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ABSTRACT
In this paper, the lead–lag relationship between the Arctic sea ice variability over the Barents–Kara Sea
(BKS) and Ural blocking (UB) in winter (DJF) ranging from 1979/80 to 2011/12 is examined. It is found that
in a regressed DJF-mean field an increased UB frequency (days) corresponds to an enhanced sea ice decline
over the BKS, while the high sea surface temperature over the BKS is accompanied by a significant Arctic sea
ice reduction. Lagged daily regression and correlation reveal that the growth and maintenance of the UB that
is related to the positive North Atlantic Oscillation (NAO1) through the negative east Atlantic/west Russia
(EA/WR2) wave train is accompanied by an intensified negative BKS sea ice anomaly, and the BKS sea ice
reduction lags the UB pattern by about four days. Because the intensified UB pattern occurs together with
enhanced downward infrared radiation (IR) associated with the intensified moisture flux convergence and
total column water over the BKS, the UB pattern contributes significantly to the BKS sea ice decrease on a
time scale of weeks through intensified positive surface air temperature (SAT) anomalies resulting from
enhanced downward IR. It is also found that the BKS sea ice decline can persistently maintain even when the
UB has disappeared, thus indicating that the UB pattern is an important amplifier of the BKS sea ice reduction. Moreover, it is demonstrated that the EA/WR2 wave train formed by the combined NAO1 and UB
patterns is closely related to the amplified warming over the BKS through the strengthening (weakening) of
mid-to-high-latitude westerly wind in the North Atlantic (Eurasia).

1. Introduction
In the past three decades the Arctic sea ice has remarkably declined in all seasons, especially in summer
(Wang and Overland 2009; Simmonds 2015). Although
the Arctic sea ice decline is weaker in winter than in
summer, the summer sea ice variability is sensitive to the
sea ice conditions of the previous winter (Rigor et al.
2002; D. S. Park et al. 2015). For this reason, the physical
cause of why the Arctic winter sea ice has significantly
declined in recent decades has attracted a great attention
(Fang and Wallace 1994; Sorteberg and Kvingedal 2006;
Francis and Hunter 2006; D. S. Park et al. 2015; H. S. Park
et al. 2015; Sorokina et al. 2016).
In recent years, several mechanisms have been proposed to account for the cause of the winter Arctic sea
ice decline (Francis et al. 2005; Screen and Simmonds
2010; Screen et al. 2010; Cavalieri and Parkinson 2012).
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For example, the increased downward infrared radiation
(IR) (D. S. Park et al. 2015; H. S. Park et al. 2015), the ice
albedo feedback (Lindsay and Zhang 2005; Screen and
Simmonds 2010), wind-induced sea ice drift away from
the Arctic region through the Fram Strait (Rigor et al.
2002), and the northward transport of atmospheric
moisture and sensible heat (Woods et al. 2013; Woods
and Caballero 2016; H. S. Park et al. 2015; Burt et al.
2016) have been recognized to be important for the
winter Arctic sea ice decline. Although some studies
suggested that the winter Arctic sea ice decline is likely
associated with changes in atmospheric circulations
(Fang and Wallace 1994; Sorteberg and Kvingedal 2006;
H. S. Park et al. 2015), it is unknown what certain type of
large-scale atmospheric circulation leads to the enhanced
variability of the Arctic sea ice in winter. In our previous
studies (Luo et al. 2016a,b), we have examined the role of
an increased occurrence of Ural blocking (UB) (number
of days) in the amplification of the winter warm Arctic–
cold Eurasian (WACE) pattern, and conjectured that
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long-lived UB events can probably lead to the further
reduction of the Arctic sea ice over the Barents–Kara Sea
(BKS) through the amplification of high-latitude Arctic
warming. Unfortunately, no observational evidence is
provided to support this hypothesis. To some extent, this
hypothesis is inconclusive. At present, the linkage between the Arctic sea ice decline or Arctic warming and
midlatitude weather patterns is still a difficult problem
(Walsh 2014; Cohen et al. 2014; Overland et al. 2015). In
fact, understanding the causal relationship between the
UB and Arctic sea ice decrease is a key element of understanding the link between Arctic amplification and
midlatitude weather and climate variability. However,
identifying the causal relationship between the UB and
the sea ice decline over the BKS is difficult because they
are often coupled together and cannot be strictly separated. While the winter Arctic warming or the BKS sea
ice decrease correspond to a high-value region of the UB
frequency based on a regressed winter-mean field (see
Fig. 3d) presented below, whether a UB pattern leads to
the Arctic sea ice decline over the BKS or vice versa on
time scales of weeks is not well understood because the
previous results were obtained mainly based on monthly
mean sea ice data (Luo et al. 2016a). Maybe this problem
can be solved by looking at the daily evolution of the
Arctic sea ice and UB using the daily data. In this paper,
we will examine the causal relationship between the UB
and Arctic sea ice decrease using regression and correlation analyses from a daily perspective.
The most important finding of this paper is that the
Arctic sea ice decrease over the BKS lags the UB pattern by about four days, while it can persistently maintain even when the UB has disappeared. This feature
cannot be seen if the monthly mean sea ice data are
used. Thus, it is thought that the presence of the UB
pattern can produce a persistent sea ice decline over the
BKS and its adjacent regions in winter, although the UB
has a promptly evolved variability with a time scale of
about 10–20 days. In this situation, it is concluded that
the UB is an amplifier of the Arctic sea ice decline over
the BKS region, while the long-time mean BKS winter
sea ice reduction related to the high sea surface temperature (SST) provides a condition that favors long-lived
UB events through reducing the mid-to-high-latitude
westerly wind over Eurasia (Luo et al. 2016a). Such a
two-way relationship reflects a positive feedback between
the BKS sea ice decline and the UB pattern.
This paper is organized as follows: In section 2, we
describe the data and method. In section 3, we present
the linear regression maps of atmospheric circulations
[DJF-mean 500-hPa geopotential height and surface air
temperature (SAT) anomalies] onto the DJF-mean
Arctic sea ice time series. Moreover, the linear
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regression of the DJF-mean Arctic SIC onto the time
series of winter SST over the BKS and UB frequency
(days) are presented to understand whether or not the
contributions of the UB pattern and SST anomalies over
the BKS to the Arctic sea ice decrease are equal, although the SST over the Arctic has been suggested to be
important for the Arctic sea ice reduction (Francis and
Hunter 2007). In section 4, the lead–lag relationship
between the UB and sea ice variations is examined using
lagged regression analyses from a daily perspective. The
physical cause of the negative east Atlantic/west Russia
(EA/WR2) pattern wave train that the NAO1 and UB
combine to form is presented in section 5. Results and
discussions are given in section 6.

