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Abstract:

The Bohai Sea is the southernmost sea in the Northern Hemisphere where seasonal freezing takes place in winter. Climate
and ice conditions there are very sensitive to large-scale climatic variations. In the present study, the authors investigated the
relationships of ice severity in the Bohai Sea to the planetary Arctic Oscillation (AO) during the period 1954/55–2001/02.
It has been found that during low-AO winters the regional mean temperature around the Bohai Sea is evidently lower,
and the number of freezing days, freezing degree days and the length of freezing duration all change significantly. Daily
temperature distribution shows a significant difference in both mean and variance between high-AO and low-AO phases,
and the changes in the temperature means dominate over that of the variance in the context of sea ice severity. The
temperature-AO relation is well supported by the corresponding features of the large-scale atmospheric circulation system.
AO-related changes in the Siberian High and East Asian Trough cause remarkable changes to the thermal conditions at
the surface and to the dynamical conditions in the middle troposphere, consequently affecting the air temperature over
the Bohai Sea and ice severity. The AO-sea ice severity relation has been generally stationary over time during the last
one hundred years. Analysis of cross-power coherency between the AO and ice indices for the last century shows that
the highest and significant covariance stands at periods of about 2.1, 3, and 7.5–14 years. The Bohai Sea ice severity has
declined rapidly since the 1970s, which is unprecedented since 1880, and this feature is in agreement with the positively
upward trend in the AO and the associated changes in the Siberian sea level pressure, East Asian Trough, and the regional
temperature. Copyright  2007 Royal Meteorological Society
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INTRODUCTION

The cryosphere is of great significance in global change,
both for its large response to the changing climate and
as an important mechanism of climate forcing through its
feedback (Houghton et al., 2001; Polyakov et al., 2002;
Serreze and Francis, 2006). The sea ice in the Northern
Hemisphere has experienced an evident decline in its
extent and thickness as the climate has warmed over the
past few decades (Parkinson et al., 1999; Lindsay and
Zhang, 2005; Stroeve, 2005). The Arctic Ocean has been
highlighted by many authors for the rapid decrease in the
extent of its sea ice in association with recent climate
change (Johannessen et al., 2004; Meier et al., 2005;
Stroeve, 2005; Overland, 2005). An evident decrease in
ice extent is also found in sub-polar regions such as
the Baltic Sea, the seas of Okhotsk, the Greenland Sea,
Hudson Bay, and the Canadian Archipelago, though an
increasing trend has been observed in other areas such as
Baffin Bay, the Labrador Sea, the Gulf of St. Lawrence,
and the Bering Sea (Parkinson et al., 1999).
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These changes in sea ice have been linked to varia-
tions of the large-scale atmospheric circulation system
e.g. (Deser et al., 2000; Dickson et al., 2000; Rothrock
and Zhang, 2005; Brauch and Gerdes, 2005, Wu et al.,
2006). It has been found that some remotely located
circulation systems play significant roles in high lat-
itude climates through teleconnections (Hurrell, 1996;
Thompson and Wallace, 1998), consequently affecting
the sea ice conditions in the Arctic and sub-polar oceans
e.g. (Koslowski and Glaser, 1999; Jevrejeva and Moore,
2001; Jevrejeva et al., 2003). As a leading mode of
Northern Hemispheric atmosphere variability from tro-
posphere to lower stratosphere, the Arctic Oscillation
(AO) exerts a notable influence on Northern Hemispheric
climates over mid to high latitudes (Thompson and Wal-
lace, 1998, 2000). Observation shows that the AO and
North Atlantic Oscillation (NAO) have exhibited a ten-
dency toward positive anomalies during the last two
decades (Hurrell, 1995; Thompson et al., 2000). In asso-
ciation with this change, air temperatures in much of
the mid to high latitudes have risen and in the Arc-
tic Ocean the sea level pressure (SLP) decreased by
5 mb between the periods 1986–1994 and 1979–1985
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(Walsh et al., 1996). Pressure and wind anomalies related
to the AO significantly affect the sea ice motion in
the Arctic Ocean and neighboring oceans (Rigor et al.,
2002). For example, in the northeastern Atlantic sec-
tor, a stronger westerly derived by the enhanced AO
or NAO leads to weak ice production, though ice flux
through the Fram Strait is enhanced because the SLP
gradient between Iceland and Greenland increases, asso-
ciated with a deeper Iceland Low in winter (Kwok and
Rothrock, 1999).

So far, most attention has been paid to high latitude
seas. However, in the middle latitudes, temperature and
sea ice may respond more sensitively in the context
of global warming and the associated changes in atmo-
spheric circulation. In the present study, we address sea
ice severity in the Bohai Sea in East Asia (Figure 1),
which is the southernmost sea in the northern hemisphere
where sea water freezes in boreal winter. A better under-
standing of sea ice variability in this region is of scientific
interest, as it is a sensitive indicator of climate change.
Moreover, sea ice in this region is of great economic
significance because one of China’s economic centers is
located around the Bohai Sea, a place where the gross
domestic product (in the total as well as per capita) is rel-
atively high. Economic development in this area is highly
dependent on the sea conditions and is vulnerable to nat-
ural disasters such as bitter winters (Shi, 2003). Heavy
sea ice occurs frequently and in extreme cases almost the
entire sea is covered by sea ice. Under normal conditions
the ice depth ranges from about 40–60 cm in the coastal
water to about 10 cm at the extent of the ice edge (Zhang,
1986; Yang, 2000). In winters with heavy ice the ice can
be as deep as 1 m or more. Thus, the condition of the
sea ice has a great influence on fishing, the oil indus-
try, shipping, and so on, potentially causing tremendous
economic losses (Zhang, 1986).

Climate factors, such as the El Niño/Southern Oscil-
lation, western Pacific subtropical high, and so on, are

reported to explain the Bohai Sea ice variability (e.g.,
Geng and Wang, 2001; Bai et al., 2001; Liu et al., 2004;
Li et al., 2005). It seems that the importance of high lati-
tude circulation systems have been somewhat ignored or
underestimated, particularly in winter time, when influ-
ence from the tropics becomes less important than in
summer. Additionally, as a dominant circulation sys-
tem, the AO plays a very important role in the Northern
Hemispheric extra-tropic climate (Thompson and Wal-
lace, 1998; Thompson et al., 2000) and East Asia (Gong
et al., 2001; Wu and Wang, 2002; Jeong and Ho, 2005).
The AO’s impact on ice conditions in the Bohai Sea,
however, has not been addressed in previous studies.
In the present work we aim to investigate the relation
between them.

In Section 2 we describe the data employed, including
the sea ice severity index, temperature, and atmospheric
circulation. The coherence between sea ice and air
temperature is presented in Section 3. The variability
of temperature and atmospheric circulation in association
with the AO is analyzed in Section 4. Long-term changes
in temperature and the circulation in the context of
ice severity are examined in Section 5. Finally, the
conclusions of the study are summarized in Section 6.

