus modifying the direction of Ekman transport, the SSH in the Bering Sea, and consequently the inﬂow through the
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Figure 8. Anomalies of (a and b) ocean volume, (c and d) freshwater, and (e and f) heat transports through the Bering
Strait. The left column is for the cases when the interannual variation of atmospheric forcing is kept inside the Arctic
Ocean, and the right column is for the cases when the variation of atmospheric forcing is kept outside the Arctic Ocean. In
each plot the run with interannual variation only in winds and the run with variation in both winds and buoyancy forcing
are compared. All the correlation coefﬁcients shown in the plots are signiﬁcant at the 0.05 level.

Bering Strait. Our results suggest that the location of the Aleutian Low has a similar impact on the Bering
Strait inﬂow on interannual time scales.
Analyzing the two sensitivity runs for the relation of the Bering Strait volume transport with SLP and SSH
reveals spatial correlation patterns similar to those obtained from the control run (Figure 3). The directions
of the surface Ekman transport anomalies when the Bering Strait volume transport is strong or weak are
similar to those in the control run (Figure 5). The correlation between the volume transport and SSH is much
higher in the sensitivity runs (Figures 3d and 3f), because the variability of the volume transport is determined by the variation of SSH driven by winds from only one side of the Bering Strait in the two sensitivity
runs. This is linked to the fact that the Bering Strait transport variability driven by winds inside and outside
the Arctic Ocean is by large not in phase (see Figure 2a). This fact also explains why the composite years are
different (Figure 4) and why there are differences in the details of the Ekman transport composites (Figure 5)
between the control and sensitivity runs.
The control run alone can provide information that the wind‐driven Ekman transports in both basins can
contribute to the variability of the Bering Strait inﬂow, while the two sensitivity runs can tell which process
is exactly responsible for the events of strong and weak inﬂow obtained in the control run. They reveal that
the atmospheric forcing inside and outside the Arctic Ocean do not equally contribute to the outstanding
anomalies in the Bering Strait volume transport (Figures 4a, 4c, and 4e). In most of the years when the inﬂow
is lower than 1 standard deviation of the annual mean time series in the control run, the inﬂow is very weak
in both the AO‐IAVF and non‐AO‐IAVF runs. However, in some years with very strong inﬂow in the control
run, the non‐AO‐IAVF run shows relatively low inﬂow, especially in the 2000s.
We found that the variability of the volume transport induced by the atmospheric forcing over the Arctic
Ocean became stronger in recent decades after checking its variance for different periods. The variance of
the volume transport in AO‐IAVF is 4.0 × 10−3 Sv2 after 1994, about 1.1 × 10−3 Sv2 higher than the
ZHANG ET AL.
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Figure 9. The same as Figure 6 but for the runs with interannual variation only in momentum forcing (winds). (a) The
difference of salinity between years with high and low Bering Strait throughﬂow (the years are deﬁned as in Figure 4)
in the AO‐IAVF‐w run. (b) The same as (a) but for the non‐AO‐IAVF‐w run. (c and d) The same as (a) and (b) but for the
temperature difference.

variance calculated for the whole period. On the contrary, the variance in non‐AO‐IAVF does not change
signiﬁcantly in recent decades. As a consequence, the correlation of volume transports between the
control and AO‐IAVF runs increases from 0.74 (p = 0.01) calculated over the whole period to 0.87 (p =
0.01) over the period after 1994. The enhanced variability of Bering Strait volume transport in AO‐IAVF
in recent decades can be explained by stronger variability of winds over the Arctic Ocean. The variance of
the wind component along the coastline over the continental shelf of the western Chukchi Sea and East
Siberian Sea, corresponding to onshore/offshore Ekman transport, increases from 0.29 m2/s2 over the
whole period to 0.42 m2/s2 over 1994–2009, whereas the variance of the wind component along the
coastline in the eastern Bering Sea did not change much (slightly reduced) in the recent decades. Our
ﬁnding is consistent with Peralta‐Ferriz and Woodgate (2017) who suggested that the forcing over the
Arctic Ocean plays a predominant role in driving the Bering Strait inﬂow variability at least since 2002
when the satellite observations became available.