2. Data and method
Observations have revealed that the Arctic sea ice
exhibits a rapid decline in the most recent decade
(Francis and Hunter 2007), which actually reflects the
combination of a long-term trend and a short-term
variability of the Arctic sea ice. As noted in Luo et al.
(2016a), there is an increase in UB days in high latitudes
in the most recent decade. Thus, it is inferred that the
rapid reduction of the Arctic sea ice over the BKS is
likely related to the increased UB days if the UB is able
to cause the decline of the BKS sea ice on a short time
scale of weeks. To examine this problem, our focus is
mainly placed on the result of the detrended daily data
during 1979–2011 in this study. The daily sea ice concentration (SIC) data for winter [from December to
February (DJF)] used are taken from the National Snow
and Ice Data Center (NSIDC) dataset, which ranges
from 1979/80 to 2011/12 (1979–2011). For the same time
range, the atmospheric data, including the 500-hPa geopotential height, SAT, vertical integral of divergence
of moisture flux, total column ice and liquid water,
downward IR, and the oceanic data, including SST, are
derived from the ERA-Interim dataset (Dee et al. 2011),
although the SST from the ERA-Interim dataset used
here has a small difference with the observations. For
the daily data, the anomaly of each variable at each grid
point during 1979–2011 is calculated as its deviation
from their long-term (1979–2011) mean for each day of
the winter. For this case, the atmospheric variables are
deseasonalized.
To identify UB events over the Ural Mountain region (408–808E), here we use the blocking index of
Tibaldi and Molteni (1990) (TM index). The daily TM
index is defined based on the southern and northern
meridional gradients of daily 500-hPa geopotential
height (GHGS and GHGN, respectively) calculated
at three latitudes for a given calculation domain:
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GHGS 5 Z(f0) 2 Z(fS)/(f0 2 fS) and GHGN 5
Z(fN) 2 Z(f0)/(fN 2 f0), where Z is the 500-hPa geopotential height with fN 5 808N 1 D, f0 5 608N 1 D,
fS 5 408N 1 D, and D 5 258, 08, or 58 latitude. A given
longitude is defined as ‘‘blocked’’ at a specific instant in
time if the following two conditions are satisfied for
at least one value of D (Tibaldi and Molteni 1990):
1) GHGS . 0 and 2) GHGN , 210 gpm (8 lat)21. A
blocking event is defined to have taken place in a given
domain if the above two conditions are satisfied simultaneously and required to persist for at least three consecutive days. The persisting days of the simultaneously
satisfied two conditions are defined as the blocking duration or the number of blocking days (the blocking
days). Based on this definition, the sum of the persisting
days of all blocking events occurring over the Ural
Mountain region for a winter from December to February can be calculated as the UB frequency in winter when
we place our calculation domain in the region (408–808E).
Like this, it is easy to construct a long time series of the
winter UB frequency, as given below. Here, the value of
the normalized daily GHGS is defined as the daily TM
strength index that is used as a measure of the blocking
strength at every day. For this case, the regressed daily
field of 500-hPa geopotential height anomaly against the
daily TM strength index can reflect the daily evolution
of a UB pattern. Moreover, it needs to be pointed out that
the TM index as the one-dimensional (1D) index used
here is independent of the longitude. But it can become a
two-dimensional (2D) blocking index if it depends on the
longitude (Diao et al. 2006). The advantage of this 2D
blocking index is able to identify the horizontal distribution of blocking days in a wide region (Luo et al.
2016a). However, using a 1D index is a better choice
because this method can allow us to not consider the
blocking activity outside a given domain. In particular, it
can make it easier for us to pick out the number of
blocking events and calculate blocking days in the Ural
Mountain region.
In this paper, because we have only the daily Arctic
sea ice data during 1979–2011, the number of the winter
UB days for the same time interval is only calculated to
examine the possible connection of the daily variability
of the Arctic sea ice to the UB pattern.