DATA AND METHOD

Sea ice severity index

The Bohai Sea is located off northeast China, from about
37–41°N to 117–123 °E, and is surrounded by land to
the west, north, south, and northeast (Figure 1). It opens
to the Yellow Sea only in the southeast by way of the
Bohai Strait. On average, the water depth is 18 m. In such
a half-enclosed and very shallow sea, the local weather
plays an essential role in sea ice conditions. Observations
indicate that, in this particular region, the dynamical
factors such as wind stress and surface ocean currents
are not so important in the distribution of sea ice (Zhang,
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Figure 1. Study area and meteorological stations. BHB: Bohai Bay, LDB: Liaodong Bay, LZB: Laizhou Bay.
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1986). In the present study, thus, we do not address the
influence of wind related ice-dynamics. We focus only
on the sea ice severity due to temperature variability.

The operational observation and prediction of sea
ice in northern China began in the middle 1950s. To
monitor the sea ice in northern coastal waters, the
State Oceanic Administration (SOA, 1974) defined five
categories of sea ice severity on the basis of the ice depth
and the maximum coverage of fixed and floating ice.
According to the maximum ice extents along the axes
of Liaodong, Bohai, and Laizhou Bays (see Figure 1),
their respective sea ice severity were determined, then
the three severity indices were averaged to make a
single index for the entire sea. The five categories vary
from 1.0 to 5.0. Category 1 represents the lightest ice
severity, 5 the most severe, 3 the normal, and categories
2 and 4 denote the moderately light and moderately
heavy severities, respectively. During extreme conditions
(category 5), most of the sea is covered by sea ice. In
the present study, the sea ice severity index is taken
from (Bai et al., 2001) for the period 1953/54–2000/01.
This data set has been updated further, for the period
2001/02–2004/05, in this study, on the basis of the
State Oceanic Administration’s annual bulletin of ocean
disasters. It is available at http://www.soa.gov.cn, and
the relevant figures or satellite imageries of ice extent
in association with the ice severity category can also be
found there. So, the sea ice time series covers winters for
the period 1953/54–2004/05 (Figure 2).

Meteorological data

Daily temperature for eight stations around the sea are
obtained from the China Meteorological Administration
(Figure 1 and Table I). All data cover the period of
1954–2002, except the data for Leting, which are avail-
able for 1957–2002. During the sampling period, there
are few missing days in six stations (Jinzhou, Yingkou,
Dalian, Huimin, Weihai, and Weifang). In these stations
the missed data occurred on the same days, namely 29
November 1955, and 29–30 December 1967. These miss-
ing data have been filled on the basis of observations at
neighboring stations (e.g. Figure 3).
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Figure 2. Time series of the Bohai Sea ice severity index for the winters
1953/54–2004/05. Shown as departures from the normal of 2.76 for

the reference period 1961–90.

In addition to the aforementioned eight stations,
we also used the seasonal mean temperature (Decem-
ber–February) for four stations (Tianjin, Dalian, Yantai,
and Chaoyang) whose data periods extend back to 1880
(Table I).

Northern Hemisphere tropospheric data used here are
taken from the European Centre for Medium-Range
Weather Forecast (ECMWF) 40-year reanalysis (ERA40)
(Uppala, 2005), and includes heights, wind vector, and
temperature from 1000 hPa to 100 hPa levels. ERA40
covers the period September 1957–August 2002 and
is archived on a 2.5° × 2.5° longitude–latitude grid.
The data are available six-hourly. In the present study,
we used only the data received at 0600UTC. Monthly
circulation data were obtained by averaging daily data.

The AO index is the corresponding time coefficient of
the first empirical orthogonal function of the monthly
SLP (northward of 20°N), and available since 1899
(Thompson and Wallace, 1998).

We also used SLP data from the Met Office Hadley
Centre, HadSLP2, which is a newly released data set
consisting of monthly fields of global land and marine
pressure on a 5-degree latitude–longitude grid cover-
ing the years 1850 to 2004 for details see (Allan and
Ansell, 2006).

Regression analysis

To reveal the relationship between the sea ice severity
index and the temperature and atmospheric circulation

Table I. Meteorological stations of temperature used in the present study.

Name WMO code Location Altitude Daily temperature
(1 November–31 March)

Winter mean temperature
(December–February)

Tianjin 54 527 39.08°N, 117.07 °E 2.5 m 1954–2002 1880–2004
Leting 54 539 39.43°N, 118.88 °E 10.5 m 1957–2002 no
Jinzhou 54 337 41.13°N, 121.12 °E 65.9 m 1954–2002 no
Yingkou 54 471 40.67°N, 122.27 °E 3.3 m 1954–2002 no
Dalian 54 662 38.90°N, 121.63 °E 91.5 m 1954–2002 1880–2004
Huimin 54 725 37.50°N, 117.52 °E 11.7 m 1954–2002 no
Weihai 54 776 37.40°N, 122.68 °E 47.7 m 1954–2002 no
Weifang 54 843 36.75°N, 119.18 °E 22.2 m 1954–2002 no
Yantai 54 751 37.53°N, 121.40 °E 47.0 m no 1880–2004
Chaoyang 54 324 41.55°N, 120.45 °E 169.9 m no 1880–2004
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Figure 3. Time series of the temperature of Dalian from 15 December 1967 through 15 January 1968. Compared with the simultaneous
temperatures of Tianjin and Leting, these two stations are used to estimate the missing data in Dalian and the other five stations.

in the Northern Hemisphere, a regression analysis is
performed. In this analysis, the sea ice severity index
anomaly is specified as one standard deviation, so that
the regression coefficients always correspond to the same
unit change of the independent variable. When analyzing
temperature and circulation associated with the change
in the AO, the same method is applied. The confidence
level of their regression relations is judged by a two-
tailed t-statistic. A strong trend and low frequency would
evidently reduce the effective degree of freedom, which
is a critical parameter in determining confidence levels.
To avoid any overestimation, we applied the (Bretherton
et al., 1999) method to calculate the effective degree of
freedom by computing the auto-correlation of the time
series. By this method, the number of degrees of freedom
is shorter by about eight than the sample length of the
ice severity index.

In addition, the field significance of the regression
maps including the 925 hPa temperature, 850 hPa wind,
SLP, and 500 hPa heights, as shown in the later sections,
are tested using Monte Carlo method. The critical num-
bers of grids for a 0.05 level vary in the range 11–19%
for these maps.

