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Abstract

Sea ice export through the Baffin Bay plays a vital role in modulating the sea ice cover variability in the Labrador
Sea. In this study, satellite-derived sea ice products are used to obtain the sea ice area flux (SIAF) through the
three passages in the Baffin Bay (referred to as A, B, and C for the north, middle, and south passages, respectively).
The spatial variability of the monthly sea ice drift in the Baffin Bay is presented. The interannual variability and
trends in SIAF via the three passages are outlined. The connection to several large-scale atmospheric circulation
modes is assessed. Over the period of 1988–2015, the average annual (October to the following September) SIAF
amounts to 555×103  km2,  642×103  km2,  and 551×103  km2  through Passages A,  B,  and C,  respectively.  These
quantities are less than that observed through the Fram Strait (FS, 707×103 km2) of the corresponding period. The
positive trends in annual SIAF, on the order of 53.1×103 km2/(10 a) and 43.2×103 km2/(10 a) (significant at the 95%
confidence level), are identified at Passages A and B, respectively. The trend of the south passage (C), however, is
slightly negative (–13.3×103 km2/(10 a), not statistically significant). The positive trends in annual SIAF through
the Passages A and B are primarily attributable to the significant increases after 2000. The connection between the
Baffin Bay sea ice export and the North Atlantic Oscillation is not significant over the studied period. By contrast,
the association with the cross-gate sea level pressure difference is robust in the Baffin Bay (R equals 0.69 to 0.71,
depending on the passages considered), but relatively weaker than that over FS (R=0.74).
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1  Introduction
The Baffin Bay is a semi-enclosed ocean basin between Baffin

Island and Greenland that connects the Arctic Ocean and the
Northwest Atlantic Ocean. Sea ice outflow through the Davis
Strait is a key component of the freshwater budget insert a space
into the Labrador Sea. The anomalous outflows of sea ice could
contribute to the freshening of upper waters of the Labrador Cur-
rent (Goosse et al., 1997; Curry et al., 2014; Yang et al., 2016). In
addition, sea ice export via the Davis Strait modulates the sea ice

cover variations in the Labrador Sea and thereby influences the
summer atmospheric variability over a larger domain (Wu et al.,
2013). Moreover, the physical properties of productive coast
banks and slope areas (Hansen et al., 2003; Drinkwater, 2009) can
be altered by the sea ice export of Baffin Bay, and thus the North
Atlantic ecosystem could be affected.

A robust trend of the warmer atmosphere been observed in
the Pan-Arctic area since the late 1990s (Serreze et al., 2009; Stro-
eve et al., 2014, 2018; Graham et al., 2017), involving the Baffin  
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Bay with a rate of 2–3°C/(10 a) (Peterson and Pettipas, 2013). Pro-
longed days of sea ice melting, as indicated by the earlier melting
onset and delayed ice-freezing startup dates, are identified in the
Baffin Bay (Stroeve et al., 2014). Coincidently, a rapid shrinkage
of sea ice cover in all seasons is also found over the bay (Comiso
et al., 2017b; Parkinson and Cavalieri, 2002). Within the context
of rapid climate changes, the examination of the spatiotemporal
characteristics of the sea ice export via the Baffin Bay is of partic-
ular interests.

Compared with the sparsely distributed in-situ measure-
ments, satellite observations are unique owing to the capability
to capture the daily changes of polar sea ice cover (Comiso and
Hall, 2014; Parkinson, 2014; Tilling et al., 2016; Parkinson and
Cavalieri, 2002). Sea ice area flux (SIAF) has been investigated in
several key water passages located on the periphery of the Arctic
Basin, such as the Fram Strait (FS), Laptev Sea, Nares Strait.
(Kwok et al., 2005, 2010, 2013; Spreen et al., 2006; Kwok, 2007,
2009; Smedsrud et al., 2011, 2017; Krumpen et al., 2013, 2016; Bi
et al., 2016a, b; Zhang et al., 2017). Among them, FS serves as a
primary passage of sea ice export and is associated with the over-
all variations in the Arctic sea ice coverage (Smedsrud et al., 2011,
2017). Sea ice transport via the Davis Strait (southern fluxgate of
the Baffin Bay) was previously examined, but was only limted to a
short period owing to the lacking of observations (Cuny et al.,
2005; Kwok, 2007; Curry et al., 2014). Recently, the SIAF trends of
a long-term via the Baffin Bay over the past several decades were
examined by Bi et al. (2019). In that study, the increase in sea ice
outflow via the bay were reported to be attributable to the in-
crease in the drag coefficient of sea ice surface together with the
decline in sea ice thickness.

Complementary to the study conducted by Bi et al. (2019),
which primarily focused on the trends in SIAF, in this study we
attempt to outline the spatiotemporal characteristics with regard
to the sea ice export across the Baffin Bay. The SIAF is analyzed in
terms of their seasonal and annual variability. Moreover, the
decadal SIAF changes between the two periods (1988–2000 and
2001–2015) are examined. The two periods are considered be-
cause of the occurrence of a radical shift in the Arctic climate
since the turn of the new century (Zhang et al., 2008). Besides,
the connection of the Baffin Bay SIAF with the typical large-scale
atmospheric circulation mode, as represented by North Atlantic
Oscillation (NAO), is assessed, which is also not mentioned in the
study of Bi et al. (2019).

This study is organized as follows. Section 2 describes the
data and methodology used to calculate the SIAF and provides
the corresponding uncertainty estimate. Section 3 presents the
variability and trends in the accumulated SIAF fields at the three
passages, and a comparison with the estimates via the FS is de-
picted in this section. Section 4 outlines the associations of the
SIAF through the Baffin Bay with some typical climate elements
(surface winds (SW), sea level pressure (SLP), surface air temper-
ature (SAT), and sea surface temperature (SST)). Moreover, the
linkage with local and large-scale atmospheric variability, includ-
ing the North Atlantic Oscillation (NAO) and cross-gate sea level
pressure difference (SLPD), is discussed in this section. Section 5
concludes this study. 

2  Data and methods 

2.1  Data 

2.1.1  Sea ice motion
One of the most comprehensive sea ice motion (SIM) data-

sets is provided by the National Snow and Ice Data Center
(NSIDC) (Tschudi et al., 2019). This product has contributed to
many studies associated with polar sea ice changes and has been
widely adopted by the modeling and data assimilation com-
munities (http://nsidc.org/data/NSIDC-0116). This dataset is de-
rived from a variety of satellite-based sensors, including the Ad-
vanced Very High Resolution Radiometer (AVHRR), the Scan-
ning Multichannel Microwave Radiometer (SMMR), Special
Sensor Microwave Imager (SSM/I), the Special Sensor Mi-
crowave Imager Sounder (SSMIS), and the Advanced Microwave
Scanning Radiometer-Earth Observing System (AMSR-E),
merged with buoy measurements from the International Arctic
Buoy Program (IABP) and estimates determined from the reana-
lyzed wind data.