3. A connection of the sea ice anomaly over the
BKS to the SST and Ural blocking
a. Large-scale circulation patterns associated with the
Arctic sea ice decline
To see what types of large-scale circulations and associated SAT anomalies correspond to the Arctic sea ice
reduction, we first show the time series of the detrended

2641

DJF-mean SIC anomaly over the whole Arctic region
(608–908N) and the BKS (658–808N, 08–908E) in Figs. 1a,b.
We see that the Arctic sea ice has its peaks in 1987/88
around the Arctic (Fig. 1a), basically consistent with the
result of Lindsay and Zhang (2005), who noted that the
Arctic sea ice has a thickness peak in 1987 and shows a
thinning from 1988. There are still SIC peaks in 1987/88 if
the time series of the SIC anomaly averaged over the BKS
is only calculated (Fig. 1b), while they are relatively weak
compared to those in Fig. 1a. We show the regression
fields of DJF-mean 500-hPa geopotential height and SAT
anomalies against the time series of the SIC anomalies
averaged over the Arctic and the BKS during 1979–2011
(multiplied by 21) in Figs. 1c,d. It is obvious that the
Arctic sea ice decline corresponds to positive height
anomalies around the Arctic region. The annular-like
positive height anomaly looks like a negative-phase Arctic Oscillation, while it is strongest over the BKS near the
Ural Mountains (contour in Fig. 1c). The strongest Arctic
warming is concentrated in the BKS (color shading in
Fig. 1c) as well. A similar result is found if the regressed
fields during 1987–2011 are performed, as shown in Fig. 2.
If one only considers the time variation of the DJFmean SIC anomaly averaged over the BKS (Fig. 1b), the
regression field of the 500-hPa geopotential height
anomaly against the BKS SIC time series (Fig. 1d)
shows a dominant positive height anomaly over the Ural
Mountain region resembling an UB pattern. This UB
pattern is closely related to the positive phase of the
NAO (NAO1) (Fig. 1d), which was first noted by Luo
(2016a). We also see that, for the regressed DJF-mean
500-hPa height fields against the time SIC series over the
whole Arctic (Fig. 2a) and BKS (Fig. 2b) during 1987–
2011, there are NAO1 patterns over the North Atlantic,
thus indicating that the UB with NAO1 is more pronounced during 1987–2011 than during 1979–2011.
The combination of the UB and NAO1 patterns forms a
EA/WR2 wave train pattern (Lim 2015). As noted below, the daily regression height field can also show
such a wave train structure. The physical cause of
why the NAO1 pattern together with the UB shows an
EA/WR2 pattern will be presented in section 5. In the
regressed SAT anomaly field (color shading in Fig. 1d),
high-latitude warming and midlatitude cooling can be
seen, which correspond just to a warming over the BKS
and a cooling over central Asia and reflect the doublesided effect of the UB pattern. Thus, the presence of the
UB pattern is able to amplify the Arctic warming over
the BKS prior to the block onset (Luo et al. 2016a). In
this case, the BKS region experiences an intensified
warming, while midlatitude central Asia undergoes a
significant cooling. Because this midlatitude cold
anomaly (Fig. 1d) resembles the cooling trend pattern
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FIG. 1. Time series of DJF-mean SIC anomalies (red dashed line denotes a detrending) over (a) the whole Arctic
and (b) BKS (658–808N, 08–908E) during 1979–2011; and linear regression of the winter-mean 500-hPa geopotential
height (contour interval: 50 gpm) and SAT (color shading) anomalies against the detrended DJF-mean SIC index
(multiplied by 21) over (c) the whole Arctic and (d) BKS during 1979–2011. The dotted areas show values that are
statistically significant at the p , 0.05 level for the Student’s t test.

(1993–2013) of the DJF-mean SAT over central Asia obtained by Cohen et al. (2014, their Fig. 2c), it is inferred that
the cooling trend over central Asia observed in the most
recent decade that constitutes a main component of the
winter warming hiatus is attributed to an increased frequency of long-lived (persistent) UB patterns after 2000
(Luo et al. 2016a). Although the UB pattern can induce an
additional warming over the BKS, how it affects the BKS
sea ice variability is not clarified because the monthly mean
sea ice data were only used in that study (Luo et al. 2016a).
Actually, it is difficult to infer their causal relationship from a
winter-mean perspective in that the Arctic sea ice decreases
in the BKS region and the associated Arctic warming and
UB pattern are strongly coupled together. This motivates us
to examine this problem from a daily perspective. Before
examining the cause-and-effect relationship between the
Arctic sea ice decrease and UB pattern from a daily perspective, it is useful to look at whether the UB pattern
contributes to the Arctic sea ice reduction over the BKS
from a winter-mean perspective. Of course, it is also useful

to make a comparison with the contribution of the
wintertime-mean SST anomaly to understand the different
roles of the SST anomaly and UB pattern in the BKS sea ice
variation (Francis and Hunter 2007), because the Atlantic
multidecadal oscillation (AMO) can affect the Arctic sea ice
through modulating the SST change over the BKS (Peings
and Magnusdottir 2014) or the inflow of North Atlantic
warm water into the Arctic region (Alexeev et al. 2013). This
comparison can be made by performing the linear regression
of the DJF-mean SIC against the time series of the
wintertime-mean UB frequency and SST anomaly over the
BKS, which is reported in the next subsection.

b. Link of the wintertime mean BKS sea ice decline
with the SST and UB pattern on an interannual
time scale
We first construct the time series of the DJF-mean SST
over the BKS region and UB frequency (days) before
performing linear regression. The DJF-mean SST
anomaly averaged over the region (658–808N, 08–908E)
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FIG. 2. Linear regression of the DJF-mean 500-hPa geopotential height (contour interval: 50 gpm) and SAT
(color shading) anomalies against the detrended DJF-mean SIC index (multiplied by 21) over (a) the whole Arctic
and (b) BKS during 1987–2011. The dotted areas show values that are statistically significant at the p , 0.05 level for
the Student’s t-test.