SEA ICE SEVERITY AND AIR TEMPERATURE

Variation in sea ice severity

Figure 2 shows the time series of the ice severity index
for the 52-year period. Strong year-to-year fluctuations
as well as long-term trends are clearly evident. Over
the data period, the variance of the original index is
0.98. Interannual variance with a timescale less than
10 years contributes about two-thirds of this, as estimated
from the results of a high-pass Butterworth filter. During

the total of 52 winters, the six most serious sea ice
extremes with a severity above category 4.0 occurred
in 1955/56, 1956/57, 1967/68, 1968/69, 1976/77, and
2000/01. Among them, the winter of 1968/1969 is the
most remarkable with regard to its impact. In that winter,
the sea ice covered almost the entire Bohai Sea, resulting
in great economic loss. More than 400 fishing vessels
with about 1500 workers onboard were stranded in the
sea by the heavy ice, and one oil drilling platform
was completely destroyed and two others were heavily
damaged (Zhang, 1986).

The other one-third of the total variance in sea ice
severity is accounted for by low-frequency variations
longer than 10 years. As seen in the figure, greater ice
severity takes place frequently in some periods: severity
peaks in the mid 1950s, late 1960s, and 1976. Also,
it is noted that the secular trend accounts for a large
portion of the low-frequency variations. The linear trend
estimated using a least squared error technique is −0.29
per 10 years (Table II). This significant change rate, in
the absolute value, is about 30% of the standard deviation
of the ice severity index. Thus, the ice severity is
becoming significantly lighter, and ice coverage is getting
smaller.

To examine the details of the temporal features, we
checked the dominant frequencies using power spectral
analysis. The variations with time scales of 2.7, 3.3,
6.7, and 13.3 years are outstanding in power spectral
density, although none of them are statistically significant
at the 0.05 level. Some previous studies found similar
time scales in the Bohai Sea ice conditions (Bai et al.,
2001; Li et al., 2005). It is interesting to note that AO
and NAO consists of similar leading signals with time
cycles of about 2.2–2.4, 7.8, and 12.8 years (Hurrell

Table II. Trends in climate time series during the period 1954/55–2001/02. Unit: Per Decade.

Sea ice AO
(Dec.–Feb.)

Mean temperature
(Dec.–Feb.)

Number of freezing days
(Dec.–Feb.)

Freezing degree days
(Dec.–Feb.)

Freezing duration
(Nov.–Mar.)

−0.29a +0.34a (+0.27a,c) +0.42 °Ca −3.6 daysa +32.5 °C daysa −3.8 daysb

a Significant at α = 0.01 level.
b At 0.05 level.
c For 1954/55–2004/05.
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Figure 4. Time series of the December–February AO index (solid line), along with Bohai Sea ice severity appearing as bars, which is normalized
and multiplied by minus one. This figure is available in colour online at www.interscience.wiley.com/ijoc

and van Loon, 1997; Jevrejeva and Moore, 2001). With
regard to AO variability, Baltic Sea ice conditions during
the past 150 years are mainly associated with signals
in the 2.2–3.5, 5.7–7.8, and 12.8 year bands (Jevrejeva
et al., 2003), comparable with the Bohai Sea ice severity
results.

The relation between AO and the Bohai Sea ice
severity is clearly identified by comparing their time
series (Figure 4). Since two variables have an out-of-
phase correlation, to facilitate comparison of the figures,
the ice index has been normalized and multiplied by −1.
The two series then show very good agreement, that
is, some severe ice winters are accompanied with AO
minima, such as the winters of 1968/69, 1976/77, and
2000/01. Two of the curves are significantly correlated
with a Pearson correlation coefficient of r = −0.57 (r2 =
32%). Even after removal of the notable long-term
trends, which have an excessive impact on the degree
of freedom, the interannual components of these two
variables are correlated with a strong correlation of
r = −0.51 (r2 = 26%), still significant at the α = 0.01
level, suggesting that their association in variability is
statistically robust.

Air temperature

A large drop in air temperature, related to the strong East
Asian winter monsoon, can easily cool the sea surface
below freezing point and consequently result in the for-
mation of sea ice in the coastal waters. One outstanding
feature in East Asian climate change is the significant
warming in winter. Particularly, the north portion of East
Asia (includes the target region) has experienced a larger
warming trend than the south (Wang and Gong, 2000;
Wang et al., 2001). Here we examine the mean tempera-
ture variability in winter (December through February)
when sea ice reaches its maximum extent. Averaging
from daily air temperature readings of eight stations that
are located around the Bohai Sea (Table I), we obtained
the mean temperature time series, T = 1

n
∑n

i=1 Ti , where
Ti is the daily mean temperature, and n is the number

of days from December 1st through to 28/29 Febru-
ary. The calculation is done for each station each win-
ter. Figure 5a shows the mean temperature anomalies in
December–February. The two time series are correlated
at r = −0.77, r2 = 59% (Table III), being a fairly well
inverse relationship. The peaks of the sea ice severity
(such as in 1956/57, 1968/69, and 2000/01) correspond
very well to temperature minima. As the winter mean
temperature has increased at the rate of +0.42 °C per
10 years during the last couple of decades, the sea ice
severity rapidly declined correspondingly. Mean temper-
ature alone accounts for about 60% of the ice severity
variance. Extreme temperature events occurred frequently
in the most recent two decades. The winters of 1998/99
and 2001/02 rank as the warmest cases since the 1950s,
accompanied with ice severity minima. China experi-
enced the warmest year in 1998, and much of the warm-
ing occurred in the northern winter season (Gong and
Wang, 1999a; Wang et al., 2001) meanwhile notably thin
ice conditions were observed in the Bohai Sea (Meng and
Li, 1999). Dalian station documented the highest tem-
perature anomaly in the winter of 1998/99 since records
began in 1905, and ice melted about 20 days earlier than
normal (Meng and Li, 1999). The maximum ice extent
in the Liaodong Bay was 59 nautical miles, while in the
Bohai and Laizhou Bays the maximum ice width was
10 and 3 nautical miles, respectively. The ice maximum
was observed on 15 January 1999. Averaging from the

Table III. Correlation among climate indices for the period
1954/55–2001/02a.

T Number of
freezing days

Freezing
degree days

Freezing
durationb

Ice severity index −0.77 +0.77 −0.84 +0.47
AO index +0.46 −0.50 +0.54 −0.25
Siberian High −0.73 +0.73 −0.78 +0.56
Trough index +0.69 −0.67 +0.72 −0.55

a All values are significant at α = 0.01 level, except for the correlation
between AO and the freezing duration of which the level is α = 0.1.
b November–March.
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Figure 5. Time series of the temperature indices shown in solid lines as departures from the reference period of 1961–1990. (a) mean temperature,
(b) number of freezing days, (c) freezing degree days, (d) freezing duration. The ice severity index are shown as bars for comparison. To facilitate

comparison, the ice indices in (a) and (c) have been multiplied by minus one and arbitrarily rescaled.

Table IV. Bohai Sea ice conditions and the temperature in winters 1998/99 and 2000/01.