Although the variances of the Bering Strait volume transport in the two sensitivity runs are nearly the same,
it is not the case for freshwater and heat transports (Figures 2c and 2e). The variances of the heat transport in
the AO‐IAVF and non‐AO‐IAVF runs are 1.38 and 1.80 TW2, respectively, and the variances of the freshwater transport in these two runs are 12.85 and 41.96 mSv2, respectively. That is, the atmospheric forcing
over the North Paciﬁc induces stronger variability for the freshwater and heat transports than the forcing
downstream the Bering Strait. The reason is that the salinity and temperature in the inﬂow water can be
inﬂuenced by the atmospheric forcing (Figure 6). In comparison to southwestward Ekman transport, northeastward Ekman transport in the Bering Sea facilitates the accumulation of low‐salinity and high‐
temperature water upstream the Bering Strait (Figures 6b and 6d), because the incoming surface water
has the characteristics of low salinity and high temperature (Roach et al., 1995). This strengthens the interannual variability of freshwater and heat transports. Even in the period after 1994 when the winds inside the
Arctic Ocean have increasing contribution to the volume transport variability, the winds outside the Arctic
Ocean retain their signiﬁcant contribution to the variability of heat and freshwater transports (Figures 2c
and 2e), because they cause variations also in the temperature and salinity of the inﬂow water. As the variability of the freshwater transport in non‐AO‐IAVF is much stronger than in AO‐IAVF, the variability in the
ZHANG ET AL.
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Figure 10. Conceptual diagrams representing the forcing processes driving the interannual variability of the Bering Strait
volume transport: the (top) western Arctic and (bottom) northern Paciﬁc. The color maps represent the anomalies of the
SLP composites for years with high and low Bering Strait throughﬂow (the years are deﬁned in Figure 4). The blue arrows
represent the directions of winds anomalies and the orange arrows represent the directions of Ekman transport anomalies.

control run (the sum of the two sensitivity runs) is dominated by the variability originating from outside the
Arctic Ocean. Consequently, the correlation of the control run with the non‐AO‐IAVF run for the freshwater
transport is stronger than with the AO‐IAVF run (Figure 2c).
In AO‐IAVF the salinity along the coast of the East Siberian and Chukchi Seas is higher when the Bering
Strait inﬂow is higher (Figure 6a). Figure 7 shows clear correlation between vertical Ekman pumping velocity and the ocean salinity in this region. That is, in years when the Bering Strait inﬂow is high, the Ekman
transport is predominantly offshore in the East Siberian Sea and western Chukchi Sea (Figure 5c), which
causes upwelling over the continental shelves, thus increasing the upper ocean salinity there.
The above discussions assume that winds are the main driver of the inﬂow variability. To identify whether
the variability of atmospheric buoyancy (heat and freshwater) forcing has signiﬁcant impacts on the Bering
Strait inﬂow, we repeated the AO‐IAVF and non‐AO‐IAVF simulations in which the climatological heat and
freshwater forcing is applied on the global ocean surface (called AO‐IAVF‐w and non‐AO‐IAVF‐w, respectively). That is, only wind forcing has interannual variation in these runs (either inside or outside the Arctic
Ocean). We found that not only the interannual variability of the Bering Strait volume transport, but also
that of heat and freshwater transport, is not very signiﬁcantly changed by buoyancy forcing (Figure 8).
Therefore, the variation in winds is indeed a key factor determining the interannual variability of the
Bering Strait inﬂow. The heat transport is relatively more sensitive to the buoyancy forcing outside the
Arctic Ocean than the ocean volume and freshwater transports (Figure 8f), because the inﬂow water temperature is more sensitive to the thermal forcing (cf. Figures 6 and 9).

4. Discussions and Conclusions
Due to the potential impact of the Bering Strait inﬂow on Arctic freshwater, sea ice cover, ecosystem, and the
large‐scale ocean circulation, a better understanding of the response of the inﬂow to changes in atmospheric
ZHANG ET AL.
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forcing is required. In this study, numerical simulations were used to attribute the interannual variability of
the Bering Strait inﬂow to atmospheric forcing in different regions. We kept the interannual variation of the
atmospheric forcing only inside or outside the Arctic Ocean in two sensitivity simulations. Summing the
anomalies of the Bering Strait inﬂow from these simulations can very well replicate that from the hindcast
control simulation, which facilitated us to quantity forcing processes responsible for the variability of
the throughﬂow.