is defined to characterize the variation of the winter SST
over the BKS, whereas the number of UB days (frequency)
per winter is calculated in terms of the definition of the
blocking days as given above to construct the time series of
the winter-mean UB frequency index during 1979–2011.
The time series of the normalized DJF-mean BKS
SST anomaly and UB frequency during 1979–2011 are
shown in Figs. 3a,b. It is seen from Fig. 3a that the SST
anomaly over the BKS is mostly positive during 2000–11,
especially during 2004–11. The main cause of this is that
the Atlantic warm water entering the Arctic (i.e., the
BKS) is more prominent during 2004–11 than before,
probably through the intensified poleward ocean heat
transport (Alexeev et al. 2013; Ärthun and Eldevik
2016). The correlation coefficient between the DJFmean SST and UB frequency time series (Fig. 3b) is 0.39,
which is statistically significant at the 95% confidence
level, thus indicating that more UB days likely warm the
SST in addition to melting sea ice over the BKS, although the high SST favors more UB days through the
BKS warming. The coupling between the SST and UB
deserves further investigation. But the purpose of this
paper is to examine how the UB affects the short-term
variability of the sea ice over the BKS.
Although the main feature of the normalized DJFmean UB frequency time series (Fig. 3b) is consistent
with that of Luo et al. (2016a), there is a small difference
of the UB frequency time series with the result of Luo
et al. (2016a) because of the time period interval and its
definition being slightly different. In Luo et al. (2016a),

the time interval from December 1978 to February 2014
is defined as the period 1979–2013. Here, the time interval from December 1979 to February 2012 is defined
as 1979–2011. Such a definition difference gives rise to a
difference between the two curves of the DJF-mean UB
frequency time series obtained for 1979–2011 and 1979–
2013. However, we must emphasize that the definition of
the time period presented here seems to be more reasonable. Although the upward trend of the wintertime
UB frequency during 2000–11 in Fig. 3b is not so obvious, it can become more significant once the UB events
of 2012/13 and 2014/15 are included in the UB frequency
time series in Fig. 3b (Luo et al. 2016a). However, it is
also useful to examine whether the BKS sea ice decline
is related to the UB pattern from a winter-mean perspective, while our purpose is to focus on examining the
daily relationship between the SIC decline and UB
pattern.
We show regressed DJF-mean SIC anomaly fields
against the time series of the DJF-mean SST (Fig. 3a)
and UB frequency (Fig. 3b) during 1979–2011 in Figs. 3c
and 3d, respectively. It is seen from the regressed field
against the BKS SST time series that the SIC anomaly
shows a significant decrease over the BKS and its adjacent sea region east of Greenland (blue color in Fig. 3c).
A similar winter SIC variability pattern is also seen for
the regressed SIC anomaly field against the UB frequency time series (blue color in Fig. 3d), even though it
is weaker than the SST-related SIC anomaly. This implies that the trend of Arctic winter sea ice decline over
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FIG. 3. Time series of the normalized winter-mean (a) SST over the BKS (the red dashed line denotes a detrending) and (b) UB frequency (days) from 1979–2011 (red dashed line denotes a 5-yr running mean); and linear
regression of the DJF-mean (c) SIC against the SST and (d) SIC against the UB frequency during 1979–2011. The
color shading denotes the region above the 90% confidence level for the Student’s t test.

the BKS is not only associated with the SST over the
BKS, but also with the UB frequency, while the high
SST-related sea ice decline is more prominent than the
UB-related sea ice decrease. As discussed in the final
section, the high SST over the BKS and its influence on
the Arctic sea ice are more likely modulated by the
phase of the AMO. The study of this problem is beyond
the scope of the present paper. Although the UB pattern
corresponds to the Arctic sea ice decline over the BKS
(Fig. 3d), it is unclear whether the UB leads to the BKS
sea ice decrease or vice versa. This can be investigated
by using the daily data. In previous studies, many people
have examined the physical cause of the trend of Arctic
sea ice decline (Francis and Hunter 2007; Peings and
Magnusdottir 2014; H. S. Park et al. 2015), but the causal
relationship between the atmospheric circulation
changes and Arctic sea ice decline is still unclear (Fang
and Wallace 1994). In this paper, our intention is to reveal the cause-and-effect relationship between the BKS

sea ice variability and UB pattern on a time scale of
weeks, even though the long-term variation of the UB
frequency can probably affect the trend of Arctic sea ice
decline over the BKS. As noted by Luo et al. (2016a),
the long-time mean Arctic sea ice decline favors the UB
pattern with a time scale of two weeks through the
weakening of mid-to-high-latitude westerly wind over
Eurasia due to the Arctic warming. But as we will see
below, the presence of the UB pattern can induce a
positive SAT anomaly with a time scale of two weeks
over the BKS to produce the Arctic sea ice decline on a
time scale of weeks, thus strengthening the Arctic sea ice
reduction prior to the block onset. In this case, the UB
may be thought of as being an amplifier of the Arctic sea
ice decline. Of course, the UB-related Arctic sea ice
decrease will have a long-term trend if the UB frequency
shows a long-term trend. This problem remains to be
further examined in another paper. Moreover, another
point different from Fig. 3c is that a significant decrease
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FIG. 4. Lagged regressions of the daily (a) 500-hPa geopotential height, (b) SAT, and (c) SIC anomalies against the daily TM strength
index for the 1979–2011 winters (DJF). The color shading denotes the regions above the 95% confidence level for the two-sided Student’s t
test. Lag 0 denotes the day of the UB peak.