Liaodong Bay Bohai Bay Laizhou Bay Temperature anomaly

Winter of 1998/1999: – – – –
Maximum width (nautical mile) 58 10 3 –
Date of maximum extent 15 January 1999 – – +2.6 °C (+1.9σ)a

Ice severity 1.5 – – –
Winter of 2000/2001: – – – –
Maximum width (nautical mile) 115 30 ∼5 –
Date of maximum extent 7–13 February 2001 – – −0.1 °C (−0.05σ)b

Ice severity 4 – – –

a January.
b February.
σ is the standard deviation for 1961–1990 reference period.

eight stations, the monthly mean temperature in January
1999 is −2.2 °C (anomaly is +2.6 °C), about 1.9σ above
the 1961–1990 reference normal (Zhang and Li, 1999;
Meng and Li, 1999). It should be noted that in some win-
ters the surface air temperature was only slightly below
the normal but a severe ice condition took place, such
as in winter of 2000/01 when the most severe ice condi-
tion occurred since the 1980s (Table IV). This may be
due to several strong cold surges in association with
extreme weather conditions. This could also be due to
the change in sea ice dynamics, i.e. the distribution of
ice could be governed by a strong wind. The floating sea
ice moves at an average velocity of 0.3–0.5m/s, and its

dominant moving path/direction is northeast–southwest,
nearly parallel to the western coast (Zhang, 1986; Bai
et al., 1999). Therefore, the influence of wind on ice
extent is not as important as temperature.

Sea ice often exists on many of the winter days. On
average, sea ice appears first in the Liaodong Bay in late
November, in the Bohai Bay in middle December, and in
the Laizhou Bay in late December, whereas it disappears
in middle March in the Liaodong Bay and in late February
in the Bohai and Laizhou Bays. Thus, the duration of
freezing (which may be separated by some relatively
warm days) is about 100 days on the northern coast and
60 days in the southwest, respectively (Bai et al., 1999).
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Using daily air temperature here, we checked the duration
of freezing, which is defined as the length between the
first freezing spell and the last freezing spell during the
period 1 November–31 March. The start of a freezing
spell is counted when five consecutive days with a daily
mean temperature below −4 °C is observed. One freezing
duration may consist of some short freezing spells, but
between these freezing spells the temperature can be
close to zero or even above zero in Celsius. It should be
pointed out that in the present study the length of freezing
duration is defined on the basis of air temperature, not
on the presence of sea ice. This air temperature derived
length of freezing duration is somewhat shorter than that
for the sea ice observations, this is because the freezing of
seawater depends not only on the temperature, but also
on salinity. The salinity of coastal waters is low, thus
freezing can take place at a higher temperature, subject
to location and weather (Zhang, 1986). For example,
in northern Liaodong Bay the freezing temperature of
water is about −1.4 °C (Li, 1999). (Gu et al., 2003) also
employed a threshold of −2 °C to estimate the Bohai
Sea ice amount. To highlight the ice severity, however,
in this study we used an air temperature of −4 °C,
which is a somewhat stricter criterion. Generally, the
ice severity varies in phase with the length of freezing
duration with a correlation of +0.47, suggesting that
severe ice conditions tend to occur in longer freezing
duration winters. Since the 1950s, the freezing duration
has been decreasing at a significant rate of −3.8 days
in 10 years, thus during the last 48 years, the freezing
duration has shortened by 18.2 days.

In addition to the mean temperature and freezing
duration, we further checked another two temperature
indicators, namely, the freezing degree days (FDDs), and
number of freezing days (NFD). Here, FDD and NFD are
respectively defined as follows:

FDD =
n∑

i=1

Ti, (Ti ≤ −4 °C) (1)

NFD =
n∑

i=1

δi, (δi = 1 if Ti ≤ −4 °C

δi = 0 otherwise) (2)

where Ti is the daily temperature and n is the number
of days from 1 December through to the next 28 Febru-
ary (or 29 February in leap years). As seen from the
two equations above, NFD counts the number of days
in which the daily mean temperature is below freezing
point. FDD represents the accumulated freezing temper-
atures from all freezing days in each winter, and to some
extent it reflects the accumulated air temperature cold-
ness. Both NFD and FDD show a strong correlation to
the sea ice severity index, with correlation coefficients
of +0.77 (r2 = 59%) and −0.84 (r2 = 71%), respec-
tively (Figures 5(c) and 5(d)). Generally, the maxima and
minima in these four temperature indices are consistent

with each other as well as with the ice conditions. Com-
pared to the mean temperature, the FDD represents ice
severity with a more physical meaning. As the accumu-
lated FDDs depict the extent to which these days get
cold, it is an important indicator of the sea ice amount
(Gu et al., 2002). The highly in-phase variations between
sea ice index and FDD are most outstanding, as can be
seen in Figure 5. The positive trend of FDD (+32.5%
per 10 years) suggests a rapid decrease in the coldness,
which plays an essential role in the reduction of sea ice
severity.

In deep and open oceans, the sea water responds
to atmosphere with a certain time lag (usually varying
from 1 to 2 months). However, the condition in the
shallow Bohai Sea is very different. We computed the
possible time lags between sea ice and temperatures.
Analysis shows that, among all possible time lags, the
simultaneous correlation is the highest. This may be
because of the fact that the Bohai Sea is very shallow
and well mixed all the time and the sea ice here is mainly
controlled by the regional weather. Therefore, it seems
that the long-term warming trend and the associated
decrease in NFD, FDD, and length of freezing duration
in north China is directly and chiefly responsible for the
decrease in the sea ice severity in the Bohai Sea.

RELATIONS TO AO

Local temperature changes

Changes in both temperature mean and temperature
variance can impact the length of freezing duration,
FDD, and NFD, and as a consequence, influence sea ice
conditions. Many previous studies have indicated that
the temperature in East Asia is highly linked to the
AO phases, the mean temperature being warmer than
normal and the high frequency variance of temperature
becoming smaller during positive-AO winters (Gong and
Ho, 2004; Gong et al., 2004). To understand better how
local temperatures respond to AO, we analyzed the
temperature statistics of the daily data. Because variance
and means differ from station to station, only two stations
(Jinzhou and Dalian) are taken as examples here. First
of all, the high-AO and low-AO phase years during the
period 1954/55–2001/02 are identified with respect to its
anomaly:

(1) Seven high-AO winters with AO index larger than
+1.2σ : 1972, 1975, 1988, 1989, 1991, 1992, and
1999;

(2) Six low-AO winters with AO index smaller than
−1.2σ : 1959, 1962, 1965, 1968, 1969, and 1976.