The daily 25 km EASE-Grid SIM vectors over the period from
1978 to 2015 is provided by NSIDC (Tschudi et al., 2019). The SIM
is retrieved using the maximum correlation coefficient (MCC)
method. That is, MCC measures the correlation of the pixel
groups between image pairs. The correlation is calculated
between the target area with N×N pixels in one image and the
areas of the same size within the sourrounding region in the con-
secutive image. The displacement of the ice is then defined by
the location where the correlation coefficient is the highest.

Note that the satellite sensor on the SMMR was operated only
on alternate days due to spacecraft power limitations. Thus,
these earlier observations were only collected every other day for
the period from October 1978 to August 1987. In this case, half of
the daily satellite-derived SIM, as well as sea ice concentration
(SIC) records, dismissed and hampers the ability to obtain an ac-
curate estimate for the monthly SIAF before 1987. After the
launch and operation of the SSM/I since July 1987, daily satellite
observations of sea ice became available. Also, previous studies
reported that the lower SIAF estimate in FS area based on the
SIM data from NSDIC seems to be unrealistic over the period be-
fore 1987 (Bi et al., 2016b; Smedsrud et al., 2017). A noticeable
discontinuity is found between the NSDIC sea ice motion record
based on observations from the SMMR and subsequent SSM/I
series. To reduce the uncertainty caused by the shifting of satel-
lite sensors, we use only the NSIDC daily SIM data during the
period of 1988–2015. 

2.1.2  Sea ice concentration
SIC data were also obtained from the NSIDC (http://nsidc.org/

data/NSIDC-0079). These data are derived from the SMMR on-
board the Nimbus-7 satellite, the SSM/I onboard the Defense
Meteorological Satellite Program (DMSP)-F8, -F11, -F13, and SS-
MIS aboard DMSP-F17 by applying the Bootstrap algorithm
(Comiso et al., 2017a). This dataset provides an improved con-
sistency between sensors through the use of a suite of daily vary-
ing tie points generated from the AMSR-E observations. Also, the
product provides an enhanced removal of weather and land con-
tamination. A climatological SST mask was applied to remove
spurious sea ice pixels from regions where the ocean surface is
above freezing. Additionally, land contamination (false ice along
the coast due to pixels containing a mixture of land and ocean)
were removed using a filter adapted from Cho et al. (1996). Daily
SIC data (1988–2015) used in this study were available on a 25 km
polar stereographic grid. 

2.1.3  SLPD and NAO
The SLP product is obtained from the National Centers for

Environmental Prediction/National Center for Atmospheric Re-
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search (NCEP/NCAR) (https://www.esrl.noaa.gov/psd/cgi-
bin/db_search/DBListFiles.pl?did=195&tid=61156&vid=675)
reanalysis data (Kalnay et al., 1996). SLPD is calculated as the SLP
difference between the western and eastern endpoints of a pas-
sage (lines as marked in Fig. 1, Passage A: (73.6°N, 77.1°W) to
(75.9°N, 68.0°W); B: (70.2°N, 67.4°W) to (71.4°N, 55.9°W); C:
(66.7°N, 61.1°W) to (67.2°N, 54.1°W)). The atmospheric structure
linked to positive/negative SLPD phases (SLPD+/–) indicates ice
export/import through a passage.

The NAO index is acquired from the NCEP Climate Predic-
tion Center (CPC) (http://www.cpc.ncep.noaa.gov/products/precip/
CWlink/pna/nao_index.html). It represents a climatic phe-
nomenon in the North Atlantic Ocean associated with fluctu-
ations between the Icelandic low and the Azores high (Hurrell,
1995). It captures the primary variations (approximately 30%) of
the monthly SLP all year round in the North Atlantic regions.
Ideally, an intense Icelandic low with a strong Azores ridge to its
south leads to a positive NAO mode (i.e., NAO+), which could en-
hance the sea ice extent in the Baffin Bay (Stern and Heide-
Jørgensen, 2003). By contrast, a positive SLP anomaly over the
Icelandic low during the negative phase (NAO–) would reduce
the ice extent through the bay (Stern and Heide-Jørgensen, 2003).
However, the connection between the NAO and sea ice transport
over the Baffin Bay region remains unclear (Häkkinen and Cava-
lieri, 2005). 

2.2  SIAF calculation and uncertainty assessment
SIAF is estimated as the integral of the product between the

gate-perpendicular components of the SIM and SIC along a gate
(Kwok, 2007). To inspect the contrast of the SIAF variability, three
passages are considered (A, B, and C, as shown in Fig. 1), located
at the northern, middle, and southern Baffin Bay, respectively.
The north gate (A), which is about 372 km wide (red line in Fig. 1),
is positioned aroud 73°N. The middle gate (B) is about 450 km
wide and positioned around 67°N (green line in Fig. 1). The south
gate (C) is about 440 km wide (blue line in Fig. 1) and located
aroud 70°N.

The SIAF across one gate is calculated as follows:

SIAF = G
N−∑
i=

uici(i = , , · · · ,N), (1)

where N is the number of grids along the gate, and G corres-
ponds to the grid size (25 km), ui and ci are SIM and SIC at the
i-th grid along the gate. Passage A spans fourteen 25-km grids,
while B and C cover eighteen and seventeen grids with a 25-km
size, respectively. SIM at the endpoints of each passage, within a
narrow zone of approximately 10 km, are constrained to zero
(Kwok et al., 2004; Kwok, 2009).

σD=σuL/
√
Ns

σm=σD
√
ND

σa=σm
√
Nm

The monthly SIAF refers to the cumulative results of the daily
flux over a calendar month. Likewise, the annual SIAF denotes
the cumulative monthly area flux of one year. With the assump-
tion that uncertainty in the SIM grid samples is additive, un-
biased, uncorrelated, and normally distributed (Kwok, 2009), the
errors in the gate-integrated daily area flux estimate can be calcu-
lated as follows (Kwok, 2009): , where L is the
width of a passage, σu is the uncertainty in daily SIM and Ns is the
number of independent samples across a gate (Table 1). For σu,
we use the upper limit of the uncertainty determined through compa-
risons with buoy drifts, and it corresponds to 1.73 km/d (or 2 cm/s)
for the SIM data from NSIDC (Sumata et al., 2014). The uncer-
tainty in the monthly area flux estimate is obtained with

, where ND is the number of days over the month
considered. Thereby, the annual flux uncertainty is calculated as

, where Nm=12 is the number of calendar months of
a complete sea ice cycle of production and decay, from October
to the following September. The annual export uncertainties σa

correspond to 8.23%, 9.32%, 11.66% of the mean annual SIAFs
over the period of 1988–2015 at the Passages A, B, and C, respect-
ively (Table 1). 