in the Arctic sea ice is seen over the Bering Sea and its
Arctic region around 1808 longitude (Fig. 3d) because a
blocking anomaly exists also over its east side.
The correlation calculation shows that the Arctic
winter sea ice reduction is indeed associated with the
increased UB frequency, because the time series of the
detrended normalized DJF-mean SIC and UB frequency show a negative correlation of 20.42, which is
statistically significant at the 95% confidence level.
However, because the UB and the Arctic sea ice decrease over the BKS are coupled together through the
Arctic warming, it is difficult to discern whether the UB
drives the BKS sea ice decline through Arctic warming
or whether the BKS sea ice reduction drives the UB
pattern through warming overlying atmosphere from a
DJF-mean perspective. Although Luo et al. (2016a)

surmised that the long-lived UB is likely to cause the
BKS sea ice decline, it is probably because of the DJFmean high-latitude warming over the BKS amplified by
the UB pattern. But such a causal relationship is unclear
and not quantified from a daily perspective. Luo et al.
(2016b) also noted that the UB pattern does not arise
directly from the Arctic warming related to Arctic Sea
ice decrease, while the Arctic warming provides a favorable condition that weakens mid-to-high-latitude
westerly wind to favor the incidence of blocking
occurrence. Instead, the UB results mainly from the
low-frequency wave train propagation or wave energy
dispersion originating from the North Atlantic through
the breakdown of the NAO1 (Luo et al. 2007). Thus, it is
hypothesized that the UB pattern has a resulting effect
that gives rise to a significant reduction of the sea ice over
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FIG. 4. (Continued)

the BKS region because it is often accompanied by a highlatitude warming. To testify this hypothesis, it is necessary to
examine the lead–lag relationship between the UB and SIC
variability using the daily data in the next subsection.

c. Relationship between the daily UB and SIC
decrease on a time scale of weeks
Here, we try to infer causality between the UB and
SIC through examining their daily evolution and lead–
lag relationship. We show the 2-day-interval lagged regression fields of the daily 500-hPa geopotential height
anomalies, SAT, and SIC against the daily TM strength
index during the 1979–2011 winters in Fig. 4. It is seen
that a positive height anomaly as a weak UB is very weak
over the Ural Mountain region on lag 210 days (Fig. 4a)
and then intensifies and becomes quasi stationary.
There is a clear large-scale negative-over-positive dipole
anomaly over the North Atlantic at lag 28 days, which

resembles an NAO1 pattern that evolves with the intensification of the UB anomaly. Then this NAO1 pattern is gradually intensified until lag 24 days. Along with
the decay of the NAO1 pattern after lag 24 days, this
blocking anticyclone is intensified to form a typical
quasi-stationary UB pattern from lag 28 to 0 days and
reaches its largest amplitude on lag 0 days. Afterward, it
decays till lag 18 days. We also see that in a daily regressed height field the NAO1 and UB patterns combine to form a Rossby wave train structure similar to
an EA/WR2 pattern noted above. Thus, it is concluded
from these results that the NAO1 pattern can drive the
generation of the UB pattern due to its downstream energy dispersion through the EA/WR2 wave train propagation (Luo et al. 2007). This NAO1 pattern has been
shown to precede the UB by 4–7 days (Luo et al. 2016b).
In particular, this NAO1 pattern is almost invisible after
lag 14 days (Fig. 4a). The energy of the UB pattern
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FIG. 4. (Continued)

comes mainly from the decay of the NAO1 pattern (Luo
et al. 2016b). Moreover, it is seen from Fig. 4b that the
positive SAT anomaly over the BKS is weak during the
period from lag 210 to 26 days because of the UB amplitude being small. Along with the intensification of the
UB, a strong positive SAT anomaly appears over the BKS
after lag 24 days and is further intensified and expanded
toward the continental side of Eurasia, and then it begins to
slowly decline after it reaches its strongest amplitude at lag
0 days. While this positive SAT anomaly is weak after lag
6 days, it can still persist (Fig. 4b for lag 110 days), even
when the UB amplitude is small (Fig. 4a). This indicates
that the persistent positive SAT anomaly over the BKS is
associated with the establishment and maintenance of the
UB pattern.
Figure 4c reveals that, while the SIC anomaly is mostly
positive over the BKS from lag 210 to 26 days, the positive SIC anomaly weakens along with the growth of the
UB pattern. A negative SIC anomaly over the BKS region

is seen to appear on lag 24 days and becomes strong after
this day. An interesting result we see is that the strong SIC
decline (large negative SIC anomaly) with a short time
scale of weeks can persist, even though the UB is very
weak and has disappeared after lag 8 days (Fig. 4a). In
particular, a strong sea ice decline over the BKS can also be
seen during the period from lag 10 to 12 days (Fig. 4c). This
reflects that the Arctic sea ice decline is a slow process
compared to the UB decay. Because the SIC decline
reaches a maximum value at about lag 14 days (see Fig. 6),
the SIC decline lags the UB peak by about 4 days. Thus, it
is deduced that the occurrence of the UB pattern is able to
lead to the BKS sea ice decline through the persistent
positive SAT anomaly over the BKS because the SAT
peak leads the peak of the BKS sea ice decline. The above
results are also held for the 1987–2011 winters (not shown).
However, the precise lead–lag relationship between the
UB and the sea ice decrease over the BKS needs to be
further quantified by calculating the pattern correlations
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FIG. 5. Lagged regressions of the daily (a) vertically integrated moisture flux convergence (multiplied by L), (b) TCW, and (c) downward
IR anomalies against the daily TM strength index for the 1979–2011 winters. The color shading in (b) and (c) denotes the region above the
95% confidence level for the two-sided Student’s t test, whereas the color shading in (a) represents the region above the 90% confidence
level. Lag 0 denotes the day of the UB peak.