The remaining winters are AO-neutral years. Table V
summarizes the mean temperature, variance, and
temperature-related ice parameters at two stations,
Jinzhou and Dalian. In these two stations the mean
temperature for high-AO winters is significantly greater
than the mean temperature for low-AO winters, 1.9 °C
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Table V. Statistics for two stations’ daily mean temperature in
association with AO index.

Mean
(°C)

Variance
(°C2)

Number of
freezing

days
(Days)

Freezing
degree
days

(°C days)

Freezing
duration
(Days)

Jinzhou:
High-AO −5.3 17.8 56.7 −444.5 60.4
Low-AO −7.2 24.8 66.5 −625.9 81.8
High–low 1.9a −9.8a 181.4a −21.4b

Low/High 1.4a

Dalian:
High-AO −1.7 18.2 25.7 −177.4 20.2
Low-AO −3.5 30.4 40.5 −345.2 37.3
High–low 1.8a −14.8a 167.8a −17.2
Low/High 1.7a

a Significant at 0.05 level.
b At 0.1.

in Jinzhou and 1.8 °C in Dalian, respectively. The
corresponding decrease in NFD and freezing duration,
and mitigation of FDD are evident in the two stations.
It is interesting to note that the temperature variance
is notably different between high-AO and low-AO
winters (Figure 6). At first glance, we find that the
temperature distribution in low-AO winters tends to have
a broader span, while the peak of probability density
function (PDF) is smaller than the peak for high-AO
PDF, suggesting that the daily temperature in low-
AO winters is more variable than in high-AO years.
The variance difference between high-AO and low-AO
winters, estimated using F-statistics, shows that both
Jinzhou and Dalian are significant at the 0.05 level.
Our analysis indicates that AO-associated changes in
both temperature mean and temperature variance are
important.

The observed changes in NFD and FDD and ice
conditions may be due to the combined effects of
temperature mean and variance. To obtain an idea about
the extent to which each of them impacts the number
of freezing days and FDDs, we employed a theoretical

computation. The theoretical PDF is determined by the
observed mean (µ) and standard deviation (σ ) on the
assumption that the temperature (T ) obeys the normal
distribution:

PDF = y(T |µ,σ ) = 1

σ
√

2π
e

−(T −µ)2

2σ 2 (3)

Taking into account the length of winter (L = 90 days),
the theoretical number of freezing days and FDDs can
simply be computed. Subject to the observed values of
the mean and standard deviation in high-AO and low-AO
winters, the NFD and FDD changes due to the changes of
µ and/or σ can be separately estimated as given below:

�NFD = 90
(∫ −4 °C

−∞
y+dT

)
−

∫ −4 °C

−∞
y−dT ) (4)

�FDD = 90
(∫ −4 °C

−∞
Ty+dT −

∫ −4 °C

−∞
Ty−dT

)
(5)

where y+ and y− denote the PDF in association with
high-AO and low-AO winters, respectively. Results are
shown in Table VI. For Dalian, the NFD difference
between high-AO and low-AO winters is −14.7 days.
�µ and �σ contributes −13.0 and −1.7 days, respec-
tively. Similarly, about 70% of the FDD changes are due
to the changes in µ, while the contribution by �σ is

Table VI. Theoretical changes in the number of freezing days
(�NFD), and the freezing degree days (�FDD) due to
temperature mean (µ) and standard deviation (σ ) differences

between high-AO and low-AO winters (high minus low).

�µ alone �σ alone �µ + �σ

Jinzhou
�NFD (days) −12.4 3.0 −9.5
�FDD (°C Days) 166.8 12.0 179.2

Dalian
�NFD (days) −13.0 −1.7 −14.7
�FDD (°C Days) 114.6 49.8 163.8
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Figure 6. Probability density function (PDF) for daily mean temperature of Jinzhou and Dalian, showing the difference between the high-AO
and low-AO winters.
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Figure 7. Changes of air temperature at the 925 hPa level in December–February in association with a one-standard-deviation stronger sea ice
severity index (a) and AO (b), based on the data period of winters 1957/58–2001/02. Areas significant at 0.05 level are shaded and the high

correlation center with |r| ≥ 0.6 indicated by darker shading. Contour intervals: 0.5 °C. Zero lines are omitted for clarity.

much weaker, though the variance itself changes signifi-
cantly from high-AO winters to the lows. The influence
of the variance on FDD is somewhat greater than that
on NFD because it impacts much more on the extreme
temperatures. The evident influence of �σ can also be
found in the case of Jinzhou. It is very interesting to note
that in Jinzhou a smaller variance in high-AO winters
gives rise to about three more freezing days, in contrast
to the conditions in Dalian, where the smaller σ causes a
drop of −1.7 days in NFD. This is due to the fact that the
Jinzhou mean temperatures in both high-AO and low-AO
winters are below the critical point of −4 °C, and so a
smaller temperature variance in high-AO winters results
in less warmer temperature days. Since the critical point
of −4 °C is located on the warmer half (i.e. the right
side) in the PDF, the number of cold days increases as a
consequence. This indicates that the climate indices may
respond to variance changes in different (even opposite)
ways, depending on how the critical points or standards
are selected. Overall, the above analysis suggests that,
compared to the variance, the mean changes in tempera-
ture in association with AO phases have a more important
influence on air temperature indices and ice conditions.

Large-scale temperature anomalies

In the previous section, we showed that there is a mod-
est association between the AO and sea ice severity,
as suggested by their r2 of 32%. Temperature plays an
essential role in the Bohai Sea ice. Thus the AO influ-
ence, if any, in a physical sense, should be supported by
a large-scale climate anomaly in the context of the Bohai
Sea ice. To verify this, we first regressed the Decem-
ber–February air temperatures at the 925 hPa level over
the whole Northern Hemisphere on the ice severity index.
The results (Figure 7(a)) show that there is a clearly
well-defined spatial pattern on a hemispheric scale. In
association with heavier ice severity, the air temperature
is 0.5–1 °C lower in the middle-high latitudes of Asia

and anomalies of about −0.5 °C appear in northern and
eastern Europe. Meanwhile, the temperatures in northern
Africa and Greenland rise above 0.5 °C. These features
resemble the general structure of AO-related temperature
anomalies (see relevant figures Hurrell and van Loon,
1997; Thompson and Wallace, 2000). For comparison,
we plotted the AO regression maps (Figure 7(b)). Both
maps are significant at a 0.05 level, as confirmed by the
field significance test. A similarity in the spatial pattern
between the sea ice severity and AO is impressive, espe-
cially in mid-high-latitudes. In the case of weaker AO
winters by one standard deviation, negative temperature
anomalies (−0.5 to −1.5 °C) appear in mid-latitude Asia,
Europe, and the southeastern U.S., while strong positive
anomalies take place in northern Atlantic (≥+2C) and
northern Africa (+0.5 to +1.0 °C). This evidence sug-
gests that severe ice conditions in the Bohai Sea tend to
occur when AO is in its negative phases, while light ice
conditions tend to appear in positive-AO winters. Clearly,
the Bohai Sea air temperature anomaly is a local mani-
festation of hemispheric changes in the context of AO.