3  Results 

3.1  Comparisons to previous results
Using SSM/I observations, Cuny et al. (2005) obtained the

winter (December–May) SIAF through the Davis Strait over the
period of 1991/1992–1999/2000. The results are presented in Fig. 2
(green line). For this decade, the mean winter (November–May)
SIAF was estimated to 496×103 km2. In comparison, the average
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60°
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Baffin Island

 

Fig. 1.    Locations of passages used to obtain the SIAF over the
Baffin Bay. Passages A (red line), B (green line), and C (blue line)
are positioned in the northern, middle, and southern sides, re-
spectively. The inset map points to the general location of our
study area from a broader view. The black arrows denote the SIM
vectors.  This  is  an  example  of  the  monthly-mean  daily
sea ice drift fields (March 1, 2015).

Table 1.   Uncertainty estimates of daily (σD), monthly (σm) and annually accumulated SIAF (σa) for the three passages over the period
of 1988–2015

Passage Width/km Ns σD/(103 km2) σm/(103 km2) σa/(103 km2)

A 372 14 2.41 13.19 45.69
B 453 18 3.32 18.21 63.09

C 442 17 3.15 17.27 59.82

         Note: Ns is the total numbers of grid covered by a passage.
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winter SIAF results of our study at Passage C (close to the Davis
Strait) for the same period is 486×103 km2, slightly lower by
(–10±50.4) km2 compared to that of Cuny et al. (2005). The num-
ber after ± denotes the standard deviation of the difference. A
moderate correlation (R=0.56) is found between the two records,
which is associated with the contrast in the spatial resolution of
the SIM data utilized. The product derived from SSM/I 37 GHz
has a grid size of ~70 km while the size of the NSIDC data is char-
acterized with 25 km.

Kwok (2007) adopted the AMSR-E 89 GHz data to retrieve
SIM fields and calculated the sea ice export throuth the Baffin
Bay over the period of 2002/2003–2006/2007. Furthermore, Curry
et al. (2014) extened the record to 2004/2005–2009/2010. Correla-
tion anaysis indicates that SIM derived from AMSR-E observa-
tions can account for approximately 90% of the variance of the
Envisat-derived high-resolution SIM results. In this study, a
strong correlation is also identified between the winter
(October–May) SIAF estimates derived from the NSIDC product
and AMAR-E observations. As shown in Fig. 2, the correlation
reaches to 0.87 (0.93) between our estimates and those provided
by Kwok (2007) (Curry et al. (2014)). The NSIDC-based estimates
for the averaged winter SIAF at Passage C (near the Davis Strait)
is smaller by (–24.3±63.7) ×103 km2 than that provided by Kwok
(2007), and less by (–45.5±61.0) ×103 km2 compared with esti-
amtes by Curry et al. (2014). However, these differences corres-
pond to only a few percentages (about 4.5% and 8.9%) relative to
the mean SIAF estimates based on the NSIDC sea ice products
(approximately 511×103 km2). Overall, a reasonably good agree-
ment is noted between the NSIDC-based SIAF estimates and the
previous results (Fig. 2). 

3.2  Spatial variability for ice drift 

3.2.1  Sea ice drift pattern in the Baffin Bay
The spatial pattern of the mean daily sea ice drift in the Baffin

Bay for each month over the period of 1988–2015 is presented. As
shown in Fig. 3, the prevailing sea ice drift pattern is southward
and primarily confined to the west side of the bay. Larger SIM
fields are observed during the winter months (October to May,
with a basin-side mean of about 10 km/d) while smaller SIMs are
identified during summer months (June to August, on average,
about 1 km/d). From October to December, the sea ice coverage
within the bay expands very quickly, and the SIM accelerates rap-

idly due to the stronger wind forcing (Figs 3j–l). During the late
winter and early spring periods (January to April), the sea ice
speeds approach to the peak (Figs 3a–d), especially over the re-
gime in the southern Davis Strait, where the sea ice drift attains a
rate of up to 15–20 km/d.

From the east towards the west side of the bay, an increase in
the SIM fields is apparent. The SIM vectors along the west coast
of Greenland are comparatively small and even reversed to
northward in latitudes north of 70°N, forming an overall pattern
of cyclonic sea ice transport in the northern Baffin Bay. This sort
of distribution is linked to the cyclonic modes associated with the
atmospheric circulaiton and oceanic currents in the bay (Melling
et al., 2001). The southward sea ice transport is prominent dur-
ing the winter months (October–May, Figs 3j–l and 3a–e). Al-
though small in drift magnitude over the summer months
(June–August, Figs 3f–h), the cyclonic sea ice transport pattern is
also observable in the northern Baffin Bay. 

3.2.2  Cross-gate SIAF distribution
The average southward components of the SIAF for each day

over the period of 1988–2015 at different passages in the Baffin
Bay are given in Fig. 4. For comparison, the SIAF fields for FS,
around 79°N as used in Kwok (2007), are also presented. The
coastal grids have been constrained to zero. The large standard
deviation for each plot suggests the pronounced variability in the
daily SIAF across the passages over the investigated period (Fig. 4).

In the north passage (Fig. 4a), the peak SIAF value of approx-
imately 120 km2/d is located at a distance of 150 km from west,
and gradually decreases to 92 km2/d at the distance of 330 km.
Similar variations are also observed in the south passage (Fig. 4c),
although with elongated SIAF distributions along the passage.
This larger (smaller) ice speed in the west (east) half of the gate is
associated with the cyclonic drift pattern in the northern Baffin
Bay as mentioned above.

The cross-gate distribution of sea ice export in the middle
passage (Fig. 4b) is symmetric, with the maximum daily SIAF ob-
served around the central part (~105 km2/d). In the FS area, the
SIAF distribution plot shows an increase from the west to the
central grids (~150 km/d) and then a clear decrease is observed
towards the east to 0 km/d (Fig. 4d). 

3.3  Variability and trend of accumulated SIAF through different
passages 

3.3.1  Daily SIAF variations
The variability of the daily accumulated SIAF for each pas-

sage over the period of 1988–2015 is shown in Fig. 5 (thin black
line). A 30-day smoothed SIAF is added in the plot. Generally,
near-zero daily sea ice export occurs in warm seasons (June–
September) while substantially enhanced daily SIAF (~3.0×
103 km2) occurs over the cold months (October to May). Moreover,
significant decadal changes in Passages A and B are illustrated in
Fig. 5 between the periods of 1988–2000 (red) and 2001–2015 (blue).