between the lagged regressions of the atmospheric variables (daily 500-hPa geopotential height, SAT, and SIC)
and the UB pattern and by examining the time evolution of
associated variables (downward IR, moisture, and total
column water).
Some studies have indicated that the enhanced downward IR associated with the intensified moisture flux
convergence from midlatitudes into the Arctic is important
for the reduction of Arctic sea ice (D. S. Park et al. 2015;
Woods and Caballero 2016). Below, we will indicate that
changes in the moisture flux convergence, total column
water (TCW; liquid water plus ice), and associated
downward IR over the BKS depend strongly on the evolution (growth and decay) of the UB pattern from a daily
perspective. In particular, it is demonstrated that the intensified UB occurs together with enhanced positive SAT

anomaly, downward IR, TCW, and moisture flux convergence over the BKS and its adjacent region that drive the
reduction of the Arctic sea ice over the BKS.

4. A link of the daily variations of moisture flux
convergence, total column water, and downward
IR with the evolution of the UB pattern
As demonstrated by many previous studies (Ghatak
and Miller 2013; D. S. Park et al. 2015; H. S. Park et al.
2015), the Arctic winter sea ice reduction is associated
with the positive SAT anomaly over the Arctic that is
mainly driven by the intensified downward IR. In fact,
the variability of the downward IR is closely related to
changes in moisture flux convergence and TCW over the
Arctic, both being excellent emitters of downward IR. Thus,
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FIG. 5. (Continued)

it is useful to show linear regression of the moisture flux
convergence (multiplied by the latent heat of vaporization,
L 5 2.26 3 106 m2 s22), TCW, and downward IR against
the daily TM strength index during 1979–2011 in Fig. 5.
It is found from Fig. 5a that the moisture flux convergence anomalies are weak over the BKS at lag 210
and 28 days. Instead, there is a relatively strong moisture flux convergence region in the southeast side of
Greenland. The moisture flux convergence from the
North Atlantic is intensified and widened and then extends to the BKS region with the growth of the UB
pattern (from lag 28 to 0 days in Fig. 5a). But it then
weakens so rapidly (from lag 0 to 4 days in Fig. 5a) that
only weak moisture flux convergence can be seen over
the BKS region after lag 14 days once the UB decays
(Fig. 5a). A comparison of Fig. 5a with Fig. 4a also reveals that the intensified moisture flux convergence over
the BKS follows the occurrence and intensification
of the UB pattern. Because the southerly wind prevails

in the upstream side of the UB anticyclone, the intensified southerly wind upstream of the UB pattern can
bring more North Atlantic warm moist air from midlatitudes to the Arctic mainly over the BKS region (from
lag 26 to 0 days in Fig. 5a) through the Greenland Sea
and Norwegian Sea as the UB strengthens. Meanwhile,
we see that the TCW anomalies over the BKS are almost
invisible during the beginning phase of the UB pattern
(from lag 210 to 28 days in Fig. 5b). Growing TCW is
found after lag 26 days (from lag 26 to 0 days in Fig. 5b)
as the UB approaches its maximum amplitude (Fig. 4a).
Then the TCW is decreased with the decay of the UB
pattern, as shown in Fig. 5b from lag 0 to 6 days. Thus,
the increased TCW over the BKS is closely related to the
intensification and maintenance of the UB pattern.
Figure 5c shows the daily regressed downward IR
anomalies against the daily TM strength index during
1979–2011. It is noted that the downward IR is weakly
negative over the BKS region during the period from
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FIG. 5. (Continued)

lag 210 to 28 days but becomes positive, strengthens, and
expands toward the midlatitude region after lag 28 days.
Thus, it is obvious that such an increased positive downward IR anomaly occurs together with the intensification
of the UB pattern (from lag 28 to 0 days in Fig. 5c). It can
be persistent, even though it decreases slightly (from lag
0 to 18 days in Fig. 5c) as the UB pattern decays. Thus, it
is suggested that the enhanced downward IR is mostly due
to the increased moisture flux convergence and TCW,
both associated with the intensified UB pattern.
Moreover, a comparison with Fig. 4c shows that a large
increase in the downward IR from lag 22 to 4 days in
Fig. 5c precedes a large decrease of the Arctic sea ice in
the region from the east of Greenland to the BKS from
lag 22 to 12 days (Fig. 4c). Therefore, along with the
further intensification of the downward IR, a significant
decline of the Arctic sea ice over the BKS is seen as a
result of the intensified downward IR. Meanwhile, because the Arctic sea ice reduction is a slow process, it can

persist (Fig. 4c), even though the downward IR is weak in
the region from the east of Greenland to the BKS region
during the period from lag 110 to 12 days (Fig. 5c).
The above results reveal that the changes in the moisture flux convergence, TCW, and downward IR are
closely associated with the establishment and maintenance of the UB pattern. The Arctic winter sea ice decline can be attributed to the intensified moisture flux
convergence, TCW, and associated intensified downward
IR over the BKS once the UB pattern is generated and
maintained. In the next subsection, we will further
quantify their lead–lag relationship with the SIC, SAT,
and UB, using the daily pattern correlations.