Thompson and Wallace (2000) demonstrated that a lot
of the AO-related temperature anomalies are associated
with horizontal heat advection due to the zonal compo-
nent of the air-flow. However, in East Asia an opposite
advection appears in the south of the Bohai Sea and
in the areas north of it (see Figure 11 in the reference
cited). Around the Bohai Sea the temperature advection
due to zonal winds is not obvious. Thus, it is unlikely
that the zonal heat transport can explain the significant
temperature change over northern China. Previous stud-
ies have reported that AO exerts an obvious influence
on East Asia through the winter monsoon (Gong et al.,
2001; Wu and Wang, 2002), while in the lower tropo-
sphere the winter monsoon is characterized by a dominant
meridional circulation, as supported by the presence of a
remarkable horizontal wind at 850 hPa (Figure 8). Dur-
ing negative AO winters, an anomalous north wind is
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Reg.<V850, −AO> Max.=1.96m/s

Figure 8. Changes in horizontal wind at the 850 hPa level in December–February in association with a one-standard-deviation weaker AO index,
based on the data period of winters 1957/58–2001/02. Shading indicates either zonal(u) or meridional (v) wind that is significant at the 0.05

level.

observed over the whole of East Asia. Two major paths
are clear. One path is the original source of the anoma-
lous northerly winds that is located in western Siberia:
a northerly wind anomaly is found along about 90 °E,
which then turns northwesterly, and finally appears as an
anomalous northerly wind in East Asia. The other source
is located in the east of Siberia: anomalous northerly
flow originates from there and reaches East Asia along
120–130 °E.

A pressure-height section along 120 °E shows that
the colder temperature in heavy ice conditions occurs
between 30–60°N, with its center at about 45°N, and
extends from the surface up to the 400 hPa level. Note
that heat transport by the north wind appears to be impor-
tant below 700 hPa, while between 400–700 hPa the
north wind transport is weak (Figure 9). Interestingly, the
changes in circulation in association with AO also show
very similar features (Figure 10). An anomalous low tem-
perature anomaly at 35–75°N extends from the surface to
400 hPa and the anomalous north wind is evident below
about 700 hPa. On a planetary scale, the AO-related zonal
wind dominates from the lower troposphere to the lower
stratosphere (Thompson and Wallace, 2000), and the cold
temperature anomaly between 700 and 400 hPa is likely
due to the zonal/vertical heat transport. However, near
the land surface, the meridional transport is dominant.
These features are also supported by the changes in the
zonal mean wind (u). The upper troposphere westerly
wind (particularly the jet stream) is stronger in nega-
tive AO phases and heavy ice winters. This is consistent
with previous studies (Ambaum et al., 2001; Chen et al.,
2003). All the evidence suggests that the large-scale AO
plays a very important role in the Northern Hemisphere
temperature changes, including in East Asia.
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Figure 9. Regression of wind and temperature along the 120 °E section
in troposphere (from 1000hPa to 100hPa) on the sea ice severity index.
In (a), the temperatures are shown in contour lines with interval of
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and vertical (w) motion are shown as vectors, w has been multiplied
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Figure 10. Same as in Figure 9, but for regression upon the AO index.
Here, the AO index has been multiplied by −1 to facilitate comparison.

Sea level pressure

The AO is defined by SLP fields and thus reflects the
change in regional SLP. During winter, the dominant
circulation system near the surface of the Eurasian
continent is the Siberian High, which exerts considerable
influence on climate in mid-high-latitudes (Gong and Ho,
2002; Panagiotopoulos et al., 2005), and explains about
43% of the temperature variance in East China during
the last one hundred years (Gong and Wang, 1999b).
Previous studies reported that there is a significant out-
of-phase relationship between the AO and the intensity
of the Siberian High (Gong et al., 2001; Wu and Wang,
2002; Gong and Ho, 2002). It is worth investigating how
the AO-related SLP changes are related to the Bohai Sea
ice severity.

The HadSLP2 SLP anomaly related to the sea ice
severity index was determined by linear regression and
is presented in Figure 11. In heavy ice winters, the
SLP tends to increase in the Arctic Ocean and decrease
in the mid-latitudes of the North Atlantic. This is
reminiscent of the negative AO pattern. Note that the
most significant SLP change is found in Siberia, where
the SLP is strongly correlated with the sea ice index
above +0.6, i.e., r2 ≥ 36%. This regression map is
significant at the 0.05 level by the field significance test.
In order to look for more detail, we simply defined

0.5
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2
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Figure 11. Changes of December–February SLP (HadSLP2) in asso-
ciation with a one-standard-deviation stronger sea ice severity index,
based on the data period of winters 1953/54–2003/04. Areas significant
at the 0.05 level are shaded. High correlation center with |r| above 0.6
is indicated by darker shading. Contour interval: 0.5 hPa. Zero contours

are omitted for clarity.

a Siberian High index as the regional mean SLP in
70–140 °E and 55–70°N where the most significant
correlations are located. The domain mean temperature
and FDD are well correlated with the Siberian SLP at
−0.73(r2 = 53%) and −0.78(r2 = 61%), respectively.
Comparable correlation coefficients are found in the
NFD and the length of freezing duration (Table III).
This is consistent with previous studies in which a
tight relationship between the Siberian High and East
Asian temperatures was obtained, similar to this study
(e.g., Gong and Wang, 1999b; Wu and Wang, 2002).
Furthermore, the Siberian SLP variations are largely
explained by the AO index, with a r2 of 44% during
the period 1899–2001, suggesting that the Siberian High
plays a very important role in Bohai Sea temperatures
and sea ice conditions in the context of the planetary
scale AO.

The AO is capable of impacting the Siberian SLP in
both dynamical and thermal ways. The build up of the
SLP high is mainly due to strong surface radiation cool-
ing and partially due to the downward motion of air
because of the middle troposphere convergence (Ding
and Krishnamurti, 1987; Ding, 1990). Thompson and
Wallace (2000) examined the role of heat advection in
maintaining the surface air temperature anomalies asso-
ciated with the AO. In high-AO winters, an anomalous
warm temperature advection is found over much of the
mid-high-latitudes of the Eurasian continent. The temper-
ature advection balances the radiation cooling to some
extent, leading to a lower SLP and a weaker Siberian
High.

A weakening trend in SLP over Northern Hemispheric
high latitudes in recent decades is dominant (Walsh et al.,
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Figure 12. Changes of December–February 500 hPa heights in association with a one-standard-deviation stronger sea ice severity index (a) and
a one-standard-deviation weaker AO (b), based on the data period of winters 1957/58–2001/02. Areas significant at the 0.05 level are shaded.
High correlation center with |r| ≥ 0.6 is indicated by darker shading. Contour intervals: ±5, ±10, ±20, ±30, ±40m. Zero contours are omitted

for simplicity.