In the Baffin Bay, the temporal evolution of the daily SIAF
fields for the three passages of the Baffin Bay is largely similar,
but with differences in the details. Commonly, starting from zero
outflow a clear autumn increase (October–December) is ob-
served. It is followed by a relatively stable and large winter export
during winter and early spring (January–April), and then by a
rapid decrease in following spring and summer months toward
the zero flux. Compared with the north, the south passage exhib-
its a smaller slope in the SIAF fields during the autumn months.
Indeed, the autumn increase rates are 0.05×103 km2/d, 0.04×103 km2/d,
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Fig. 2.   Comparison between NSIDC-based SIAF estimates and
those  from  preceding  studies  (Cuny  et  al.,  2005;  Kwok,  2007;
Curry et al., 2014).
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Fig. 3.   Monthly-mean daily sea ice motion fields over the period of 1988–2015 in the Baffin Bay area (a–l), and the longtitue and
latitude ranges of the studied region (m).
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Fig. 4.   Cross-gate distribution of the mean SIAF for each day over the period of 1988–2015. The standard deviation bars correspond to
the variability of the daily SIAF estimates for the studied period. SIAF_A, SIAF_B, SIAF_C, and SIAF_FS denote the SIAF via the
different Baffin Bay passages (A, B, and C) and Fram Strait, respectively.
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Fig. 5.   Daily SIAF for different passages averaged over the period of 1988–2015. The SIAF through Passages A, B, and C in the Baffin
Bay, and the FS are indicated in Figs 5a–d. The thin black line denotes the average daily SIAF through each passage, and the thick
black line corresponds to the 30-day smoothed fields. The red and blue lines denote the 30-day smoothed SIAF fields for the periods
before and after 2000, respectively.
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and 0.03×103 km2/d for the Passages A (Fig. 5a), B (Fig. 5b), and C
(Fig. 5c), respectively. By contrast, the springtime decreasing
slope of the daily SIAF fields is comparably small, with declining
rates of –0.021×103 km2/d, –0.023×103 km2/d, and –0.024×103 km2/d
for Passages A, B, and C, respectively.

From late November until May, relatively large daily SIAFs,
together with a slight decrease, are observed at the north passage
(Fig. 5a) from ~3.0 ×103 km2 to ~2.0×103 km2, which corresponds
to a rate of –0.005×103 km2/d. This trend resembles the declining
rate of the daily SIAF series (–0.048×103 km2/d for December to
April) in the middle passage (Fig. 5b), which also shows a
double-peaks pattern (one in January and the other in April). In
the south passage (Fig. 5c), relatively stable and high daily aver-
age ice export (3.20×103 km2) appears during the months from
mid-January to early April. Additionally, two peaks seem to exist
in the south gates (one in late January and the other in late
March). The shape of the daily SIAF time series for the middle
passage (Fig. 5b) manifests itself as a transitional pattern
between those of the north (Fig. 5a) and south passages (Fig. 5c).
The SIAF variability in the FS shows a distinct pattern compared
with the pattern in the Baffin Bay, particularly with the nonzero
daily SIAF values (~0.5×103 km2) during the summer months (Fig. 5d).
The high sea ice export through the FS (on average, 2.6×103 km2/d)
is maintained for the cold months from October until May. Be-
sides, two noticeable peaks, 2.6×103 km2 (mid-December) and
2.8×103 km2 (mid-March), are reflected in the daily SIAF fields of
the FS (Fig. 5d).

As indicated in Figs 5a and b, decadal changes in the daily
SIAF fields are prominent during the cold months in the north
and middle passages. Compared with the earlier period (1988–
2000), the recent (2001–2015) daily SIAF values in Passages A and
B (Figs 5a and b, red and blue lines) increased by approximately
1.0×103 km2 over the time period from December to April. In con-
trast, the decadal change in the south passages (Fig. 5c) is not
readily identifiable. During the warm months, such as in the
summer (June–July) and autumn (October–November) seasons,
the daily SIAFs show reductions during the recent period by
–0.20×103 km2, –0.28×103 km2, and –0.23×103 km2 for the Pas-
sages A, B, and C, respectively. In the FS area, complex decadal
changes occur in the daily SIAF fields (Fig. 5d). Apparently, a
short-period increase of 0.5×103 km2 from October to early
December is found. 

3.3.2  Variability and trends in monthly accumulated sea ice
export

The monthly accumulated SIAFs through different passages
of the Baffin Bay and the FS are shown in Fig. 6. For the winter
months (October to May), the monthly SIAF is generally large at
the three passages in the Baffin Bay. The maximum monthly SIAF
fields for Passage A emerge in December (90×103 km2), whereas
the peak values for B and C occur later in January (110×
103 km2) and March (108×103 km2), respectively. For the summer
months (June to September), the SIAFs through the Baffin Bay
passages are mostly negligible. The SIAF through the FS exhibits
a steadily large value for the winter months (October to May,
roughly 80×103 km2/month), and notable ice exports during the
summer months (June–September, ~30×103 km2/month). The
large standard deviations, as suggested in Fig. 6, confirm the sig-
nificant interannual variations in the monthly SIAFs for each pas-
sage.

To further investigate the variability in the monthly SIAF at
different passages, standardized SIAF fields (i.e., anomaly map)
were calculated and are presented in Fig. 7. For Passages A and B,

the anomaly maps are broadly consistent (Fig. 7a vs. Fig. 7b). In
particular, anomalous large sea ice exports principally occur dur-
ing the winter months (October–May) over the period of
2003–2011 (Figs 7a and b). This is inconsistent with the lower-
than-average monthly SIAF during the winter months before this
period (1988–2002). Meanwhile, the three passages in the Baffin
Bay experience a distinct decline in monthly SIAF during the
summer months, as the ice started to vanish earlier and form
later since the turn of the century owing to an increasingly warm-
ing climate. Passage C (Fig. 7c) and the FS (Fig. 7d) does not re-
veal a distribution pattern with anomaly fields that would favor
any significant trend in wintertime monthly SIAF. The detailed
statistical results are summarized in Table 2.

The monthly SIAF trends through the passage A presents op-
posite behavior for different seasons (Table 2). An increased SIAF
trend predominates over most winter months (Table 2).
However, during the summer months (June–August) the monthly
SIAF fields basically display a declining trend, although any signi-
ficance level is not reached (except July). Over this passage, all
months show a significant decline in SIC, which is especially re-
markable during the summer months (Table 2). The reduction in
SIC may indicate a trend towards a looser ice pack, while re-
duced SIC also can promote a positive SIM trend (Eq. (1)). In
general, the positive SIM trends over the winter months are gen-
erally accompanied by the negative SIC trends (Table 2 and Fig. 8).
As a result, the positive SIM trends in winter largely cancel out
the negative trends related to the reduced SIC, resulting in an
overall increasing SIAF trend at the studied period (Table 2 and
Fig. 8).