Lead–lag relationship of the moisture flux
convergence, total column water, downward IR, and
UB with the SIC decrease
We show the pattern correlation coefficients of 500-hPa
geopotential height, moisture flux convergence, TCW,
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FIG. 6. Pattern correlations between the daily 500-hPa
geopotential height (Hgt_500mb), moisture flux convergence
(Mois_con), TCW (liquid water plus ice), and downward IR and
SAT anomalies and the same variables obtained by lagged regression against the daily TM strength index for the 1979–2011
winters. The sea ice pattern correlation (red line) is derived by
performing the lagged regressions of the daily SIC and the same
variable obtained by regressing against the wintertime UB frequency (see Fig. 3b). Lag 0 denotes the day of the UB peak. The
dots show values that are statistically significant at the p , 0.05
level for the Student’s t test.

downward IR, and SAT anomalies and the same variables obtained by regressing against the daily TM
strength index (lag 0 days as the UB peak in Fig. 4a) for
the 1979–2011 winters in Fig. 6. The lead–lag relationship between the UB and the sea ice decline can also be
examined by calculating the pattern correlation between
the lagged regressions of the daily SIC and the same
variable obtained by regressing against the winter UB
frequency (Fig. 3b) over a range of time lags, as shown in
Fig. 6. It is interesting to see that the pattern correlation
coefficients can reach one at lag 0 days because these
variables can have their peaks in the same time (Figs. 4
and 5), while the pattern correlation coefficient of the
SIC anomaly cannot reach one because the SIC decline
(its peak is not at lag 0 days in Fig. 4c) has a time lag
difference with the UB. The above result shows that
there is no time lag between any one of the aforementioned atmospheric variables (500-hPa geopotential
height, moisture flux convergence, TCW, downward IR,
and SAT anomalies) and the UB, thus indicating that the
intensified moisture flux convergence (Fig. 5a), TCW
(Fig. 5b), downward IR (Fig. 5c), and SAT (Fig. 4b) exhibit consistent variations with the intensified UB pattern
(Fig. 4a). But a large time lag between the SIC anomaly

and UB can be seen in Fig. 6, in which the maximum SIC
decline takes place at about lag 14 days relative to the UB
peak (lag 0 day). Thus, the atmospheric variables (the
moisture flux convergence, TCW, downward IR, SAT,
and the UB pattern) lead the peak of the SIC decrease by
about 4 days. Therefore, it is suggested that the UB can
give rise to a significant decline of the BKS sea ice through
the intensified SAT over the BKS as a result of enhanced
downward IR associated with the intensified moisture flux
convergence and TCW. On the other hand, an interesting
result is found that the sea ice decrease over the BKS region continues to maintain its large amplitude (red curve
in Fig. 6) even when the UB has disappeared during the
period from lag 10 to 20 days. Thus, it is deduced that the
UB can induce a persistent reduction of the Arctic sea ice
over the BKS region (Fig. 4c and red curve in Fig. 6)
through a persistent positive SAT anomaly (purple curve
in Fig. 6) associated with the persistent strong downward
IR (green curve in Fig. 6). This result is a new finding not
reported by previous studies (Francis and Hunter 2007;
D. S. Park et al. 2015; H. S. Park et al. 2015).

5. Physical cause of the EA/WR2 wave train
structure associated with the NAO1 and UB
patterns
While the UB that is regarded as one part of the
EA/WR2 wave train is seen to occur often together with
the decay of the NAO1 based on a nonlinear multiscale
interaction model (Luo et al. 2007), it is useful to present a
physical explanation on the formation of the EA/WR2
wave train structure. Although Luo et al. (2016b) concluded that the generation of this EA/WR2 wave train is
related to changes in the meridional position and strength
of the North Atlantic jet, why the NAO1 and UB patterns
can form a wave train structure is not clarified theoretically.
Here, we conclude that the generation of this wave train is
closely related to the amplified Arctic warming over the
BKS. This point was not mentioned in Luo et al. (2016b).
To indicate this point, we show the time series of the SAT
anomaly averaged over the BKS in Fig. 7a as a measure of
the Arctic warming over the BKS. Correspondingly, the
regressed 300-hPa zonal wind fields against the time series
of the SAT (Fig. 7a) and SST (Fig. 3a) anomalies averaged
over the BKS are shown in Figs. 7b,c. It is easy to find
that the zonal wind over the North Atlantic depends
strongly on the Arctic warming over the BKS (Fig. 7b)
rather than on the SST anomaly in the BKS region
(Fig. 7c). It is also seen that the Arctic warming in the
BKS region can correspond to a strong positive-overnegative westerly wind anomaly over the North Atlantic
mid-to-high latitudes, while there is a weak negative
westerly wind anomaly over northern Greenland and its
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FIG. 7. (a) Time series of the SAT anomaly averaged over the BKS (red dashed curve denotes a detrending)
during 1979–2011 and regressed 300-hPa zonal wind fields against the detrended (b) SAT in (a) and (c) SST
anomalies averaged over the BKS in Fig. 3a. The dotted areas show values that are statistically significant at the
p , 0.05 level for the two-sided Student’s t test.