Our results indicate that the SSH gradient between the Bering Sea and Arctic Ocean drives the variability of
the Bering Strait inﬂow, consistent with previous studies (Coachman & Aagaard, 1988). As shown in the
conceptual diagram (Figure 10), the wind‐driven Ekman transport can explain the variation of the SSH
on both sides of the Bering Strait (Danielson et al., 2014; Peralta‐Ferriz & Woodgate, 2017). In the Arctic
Ocean, changes in the atmospheric circulation associated with the changes in the strength of the Beaufort
High can alter the direction of Ekman transport in the Chukchi and East Siberian Seas (Figures 10a and
10b). When the Beaufort High is strong (weak), the Ekman transport is offshore (onshore) in these shelf seas,
thus lowering (increasing) the SSH along their coast and increasing (reducing) the Bering Strait inﬂow. On
the Paciﬁc side, the location of the Aleutian Low active center regulates the intensity of the Bering Strait
transport. When the center of the Aleutian Low is located over the Aleutian Basin, the Ekman transport
diverges over the basin and causes the SSH on the eastern Bering Sea shelf to rise (Figure 10c). This increases
the Bering Strait inﬂow. Conversely, when the active center of the Aleutian Low moves eastward to the Gulf
of Alaska, the northeasterly winds prevail on the eastern Bering shelf, which leads to offshore Ekman transport on the eastern Bering shelf (Figure 10d). This reduces the SSH there and weakens the Bering Strait
inﬂow. Our model results show that these forcing processes can explain the variability of the Bering Strait
inﬂow on interannual time scales. Here we note that the SSH gradient between the Bering Sea and Arctic
Ocean appears as west‐east gradient at the Bering Strait due to Coriolis force. That is, it is the manifestation
of the fact that the Bering Strait inﬂow is predominantly a geostrophic ﬂow.
By decomposing the atmospheric forcing variability geometrically and isolating the forcing components in
different sensitivity experiments, we can draw the following conclusions:
1. The interannual variability of the Bering Strait inﬂow is predominantly induced by momentum forcing
(wind) variability. The ocean surface buoyancy forcing (the surface heat and freshwater ﬂuxes) plays a
relatively small role.
2. Considering the past few decades (1968–2009), winds inside the Arctic Ocean and over the North Paciﬁc
quantitatively have similar contributions to the variance of the annual mean volume transport through
the Bering Strait.
3. The Bering Strait inﬂow variabilities driven by the winds inside the Arctic Ocean and over the North
Paciﬁc are not in phase by large. These winds do not have equal contributions to the extreme anomalies
of the Bering Strait volume transport.
4. The wind forcing over the northern Paciﬁc can also change the temperature and salinity of the inﬂow
water by altering the ocean circulation. That is, winds outside the Arctic Ocean inﬂuence the variability
of Bering Strait heat and freshwater transports not only by changing ocean volume transport through
modulating the SSH but also by changing the temperature and salinity of the inﬂow water through altering the ocean circulation in the Bering Sea. Therefore, winds south of the Bering Strait explain a larger
part of the Bering Strait freshwater and heat transport variability than the winds inside the Arctic Ocean.
5. The wind forcing inside the Arctic Ocean has a larger contribution to the variability of the Bering Strait
volume transport than that outside the Arctic Ocean after 1994, because the variability of winds on the
Arctic side has become stronger in recent decades. This is consistent to the ﬁnding based on satellite
observations by Peralta‐Ferriz and Woodgate (2017). However, because winds south of the Bering
Strait can impact the heat and freshwater transports through the Bering Strait by changing the temperature and salinity of the inﬂow water, they still contribute signiﬁcantly to the variability of heat and freshwater transports after 1994, although their contribution to the volume transport variability becomes
smaller than that provided by the winds inside the Arctic Ocean in this period.
As the interannual variability of the Bering Strait volume transport is closely linked to the SLP, we also want
to know whether we can use large‐scale atmospheric circulation indices to directly explain the volume transport variability. The correlation coefﬁcients between the volume transport in the AO‐IAVF run and the
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Arctic Oscillation index (Thompson & Wallace, 1998) and Dipole Anomaly index (Wang et al., 2009; Wu
et al., 2006) are only 0.23 (p = 0.15) and −0.13 (p = 0.42), respectively. The volume transport in the non‐
AO‐IAVF run also does not signiﬁcantly correlate with the North Paciﬁc (r = 0.27, p = 0.08), Paciﬁc
North American Pattern (r = −0.22, p = 0.16), North Paciﬁc Oscillation (r = 0.17, p = 0.2), and North
Paciﬁc Gyre Oscillation (r = 0.3, p = 0.05) indices (Di Lorenzo et al., 2008; Rogers, 1981; Trenberth &
Hurrell, 1994; Walker & Bliss, 1932). Therefore, the details in local winds in the western Arctic Ocean and
in the northern North Paciﬁc are important in modulating the transport variability.
In this paper we used a well‐developed medium‐resolution model setup with the CORE‐II atmospheric forcing to understand and quantify the origin of the interannual variability of the Bering Strait inﬂow. In future
work we will develop a new model setup using forcing data sets updated to recent years in order to understand the changes of the Bering Strait inﬂow observed in the recent decade.
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