Similar variability in monthly trends is identified for Passage
B, although the SIAF trends are generally higher than those of A
(Table 2). The increased SIM during the winter months occurs in
concert with a decreased SIC (Figs 8a–e, i). The negative SIAF
trends continuing from June to November are the combined ef-
fect associated with the decreasing trends in both the SIM and
SIC fields (Figs 8f–k). For the south passage (C), the number of
monthly SIAF trends that reach a significant value is relatively
fewer (5 out of 12), and the negative SIAF trends persist for a
longer period from June to December. Much larger declining SIC
trends occur around this passage (Table 2). In FS, only two
months (September and November) present significantly large
positive SIAF trends (Table 2). The SIM and SIC trends are mostly
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Fig. 6.   Monthly accumulated SIAF for different passages aver-
aged over the period of 1988–2015. Error bars correspond to the
standard deviations of  the monthly accumulated SIAF for the
studied period.
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insignificant and primarily cancelled out by each other. There-
fore, the significant monthly SIAF trends are less common in the
FS, which is consistent with the prior findings as provided by
Kwok (2009).

The significant positive trends in monthly SIAF are observed

in Passages A and B for the winter months (October–May) on the
average order of 6.78×103 km2/(10 a) and 7.26×103 km2/(10 a), re-
spectively (Table 3). In contrast, a slight positive trend occurs at C
(0.52×103 km2/(10 a)). For the summer months (June–September),
the average declining SIAF trends over the Baffin Bay passages
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Fig. 7.   Standardized monthly SIAF during 1988–2015.

Table 2.   Trends in monthly and seasonal SIAF fields, and the corresponding trends in terms of SIM, SIC, and SLPG at the three
passages of the Baffin Bay and FS over the period of 1988–2015

Passage Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Winter
average

(Oct.–May)

Summer
average

(Jun.–Sep.)
A SIAF/

(103 km2·(10 a)–1)
15.07 14.01 12.56 5.16 2.86 –3.60 –1.41 –0.03 –0.17 –9.15 –0.05 13.80 6.78 –1.30

SIM/(km·(10 a)–1) 0.99 1.23 0.98 0.42 0.36 –0.29 –0.16 0.01 –0.02 –0.72 –0.14 1.08 0.53 –0.12

SIC/(%·(10 a)–1) –0.75 –0.79 –0.56 –0.42 –5.78 –13.42 –6.72 –1.46 –1.29 –13.97 –2.85 –1.12 –3.28 –5.72

SLPD/
(Pa·(10 a)–1)

–0.10 0.31 0.00 0.29 0.26 –0.70 –0.62 –0.32 0.51 0.24 0.60 0.19 0.22 –0.28

B SIAF/
(103 km2·(10 a)–1)

20.59 17.49 12.90 10.29 3.89 –5.83 –7.91 –0.95 –0.01 –3.48 –16.38 12.81 7.26 –3.68

SIM/(km·(10 a)–1) 1.25 1.30 0.85 0.71 0.31 –0.34 –0.72 –0.15 –0.002 –0.30 –1.12 0.93 0.49 –0.30

SIC/(%·(10 a)–1) –2.63 –0.98 –0.29 –0.47 –3.06 –9.35 –13.07 –2.67 –0.13 –4.43 –11.69 –6.24 –3.72 –6.31

SLPD/
(Pa·(10 a)–1)

0.07 0.40 –0.17 0.30 0.04 –0.85 –0.40 –0.52 0.38 0.09 0.01 0.36 0.14 –0.35

C SIAF/
(103 km2·(10 a)–1)

6.30 8.42 4.72 4.98 0.10 –2.49 –4.92 –0.73 0.00 –0.15 –10.32 –9.86 0.52 –2.04

SIM/(km·(10 a)–1) 0.48 0.75 0.47 0.43 0.05 –0.10 –0.44 –0.11 0.00 –0.02 –0.80 –0.57 0.10 –0.16

SIC/(%·(10 a)–1) –9.67 –6.94 –4.56 –4.03 –5.74 –7.00 –9.68 –1.52 0.00 –0.43 –9.38 –9.37 –6.27 –4.55

SLPD/
(Pa·(10 a)–1)

–0.18 0.22 –0.62 0.62 0.00 –0.76 –0.38 –0.24 0.22 0.22 –0.28 –0.06 –0.01 –0.29

FS SIAF/
(103 km2·(10 a)–1)

–2.60 –3.06 5.56 2.64 –3.10 0.42 –0.92 –1.63 7.46 8.18 11.96 6.89 3.31 1.33

SIM/(km·(10 a)–1) –0.42 –0.26 0.43 0.17 –0.26 0.05 –0.04 –0.22 0.44 0.57 0.96 0.63 0.23 0.06

SIC/(%·(10 a)–1) –0.93 –3.10 –1.96 0.13 –1.43 –0.58 –3.26 3.83 2.35 –2.27 –1.94 –3.69 –1.90 0.59

SLPD/
(Pa·(10 a)–1)

–0.90 0.15 0.88 0.38 0.11 1.00 0.95 1.22 0.50 0.51 1.03 0.10 0.28 0.92

          Note: The confidence levels are marked with varying colors. Red, blue, and gold imply a significance at the 99%, 95%, and 90% levels,
respectively.
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reach to –1.30×103 km2/(10 a) (A), –3.68×103 km2/(10 a) (B), and
–2.04×103 km2/(10 a) (C), which is in contrast to the positive
trend in FS (1.33 ×103 km2/(10 a), Table 3). 

3.3.3  Variability and trends for seasonally and annually accumu-
lated sea ice exports

Figures 9 and 10 show the time series of the annual (October
to the following September) accumulated SIAF and the respect-

ive SIM and SIC record over the period of  1988/1989 to
2014/2015. The mean annual SIAFs for the three of Baffin Bay
passages over this period are 555×103 km2 (A), 642×103 km2 (B),
and 541×103 km2 (C). These amounts are less than that via the FS
(707×103 km2). A decadal increase of the annual SIAF is evident
for the Passages A and B (Figs 10a and e) between the two peri-
ods of 1988–2000 and 2001–2015. For Passage A, the mean annu-
al SIAFs increased by 127 km2 for the period before and after
2000, from 489×103 km2 to 616×103 km2 (Table 3). For Passage B,
the mean annual SIAFs increased by 94 ×103 km2 for the period
from 592×103 km2 (before 2000) to 686×103 km2 (after 2000). In-
deed, such evident decadal changes lead to an overall increasing
trend, as illustrated in the annual SIAF record for the two pas-
sages (Figs 10a and e). Specifically, Passages A and B present the
significant trends of 53.1×103 km2/(10 a) and 41.2×103 km2/(10 a),
respectively. In contrast, the annual SIAF trends at Passages C
and FS reveal insignificant trends (Figs 10i and m), and the
decadal changes are not prominent (Table 3).

For Passages A and B, the increasing SIAF trends (Figs 10b and
f) are primarily caused by positive SIM trends. The negligible
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Fig. 8.   Time series for the monthly mean SIM (bold line) and SIC (dash line) fields at Passage B. The trend line plot is added, with red,
blue, and gold color denoting the significance levels at 99%, 95%, and 90%, respectively. The black line represents the trend that is not
statistically significant.