Arctic side. For this case, a strong negative-over-positive
westerly wind anomaly is seen over Eurasia as well (Fig. 7b).
Such dipole zonal wind anomaly distributions can lead to
the southwest–northeast (SW–NE) [northwest–southeast
(NW–SE)] tilting of the dipole height anomaly over the
North Atlantic (Eurasia) because the north center of the
dipole height anomaly undergoes an eastward (westward)
displacement over the high-latitude North Atlantic (Eurasia), as shown in Fig. 8, while the reversed displacement is
seen in midlatitude regions (Fig. 8). Thus, the different

spatial tilting of dipole height anomalies over the North
Atlantic and Eurasia can form a wave train structure similar
to an EA/WR1 pattern (Fig. 8). Such a wave train tends to
be quasi stationary through the combination of the eastward- and westward-displaced northern centers of the
NAO1 and UB anomalies and allows a quasi-stationary UB
to occur. Moreover, it needs to be pointed out that, because
the change in the zonal wind anomaly is not strongly sensitive to the SST variation over the BKS (Fig. 7c), the influence of the high SST over the BKS on the generation of
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FIG. 8. Schematic diagram of the EA/WR2 pattern formation
due to the different zonal movement of the NAO1 and UB dipole
anomalies in high and middle latitudes over the North Atlantic and
Eurasia. The solid (dashed) lines denote the strong (weak) zonal
wind regions that correspond to the eastward (westward) movement of the height anomaly, and the letter H (L) represents the
anticyclonic (cyclonic) anomaly.

the EA/WR2 pattern is likely unimportant or secondary
compared to that of the BKS warming (Fig. 7b). In other
words, the EA/WR2 pattern from the North Atlantic to
Eurasia is mainly attributed to the amplified Arctic
warming over the BKS, while the UB results from the
decay of the NAO1 pattern (Luo et al. 2007, 2016b).

6. Results and discussion
In this paper, we have examined the causal relationship
between the UB pattern and Arctic sea ice variability
over the BKS from a daily perspective. It is found that the
UB pattern is an important factor for the variability of the
BKS sea ice on a time scale of weeks. Lagged daily regression fields reveal that the moisture flux convergence,
total column ice and liquid water (TCW), downward IR,
and SAT anomalies over the BKS show an in-phase
variation with that of the UB pattern that are intensified
(weakened) along with the growth (decay) of the UB,
while the variation of the Arctic sea ice over the BKS lags
changes in these variables. The main results obtained in
this paper are described below:
1) On a short time scale of weeks, the BKS sea ice decline
lags the UB peak by about four days, thus indicating
that the decline of the Arctic sea ice over the BKS is a
delayed response to the UB pattern that can be
persistently maintained even when the UB has disappeared. In this case, the UB pattern can be thought
of as being an important amplifier of the Arctic sea ice
decline, even though the long-time mean Arctic sea ice
reduction over the BKS provides a background that
favors increased UB days, as noted in Luo et al.
(2016a). This reflects a positive feedback of the UB
pattern on the Arctic sea ice decrease.
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2) During the life cycle of the UB, the BKS sea ice
decline can be attributed to the intensified positive
SAT anomaly over the BKS resulting from intensified downward IR that is associated with enhanced
moisture flux convergence and TCW that occur
together with the intensified UB pattern.
3) The UB pattern is seen to occur together with the
evolution of the NAO1 pattern through the EA/WR2
wave train propagation. The formation of the EA/WR2
wave train structure and the associated quasistationary UB are closely related to the amplified
warming over the BKS (Fig. 7a) since the BKS
warming can lead to a strong positive-over-negative
dipole zonal wind anomaly over the North Atlantic
and a reversed dipole zonal wind anomaly over Eurasia
(Fig. 7b), inducing the SW–NE (NW–SE) tilting of the
NAO1 (UB) anomaly (Fig. 8) that promotes quasistationary planetary wave train propagation.
Although we have examined the causal relationship
between the UB and Arctic sea ice variability on a time
scale of weeks, how the long-time variation of the UB
frequency affects the trend of Arctic sea ice decline is
not investigated in this paper. Further exploration of this
question will help us improve our understanding of the
physical cause of the rapid decline of the Arctic sea ice
observed in the most recent decade, although it is beyond the scope of this paper. Because the phase of the
Atlantic multidecadal oscillation (AMO) can modulate
the SST and SAT anomalies over the BKS and lead the
NAO by 10–15 yr (Chylek et al. 2009; Peings and
Magnusdottir 2014), the long-term trend of the BKS sea
ice decline is more likely related to the AMO through
the changes in the SST and SAT anomalies over the
BKS. Thus, it is concluded that both the UB and NAO1
patterns via the EA/WR2 wave train propagation and
associated Arctic sea ice variation are likely modulated
by the phase of the AMO (Miles et al. 2014) through the
Arctic SST and SAT changes (Chylek et al. 2009).
However, the physical mechanisms of how the AMO
affects the long-term trend of the Arctic sea ice and what
different roles the AMO and UB play in the Arctic sea
ice variability are still unclear. In particular, whether the
UB pattern shows a multidecadal variation due to the
modulation of the AMO and whether it can have an
important effect on the Arctic sea ice decrease on longer
time scales is not clarified as well. These questions remain to be investigated further.
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