1996; Serreze et al., 2000). For example, using different
data sets and definitions, (Gong and Ho, 2002) and
(Panagiotopoulos et al., 2005) found that the Siberian
High experienced a significant decrease of −1.78hPa over
10 years from 1978–2000 and −2.5hPa over 10 years
between 1978 and 2001, respectively. These results are
consistent with the rapid drop in pressure over the Arctic
Ocean and neighboring areas (Walsh et al., 1996), and
the upward trend in AO and NAO in the last couple
of decades (Hurrell, 1995; Thompson et al., 2000). This
suggests that the significant mitigation trend of the Bohai
Sea ice severity could be linked to the AO-related SLP
trend.

500 hPa heights

In order to understand the middle troposphere circulation
changes in association with the Bohai Sea ice severity, we
computed the regression of 500 hPa heights against the
ice index (Figure 12). Significant negative height anoma-
lies are located around the Bohai Sea with the correlation
center appearing in the north area. Interestingly, negative
signals are found simultaneously in the middle latitudes
(about 30–60°N) of the North Pacific, southern Europe,
the North Atlantic, and North America, while positive
anomalies occur in the Arctic Ocean. Field significance
test also suggests the patterns are significant at the 0.05
level. This structure obviously resembles the negative
AO pattern, implying an AO influence in generating the
planetary scale 500 hPa height anomalies over the extra-
tropical Northern Hemisphere.

In the climatology of the area, a trough is situated
in East Asia at the 500 hPa level. In Figure 12, nega-
tive height anomalies in East Asia imply that in low-
AO winters the trough gets deeper and the meridional
pressure/height gradient between the middle latitudes
and the polar regions weakens in the East Asian sec-
tor. To quantitatively represent the geopotential gradient

and trough intensity, we defined a trough index as the
geopotential height difference between two regions deter-
mined according to high correlation centers, as shown
in Figure 12. The region in the south is 100–120 °E,
40–45°N, while the polar region is set to 90–150 °E,
70–85°N. To get rid of the influence of different variances
between the middle and high latitudes, the polar and
southern regions are normalized separately and then their
difference (south minus north) is used as the trough index.
There is a moderate correlation between the trough index
and the AO, r = +0.58 (r2 = 34% for the data period
1957/58–2001/02 and significant at the 0.01 level). When
the trough index becomes higher, the air temperature
around the Bohai Sea increases significantly, and the
number of freezing days, FDDs and the length of freezing
duration all show significant relations correspondingly
(Table III).

There are several ways for the trough index to be linked
to the AO-Bohai Sea temperature and ice conditions.
In positive-AO phases the trough index rises, implying
a shallower East Asian trough and greater gradient at
the 500 hPa height from middle latitude Asia across the
North Pole. This suggests that in association with the
high-AO phases the meridional wind components of the
air-flow are suppressed, providing unfavorable conditions
for a cold air mass in polar and sub-polar regions bursting
southward into East Asia. On the other hand, in low-
AO winters an anomalous north wind occurs in most of
the mid-high-latitudes of Asia in the middle to lower
troposphere (such as 850 hPa level, see Figure 8).

In addition, a high-AO and high trough index means a
shrinking circumpolar vortex over the East Asian sector,
also providing unfavorable conditions for the activity of
cold air mass. The Northern Hemisphere circumpolar
vortex index can be defined as the area encompassed
by a specific contour line, which is determined by
the strongest meridional height gradient at the 500 hPa
level (Burnett, 1993). The Asian polar vortex (with the
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same earlier definition but over the sector 60–150 °E, as
employed by the China Meteorological Administration in
routine weather analysis) is significantly correlated with
mean temperature, r = −0.54 (r2 = 29%), NFD, r =
+0.53 (r2 = 28%), FDD, r = −0.52 (r2 = 27%), and
the length of freezing duration, r = +0.48 (r2 = 23%).

Dynamically, the varying trough can cause a simulta-
neous change in divergence in the relevant regions. The
500 hPa level divergence in association with the neg-
ative phase AO shows negative anomalies over most of
middle-high Asia (figure not shown), implying an anoma-
lous air-flow convergence in the rear of the East Asian
trough, which helps in strengthening the surface pressure
and consequently leads to a stronger Siberian High.

In short, these features of the middle troposphere (as
represented by the 500 hPa level) are consistent with
different circulation changes at other levels, and also
display good correlation to the Bohai Sea temperatures
and ice conditions with regard to the AO.

LONG-TERM CHANGES

It is interesting to analyze the long-term changes of
the Bohai Sea ice severity during the last one hundred
years in association with the AO under a rapidly warm-
ing global climate. Unfortunately, there is insufficient
objective observation of the Bohai Sea ice conditions
before the 1950s. Given the fact that ice conditions are
tightly connected to the regional air temperature and
large-scale atmospheric circulation systems, in this study
we have provided an analysis of the meteorological cold-
ness derived from the temperature and circulation indices
since 1880.

First we reconstructed a historical Bohai Sea ice index
using (1) regional mean temperatures, (2) the Siberian
High index, and (3) a trough index. Winter mean tem-
perature anomalies for Chaoyang, Tianjin, Dalian, and
Yantai are available from 1880 (Table I). Their arith-
metic averaging creates a regional mean temperature time
series. The Siberian High index was computed using the
HadSLP2 data available since 1850. The trough index
was extended to 1880 using the Northern Hemisphere
500 hPa height reconstructions of Gong et al. (2006),
which were reconstructed by using historical surface pres-
sure and temperature data of the Climatic Research Unit
of the University of East Anglia through a stepwise
regression approach.

On the basis of the data for the period 1953/54–2001/
02, the regional mean temperature time series, the
Siberian High, and trough indices were used as inde-
pendent variables and fitted to the observed Bohai Sea
ice severity time series using a multivariate regression
method. As the regression equation coefficients were
determined, they were employed to compute the sea ice
severity index for the period 1880–1952. These variables
are of high consistency and their mutual relationships are
stable with time (Table VII). In the earlier 54 years and
the later 49 years, their mutual correlations are all sig-
nificant and similar in the two periods. Therefore, the

Table VII. Correlation among historical time series of AO,
Siberian High, trough index, and temperature for the period
1899–1952. Their relations for period 1953/54–2001/02 are

shown in parentheses.