Table 3.   Mean annual and seasonal accumulated SIAF for different
periods

Passage
SIAF/(103 km2)

1988–2000 2000–2015 1988–2015

A 489/464/25 616/603/13 555/535/20

B 592/534/58 686/656/30 642/597/45

C 545/509/46 536/514/22 541/511/30
FS 692/610/82 720/624/96 707/616/91

         Note: Numbers in the form of “N1/N2/N3” are referred as to the
annual, winter, and summer SIAF fields, respectively. The winter and
summer SIAF estimates cover for the periods of October–May and
June–September, respectively.
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SLPD trends appear to play a minor role (Figs 10d and h). A slight
negative SIAF trend is found in Passage C (Fig. 10i). Compared
with the three passages in the Baffin Bay, the FS shows a relat-
ively significant trend with regard to the annual mean SLPD on
the order of 0.43 hPa/(10 a) significant at the 90% level (Fig. 10p).
As a result, SLPD plays a vital role in the positive trends of SIM
(0.16 km/(10 a)) and SIAF (29.4×103 km2/(10 a)). With respect to
the SIC fields, the declining trends for the three Baffin Bay pas-
sages (from –4.5%/(10 a) to –6.0%/(10 a)) are significant in relat-
ive to that of the FS (–1.0%/(10 a)).

The winter sea ice export primarily determines the variability
and trends of the annual SIAF from October to next May. Con-
cerning the three Baffin Bay passages, no less than 93% on aver-
age of the annual SIAF is attributable to winter export for the
period of 1988/1989 to 2014/2015 (Fig. 11). By comparison, the
winter export is comparatively lower for the FS (87%). Moreover,
the average winter SIAF contribution to the annual SIAF was aug-
mented by 2%–6% (Fig. 11) during the later period (2001–2015) in
comparison with the earlier period (1988–2000). However, a de-
cline of approximately 2% is noted for the wintertime contribu-
tion to the annual SIAF through FS (Fig. 11). Based on the annual

ice export budget, the higher percentage of winter sea ice export
suggests that the contribution from the summer export declines,
and vice versa. 

3.3.4  Sea ice transport within the Baffin Bay
The net sea-ice transport is an indicator of the ability to re-

serve sea ice for a defined regime, and it is estimated as the SIAF
difference (SIAFD) between two adjacent passages. For instance,
SIAFD_AB corresponds to the SIAF difference between those of
via Passages A and B (i.e., SIAF_A – SIAF_B). A positive value sug-
gests a net ice inflow (convergence), whereas a negative value
refers to a net outflow (divergence). Table 4 lists the statistical
results for the net sea ice transport between different passages in
the Baffin Bay over the period of 1988/1989 to 2014/2015. Annu-
ally, a distinct net annual outflow (–87.3×103 km2/a, on average)
is identified in the northern Baffin Bay (the areas between Pas-
sages A and B, SIAFD_AB). For SIAFD_AC, the regime between
Passages A and C, approaches to a nearly balanced state in terms
of sea ice inflow and outflow, with a small amount of net input of
14.3×103 km2/a (Table 4). In addition, a much larger mean value
of annual SLPD_BC, on the order of 101.6×103 km2/a, is suggest-
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Fig. 9.   Time series of the monthly mean SIM fields (bold line) together with cross-gate sea level pressure difference (SLPD, dash line)
at Passage B. The linearly fitted trend is also shown. The red, blue, and gold color indicates a significance at the 99%, 95%, 90% levels,
respectively. The black linear line represents the trend that is not statistically significant.
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ive of a sea ice reservoir in the southern Baffin Bay (i.e., the re-

gime between Passages B and C).

Monthly variability for the net ice transport between different

passages are shown in Fig. 12. For SIAFD_AB, negative values

greater than –25×103 km2 (i.e., net sea ice outflow) occur for most

months, except for January and February (Fig. 12, black line)

when a net positive sea ice inflow of less than 40×103 km2 is ob-

served. For SIAFD_AC, positive quantities smaller than 70×

103 km2 (net sea ice inflow) are found for the period from Janu-

ary to March, whereas negative values (i.e., net outflows) not ex-
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Fig. 10.   Time series for the annual SIAF (October to following September) through different passages. The x-axis label denotes the
year of September. For example, the year “1994” indicates the annual cycle from October to the following September in 1993/1994.
The annual mean SIM, SIC, and SLPD fields are also given in the second, third, and fourth columns, respectively. The Linearly fitted
trend is marked by the red, blue, and gold lines, corresponding to the significance levels at 99%, 95%, 90%, respectively.
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Fig. 11.   The fraction of winter SIAF relative to the annual SIAF
for different periods through varying passages.

Table 4.   Statistical results for the net annual SIAF (1988/1989 to
2014/2015) between the different passages in the Baffin Bay

SIAFD_AB SIAFD_BC SIAFD_AC

Mean/(103 km2) –87.3   101.6   14.3

Standard deviation/(103 km2) 57.7 87.8 118.6  

Trend/(103 km2·(10 a)–1) 11.9 64.2 54.5

          Note: The red and blue color denote the trends that are signifi-
cant at the levels of 99% and 95%, respectively.
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Fig. 12.   Mean net monthly SIAFD between different passages in
the Baffin Bay over the period of 1988/1989 to 2014/2015. The
Error bar corresponds to the standard deviation.
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ceeding –35×103 km2 emerge for the remaining months (Fig. 12,
blue line). Regarding the SIAFD_BC, larger positive amounts
(lower than 50×103 km2/month) are found over the later winter
period from February to April, whereas smaller positive values
(below 10×103 km2/month) are encountered for the period of Au-
gust to November (Fig. 12, red line). The negative values in SI-
AFD_BC greater than –15×103 km2/month occur during the mid-
summer months (June to July). As a reservoir pool of sea ice (as
mentioned above), the net positive sea ice transport between
Passages B and C (SIAFD_BC) is primarily dictated by those dur-
ing February to April (on average, up to 40×103 km2/month as
shown in Fig. 12 which is marked by the red line).

We further analyze the trend in the net annual SIAF (Fig. 13).
SIAFD_AB presents a clear trend (11.9×103 km2/(10 a)), whereas
the other two reveal significant positive trends of 54.5×
103 km2/(10 a) (SIAFD_AC) and 64.2×103 km2/(10 a) (SIAFD_BC).
This again suggests that the Baffin Bay, especially the southern
part between Passages B and C, tends to present more converged
sea ice over time. With respect to SIAFD_AC and SIAFD_BC, the
increasing trends are mainly associated with the larger winter net
ice export from December to May (Table 5). Notably, the highest
net ice flux of 23×103 km2/(10 a) occurs in December (Table 5),
which is related to the increasing SIAF trend in A and B of up to
13×103 km2/(10 a) together with a decreasing SIAF trend in C of
approximately –9×103 km2/(10 a) (Table 2). Seasonally, the acce-
lerated trends for ice inflow through A or B during the winter and
spring months (from January to May) are consistent with the re-
latively slower sea ice outflow via C (Table 2). During the sum-

mer months (June–August), a positive SLPD_AB trend accom-
panies a negative trend in SLPD_BC. As summarized in Table 2,
these trends are mainly caused by a faster decline of the SIAF
through the Passage B during the summer months (–3.68×103

km2/(10 a)), compared with the negative trends in the other two
passages (–1.30×103 km2/(10 a) for A and –2.04×103 km2/(10 a) for B). 

4  Discussion 

4.1  Linkages to changes in climate factors
The abrupt decadal changes in the annual (Figs 10a and e)

and winter SIAF fields (Table 2) are apparent for the north and
middle passages of the Baffin Bay. In this section, we investigate
four climatic factors, including the surface wind (SW), sea level
pressure (SLP), SAT, and SST, which may contribute to these
changes. All of the used climatic variables are obtained from the
NOAA NECP/NCAR reanalysis products (Kalnay et al., 1996).

The differences of the local SW between two periods, defined
as P1 (1988–2000) and P2 (2001–2015), vary with season (Figs 14a
and b). For the winter period (October–May), the inter-period
differences (P2–P1) show that the southeastward SW fields, with
magnitudes mostly less than 0.4 m/s, dominate over Passages A
and B (Fig. 14a), which is consistent with the increasing trend in
the SIAF as observed during winter (Table 2). In addition, the an-
omalous easterly SW (0.3–0.4 m/s) to the south of Davis Strait
would push sea ice against the Baffin Island in the west (Fig. 14a);
hence, it may have exerted influences on boosting a southward
sea ice advection through the southern Passage C. As a result, the
average trend of the wintertime monthly SIAF between P1 and P2
(roughly 0.51×103 km2/(10 a), as shown in Table 3), and the
decadal change of winter (October–May) sea ice export by ap-
proximately 5×103 km2 (Table 4), from 509×103 km2 (P1) to
514×103 km2 (P2), are not readily evident for Passage C. During

the summer seasons (Fig. 14b), the inter-period changes of the
SW fields in the Baffin Bay mainly present a northwestward direc-
tion, with increasing magnitudes from southern to northern
Baffin Bay (as indicated by background color in Fig. 14b). To be
specific, the average declining trend in the SW magnitude is as
follows: –1.1 m/s for Passage A, –0.8 m/s for Passage B, and –0.6 m/s
for Passage C (Fig. 14b). This decline is associated with the negat-
ive summer SIAF trend as observed for each passage in the Baffin
Bay (Table 2, June–August).

The spatial layout in the SLP, on the other hand, sheds light
on the role of the geostrophic winds in the modulation of the sea
ice transport through the Baffin Bay (Figs 14c and d). For the
winter period, the inter-period SLP changes, with higher SLPs
(on average, approximately 0.9 hPa) in the western Baffin Island
and relatively lower SLPs (approximately 0.6 hPa) in the Baffin
Bay (Fig. 14c), seem to support a northwesterly wind movement
through Passages A and B. Lower SLPs (approximately 0.4 hPa)
are observed in the area close to the southern passage (C) as well
as in northern Labrador Sea (Fig. 14c). This SLP distribution pat-
tern has the potential to promote a westward air movement,
which is broadly consistent with the local surface winds as shown
in Fig.  14b. In summer, the higher SLPs (approximately
2.5 hPa) over the east side of Baffin Bay (Greenland coasts) along
with the lower SLP (about 0.5 hPa) over the west side (Fig. 14d)
are favorable for a northwestward movement for the air mass
around the Baffin Bay area (Fig. 14b). Broadly, the changes of SLP
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Fig. 13.   Net annual SIAFD between the different Baffin Bay pas-
sages. For example, SIAFD_AB is the difference between SIAF
through the Passages A and B. Linear trend is added, with the
bold, dash, and dash-dot lines representing the trends that are
significant at the 90%, 95%, and 99% levels, respectively.

Table 5.   Trends for the monthly SIAF difference through the different Baffin Bay passages
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

SIAFD_AB/(103 km2·(10 a)−1) –5.51 –3.47   –0.34   –5.12   –1.03     2.23 6.49 0.92 –0.16 –5.67 16.43   0.99

SIAFD_BC/(103 km2·(10 a)−1) 14.29 9.06 8.18 5.31 3.79 –3.34 –2.98 –0.22     0.01 –3.33 –6.06 22.66

SIAFD_AC/(103 km2·(10 a)−1)   8.78 5.59 7.84 0.19 2.76 –1.12 3.51 0.70 –0.17 –9.00 10.36 23.66

          Note: Red, blue, and gold color denotes the trends that are significant at the levels of 99%, 95%, and 90%, respectively.
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distribution are consistent with the spatial variations of SW,
which is largely in phase with the spatiotemporal changes of sea
ice export through different passages over the Baffin Bay.

Furthermore, we examined the changes of two climatic
factors (SAT and SST) to interpret the Baffin Bay sea ice export
variations in the context of an amplified warming climate in the
Arctic (Serreze et al., 2009; Screen et al., 2012). Between the two
periods (P2–P1), the SAT and SST are reinforced for certain sea-
sons (Fig. 15). The warmer surface air and upper ocean are con-
sistent with facts reported by Zweng and Münchow (2006), and
generally congruent with the notable reduction in SIC fields, as
highlighted in Fig. 10 and Table 2.

During the winter months, the declining trend in the SIC over
different passages is significant (Table 2) and consistent with the
warmer SAT (Fig. 15a) and SST fields (Fig. 14b) throughout the
bay. Notably, the warmest winter SAT (mostly above 3.5 K, Fig. 15a)
and SST (dominantly beyond 4.0 K, Fig. 15c) appear in the south-
eastern part of Baffin Bay, covering the major portion of Passage
C. Accordingly, a larger winter SIC reduction (–6.27%/(10 a)) is
observed especially over this passage. The enhanced SAT and
SST may also play a vital role in the significant decline in SIC at
Passages A (–3.27%/(10 a)) and B (–3.72%/(10 a)).

Over the summer period, the temporal variations of the SAT

and SST are more prominent over the central part of Baffin Bay
(Figs 15b and d), which is consistent with the most significant de-
cline of the SIC at Passage B (–6.31%/(10 a)) during summer (Table 2).
The SAT and SST increases are relatively weak in Passage A (0.8 K
and 0.6 K, on average) compared to those of Passage C (0.9 K and
1.1 K). However, a slightly larger declining in SIC is found at the
Passage A (–5.72%/(10 a)) than that in Passage C (–4.55%/(10 a)).
This can be explained by the continued occurrence of a large
polynya (the North Water Polynya) in the north of the bay which
allows for the exposure of abundant open water to trigger the
positive ice-albedo feedback (Melling et al., 2001). More dark wa-
ter will absorb greater amounts of solar energy, which can melt
more sea ice, such that a swifter summer reduction in SIC is ex-
pected at Passage A than Passage C. Overall, the remarkable SIC
declines, along with the winds blowing northwestward (Fig. 14b),
appear to impose combined influences on the summer negative
SIAF trends for the passages in the Baffin Bay, which are –1.3×
103 km2/(10 a), –3.68×103 km2/(10 a), –2.04×103 km2/(10 a) at
Passages, A, B, and C, respectively (Table 2). 