AO Siberian
High

Trough
index

Temperature

AO +1.0 −0.72 +0.53 +0.70
Siberian High (−0.60) +1.0 −0.68 −0.86
Trough index (+0.42) (−0.71) +1.0 +0.59
Temperature (+0.58) (−0.88) (+0.64) +1.0

All significant at α = 0.01 level.

derived ice index statistics and their coherent association
with the independent variables are very likely station-
ary over time. Using more predictors usually helps to
increase the variance explained by the regression model.
Here we intended to exclude the AO in the ice recon-
struction for the purpose of analyzing the historical AO-
sea-ice relationship (i.e. keep the sea ice reconstruction
independent of AO). In fact, when the AO is included
in the regression model, the total explained variance of
ice severity varies slightly from 66.3% to 69.1%, an
increase of only 2.8%, this is simply because AO has
very high covariance with temperature, Siberian High,
and trough index. Figure 13 shows the long-term time
series of the ice severity along with other variables. It
should be pointed out that the reconstruction of the ice
severity index should be regarded as a meteorological
cold severity index instead of the actual sea ice severity,
although the correlation between the estimated sea ice
index and the observation is as high as +0.84 (r2 = 71%)

during the period 1953–2001.
In Figure 13, some high and low values of ice severity

stand out. During 1880–1952, three winters of extremely
heavy ice severity can be identified, namely, the winters
of 1935/36, 1944/45, and 1946/47. All ice severity index
anomalies are greater than 1.98σ . In the same period,
two extremely low ice severity anomalies, with anomalies
below −1.98σ , are identified, including 1934/35 and
1948/49. It is interesting to note that very heavy ice
conditions were documented in local fishery logs in the
winters of 1935/36 and 1946/47, which are the two years
when almost the entire Bohai Sea was covered by sea
ice (Bai et al., 2001). Ice severities for these two winters
are comparable to the winter of 1968/69. These winters
are consistent with our reconstructed sea ice severity
extremes.

In order to check the corresponding changes in SLP
and 500 hPa heights in association with the historical
ice severity extremes, we made some composite maps.
To suppress the random noises, we analyzed the five
highest and five lowest ice severity winters, instead of
the three heavy and two light ice condition extremes as
identified above. Figure 14 shows the difference of the
heavy ice condition winters minus the light ice condition
winters. The heaviest five years are 1935/36, 1944/45,
1946/47, 1896/97, and 1892/93, and the lightest five
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Figure 13. Long-term series of AO (a), Siberian High (b), trough
index (c), and mean temperature (d) from four stations, and the
computed sea ice severity (e). In (e), the observed sea ice severity
values are superimposed as bars. Width of ±1 standard error (SE) of
the reconstructed ice severity index is shown together in the upper
right corner. All presented as departures from the reference period of

1961–1990. Low-frequency variations are shown as smooth lines.

years include 1934/35, 1948/49, 1902/03, 1913/14, and
1915/16. Generally, the features in SLP and 500 hPa
heights are very similar to the AO-related changes, as
revealed by the regression relations of modern observa-
tions (cf Figures 11 and 12), although the composites are
based on the historical SLP and reconstructed 500 hPa

heights. This supports the view that the AO also plays a
notable role in these extreme ice conditions in the histor-
ical period.

During the last one hundred years, the AO-ice severity
relationship has been stable through time, as revealed
by the sliding correlations using a 30-year window.
In almost all sub-time periods their correlations are
significant, with one exception occurring around 1960
when the correlations were relatively low and slightly
below the 0.05 level. The low correlations of AO around
1960 can also be found when it is compared with
other variables (the Siberian High, the trough index, and
regional temperature; Figure 13).

The possible links of the interannual and decadal
timescale frequencies in the ice severity (Section ’Vari-
ation in sea ice severity’ ) to the AO variability are
checked using a cross-power spectral analysis. Cross-
power coherence shows that the highest and significant
covariances stand at about 2.1, 3, 7.5–14 year periods in
the early period as well as during the entire data period.
During the observation period since 1953, the variations
of 2–2.5 years and ∼8 years, are significant, and par-
ticularly, the secular trends in both series are dominant.
Thus, the interannual and longer decadal signals of the
AO in the Bohai Sea ice conditions are generally robust
throughout the data period since the early 20th century.

It should be indicated that no evident trend is found in
the ice index prior to the 1950s. The significant decline
of ice severity after the 1970s is clearly unprecedented
since at least 1880s. This trend is well in agreement with
the enhancement of AO as well as the strong trends of the
Siberian High SLP (−0.5hPa over 10 years for the period
1970/71–2001/02), tough index (+0.39 over 10 years),
and regional temperature (+0.58 °C over 10 years).

CONCLUSION

Located in the middle latitudes, the ice conditions of the
Bohai Sea are very sensitive to the hemispheric climate
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Figure 14. Composites of SLP and 500 hPa heights. Five heavy ice severity winters (1935/36, 1944/45, 1946/47, 1896/97, 1892/93) minus five
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variability. In association with different phases of the AO,
the regional mean temperature, number of freezing days,
FDDs, and the length of freezing duration all change
consistently, resulting in corresponding changes in the ice
severity. In high-AO phases the Bohai Sea ice severity
tends to be lighter, while in low-AO winters it is heavier.

Regional air temperature around the Bohai Sea shows
significant differences in the mean as well as in the
variance between high-AO and low-AO winters. There is
a greater mean and smaller variance in high-AO winters
than in low-AO years. In the context of ice severity, the
change in the means is of greater importance than the
variance. The changes in air temperature with regard to
ice conditions are of a hemispheric scale and resemble
the AO-related pattern of climate anomalies.

Large-scale circulation anomalies associated with the
AO play an essential role in local temperatures and ice
conditions. In high-AO phases, the SLP over mid-high-
latitudes of the Eurasian continent tends to decrease and
the East Asian trough gets shallower, mainly resulting
from the anomalous surface heat advection, evidently
causing weaker convergence in the middle troposphere,
and weaker meridional wind anomalies in the lower tro-
posphere. As a consequence, the Siberian High becomes
weaker, and the East Asian air temperature rises above
normal. Therefore the Bohai Sea ice severity diminishes.
In contrast, heavier ice conditions tend to occur in low-
AO winters.

Generally, the relationship between the AO and ice
severity indices has been robust during the last one
hundred years. Their covariance stand at about 2.1, 3,
and 7.5–14 year periods. During the period 1880–1952,
three winters of extremely heavy ice severity can be
identified (namely, 1935/36, 1944/45, and 1946/47). The
rapid decline in the Bohai Sea ice severity since the 1970s
is unprecedented during the last century. This is well
in agreement with the upward trend in the AO and the
related changes of the Siberian High, trough index, and
the regional air temperature.

The results presented in this study provide useful infor-
mation about how the climate and sea ice of the middle
latitudes respond to global climate changes in the con-
text of the AO. The findings are also helpful for sea
ice prediction, modeling, and assessments, and indus-
trial management of the Bohai Sea region. However,
the AO-temperature relation declines in the recent two
decades, although their correlation is statistically signif-
icant. Whether and how this is associated with global
warming needs further study.
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