4.2  Connections to the atmospheric variability
The NAO represents the dominant mode of atmospheric vari-

ability over the northern North Atlantic Ocean, and it is closely
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Fig. 14.   Inter-period changes (P2–P1) of surface wind (SW) for the winter (October–May, a) and summer (June–August, b) between P1
(1988–2000) and P2 (2001–2015), and the corresponding sea level pressure (SLP) changes for the winter (c), and summer (d). The red,
green, and blue lines in the Baffin Bay correspond to Passages A, B, and C, respectively.
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related to the midlatitude Azores high and the sub-polar Iceland-
ic low-pressure systems. In the positive/negative NAO phase, the
SLP is deeper/shallower over the Icelandic low, the atmospheric
circulation becomes stronger/weaker, and northerly/southerly
wind likely flows through the Baffin Bay (Häkkinen and Cavalieri,
2005) and the FS (Kwok, 2000, 2009; Kwok et al., 2004). These
changes could in part account for the variability of the sea ice ex-
tent in the Baffin Bay and Labrador Sea (Kvamstø et al., 2004).
However, Fig. 16 suggests that the monthly SIAF is only slightly
correlated with the NAO index for the three passages through the
Baffin Bay (R=0.23–0.32). Furthermore, only a weak connection
occurs between the monthly SIAF through the FS and NAO over
the period of 1988–2015 (R=0.15). However, this does not indic-
ate that NAO plays a minor role in modulating the interannual
variability of sea ice drift and export in the Arctic Ocean outlets
(Kwok et al., 2013). Previous studies have reported a robust tem-
poral sensitivity of the FS sea ice export to the NAO index for the
periods of 1979–1996 (R=0.66) and 1979–2007 (R=0.60) (Kwok,
2009). This temporal sensitivity in association with the NAO also
occurs in the Baffin Bay passages for the two periods (1988–1996,
1988–2015): A (R=0.41, 0.22), B (R=0.45, 0.24), and C (R=0.49,
0.30).

The SLPD across a passage represents the local atmospheric
forcing and is closely related to the monthly SIAFs through the

Baffin Bay passages (Fig. 17). The correlation at the Baffin Bay (R:
0.69–0.71) is marginally weaker than that for the FS (R=0.74). The
Baffin Bay is confined by land in the west (Baffin Island) and east
(Greenland). Therefore, the sea ice drift pattern in the Baffin Bay
may be readily subject to the orographic configuration. In con-
trast, the dynamic effect of sea ice over the FS area is relatively
less susceptible to the Svalbard Island to the east (Kwok et al.,
2004). This implies a slightly higher degree of free sea ice drift,
and thus a relatively stronger connection of ice export with the
local atmospheric circulation in FS. 

5  Conclusions
The satellite-derived sea ice area exported through the three

passages in the Baffin Bay was obtained over the period
1988–2015. The comparisons show that our SIAF estimates are
consistent with the previous results. For the Baffin Bay passages,
the trends and changes in the SIAF fields are spatiotemporally
varying. Seasonally, the increasing (decreasing) trends in SIAF is
observed during the winter (summer) months. Regionally, an in-
creasing trend of the annual SIAF is identified for the north and
middle passages (referred to as A and B), whereas an insignific-
ant negative trend is found in the south passage (referred to as
C). The obvious positive trend in the SIAF through A and B, toge-
ther with a slight negative trend through C, combined to produce
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Fig. 15.   Inter-period changes (P2–P1) of surface air temperature (SAT) between P1 (1988–2000) and P2 (2001–2015) for the winter
(October–May, a) and summer (June–August, b), and the sea surface temperature (SST) changes for the winter (c) and summer (d)
seasons.
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a pattern of sea ice convergence in the southern Baffin Bay.
The changes and variability in SIAF over the Baffin Bay pas-

sages are primarily determined by the SIM variations associated
with the variability in SW, SLP, SIC fields. The SIC fields exhibit a

significant decline at all months that is in part linked to the
warmer SAT and SST. The reduced SIC may also have contribute
to the increasing trend in SIM, as observed for Passages A and B
(Fig. 10). Compared with FS (Kwok, 2009), the cross-gate SLPD
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Fig. 16.     Time series of the monthly SIAF through the Baffin Bay Passages A (a), B (b), and C (c), and FS (d), together with the
corresponding monthly mean NAO index. To facilitate our analysis, the two variables have been standardized. In short, the monthly
SIAF values (or  monthly-mean NAO values)  are first  subtracted from the corresponding mean monthly value over the period
1988–2015 and then divided by the standard deviation of the values considered.
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Fig. 17.   Time series of the monthly SIAF via the different Baffin Bay Passages (including A (a), B (b), and C (c)), and those via FS (d),
as well as the monthly mean SLPD fields. The fields are standardized, as depicted in Fig. 16.
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for all the passages of Baffin Bay does not present a significant
trend and thus accounts for very few to the the trend in SIAF. In-
deed, the trends of Baffin Bay sea ice outflow is mainly attribut-
able to the increased surface drag coefficient and decreased sea
ice thickness (Bi et al., 2019).

A decadal increase of the annual SIAF is identified over Pas-
sages A and B between the two periods:  1988–2000 and
2001–2015. Before and after 2000, Passage A is observed with an
increase in the annual SIAF by 127 km2, approximately from
489×103 km2 to 616×103 km2. The mean annual SIAF in Passage B
increases by 94 ×103 km2 for the same periods from 592×103 km2

to 686×103 km2, respectively. The annual SIAFs via Passages A
and B present a significant trend of 53.1×103 km2/(10 a) and
41.2×103 km2/(10 a), respectively. In contrast, the annual SIAF
trends in Passages C and FS show insignificant trends, and the
corresponding decadal changes are not clear.

Over the investigated period (1988–2015), the monthly sea ice
export through the Baffin Bay passages is overall weakly connec-
ted to the atmospheric circulation pattern related to NAO. Simil-
ar to sea ice outflow through the FS (Kwok, 2000; Kwok et al.,
2004, 2013), the association with the NAO is sensitive to the peri-
od examined. In addition, a relatively robust connection is ob-
served between the monthly sea ice export and the SLPD (R is
about 0.70 for the Baffin Bay passages). Considering that the
Baffin Bay is constrained mainly by land in the west (Baffin Is-
land) and east sides (Greenland), it is unsurprising the sea ice
drift in the Baffin Bay may not be as free as that in the FS
(R=0.74). 
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