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ABSTRACT

This study identifies a decadal shift of summer surface air temperature (SAT) over Northeast Asia, including southeastern
parts of Russia, Mongolia and northern China, around the mid-1990s. The results suggest that the SAT over the Northeast
Asia experienced a significant warming after 1994 relative to that before 1993. This decadal shift also extends to northern
China, and leads to a warmer summer over Northeast China and North China after the mid-1990s.

The decadal warming over Northeast Asia is found to concur with the enhancement of South China rainfall around the
mid-1990s. On the one hand, both the Northeast Asian SAT and South China rainfall exhibit this mid-1990s decadal shift
only in summer, but not in other seasons. On the other hand, both the Northeast Asian SAT and South China rainfall exhibit
this mid-1990s decadal shift not only in the summer seasonalmean, but also in each month of summer (June, July and
August). Furthermore, the decadal warming is found to result from an anticyclonic anomaly over Northeast Asia, which can
be interpreted as the response to the increased precipitation over South China, according to previous numerical results. Thus,
we conclude that the warming shift of summer Northeast AsianSAT around the mid-1990s was a remote response to the
increased precipitation over South China.
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1. Introduction

The change in summer surface air temperature (SAT) that
has occurred in recent decades over Northeast Asia is noted
for its remarkable warming trend. Zhu et al. (2012) demon-
strated a warming trend of summer SAT over Northeast Asia
from 1954 to 2010, and suggested that this warming trend
may be explained by global warming. The warming trend
of SAT over this region has also occurred in spring (Zhu et
al., 2008). Moreover, this robust warming over the conti-
nental interior of Asia is further reflected in the annual mean
SAT, evident over the past few decades (Hansen et al., 1999,
2006). In particular, the warming of SAT over Northeast Asia
is much stronger after the late-1990s (Zhu et al., 2010).

The warming trend has also been observed in China.
Wang and Ye (1993) pointed out a pronounced warming of
annual mean SAT in northern China. Although the warming
trend in many regions over China has significant seasonal-
ity, the warming in northern China is robust in every season
(Hu et al., 2003; Tang and Zhai, 2005). Qi and Wang (2012)
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indicated that the warming trend for both seasonal mean and
extreme temperature in summer are much more significant
after 1990 over China. In addition, the warming can also be
measured by the diurnal SAT. The minimum daily tempera-
ture has increased over northern China during recent decades
(Ren and Zhai, 1998; Liu et al., 2004; Qian and Lin, 2004).

Some previous studies have indicated that the warming
over Northeast Asia and northern China has been accompa-
nied by changes in circulation over East Asia. The warm-
ing SAT over Northeast Asia is related to a positive geopo-
tential height anomaly (Zhu et al., 2010; Zhu et al., 2012).
Additionally, the high frequency of extreme hot weather in
northern China is associated with the positive geopotential
height anomaly in the middle and upper troposphere (Sun et
al., 2011).

The upper-tropospheric circulation over Northeast Asia
and East Asia experienced a decadal variation in the
mid-1990s. Kwon et al. (2007) suggested that the upper-
tropospheric westerly jet over East Asia weakened signif-
icantly, with an anticyclonic anomaly over Northeast Asia
and a cyclonic anomaly over South China after the mid-
1990s, and indicated the shift point was in 1993/94. Kwon
et al. (2007) demonstrated that the change of circulation in
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the mid-1990s was related to enhanced precipitation over
South China, as a barotropic response to the heat forcing
of increased precipitation. The reasons for the decadal in-
crease of South China rainfall have been investigated. Kwon
et al. (2007) suggested that the enhancement was induced
by the increase in the number of typhoons passing through
the southeastern part of China. On the other hand, Wu et
al. (2010) argued that the increases in SSTs over the In-
dian Ocean and snow cover on the Tibetan Plateau could be
the cause. Some previous studies have suggested that this
decadal variation of circulation may lead to changes in ex-
treme high temperature in China (Wei and Chen, 2011; Park
et al., 2012)

Previous studies have mainly focused on the warming
trend of SAT over Northeast Asia. However, little attention
has been paid to the decadal variation of Northeast Asia SAT,
which tends to be modulated by natural variability. Actu-
ally, a decadal shift can be superimposed on the long-term
trend and thus offset or enhance the trend over particular pe-
riods. On the other hand, various studies have investigated
the decadal variability of SAT over China. Kang et al. (2006)
suggested a decadal warming over China after the mid-1970s.
In addition, a warming shift of annual SAT over Northeast
China took place around the 1980s (Wang and Fang, 2004),
and it was more significant in winter and summer (Zhang and
Zhang, 2005). Lian et al. (1997) also indicated that the sum-
mer SAT in Jilin Province cooled from the 1950s to the 1970s,
but has been warming since the 1980s. However, these previ-
ous studies, by using data before the year 2000, did not detect
the decadal variations in the most recent one or two decades.
Recently, Shen et al. (2012) noticed a decadal warming over
Northeast China around 1994, but did not attempt to discuss
the possible reasons for the warming.

In the present reported study, we identified a decadal shift
of summer Northeast Asian SAT around the mid-1990s, and
discuss here the possible reasons for this shift. The remain-
der of the paper is organized as follows. Section 2 introduces
the datasets used in the work. The decadal shift of summer
Northeast Asian SAT is investigated in section 3. A rela-
tionship with the decadal shift of precipitation over South
China is discussed in section 4. Section 5 further analyzes
the changes of summer SAT over northern China. And fi-
nally, conclusions are drawn in section 6.

2. Datasets

The datasets used in the present study included SAT from
the Goddard Institute for Space Studies/National Aeronautics
and Space Administration (GISS/NASA) global land SAT
dataset (Hansen et al., 1999, 2006), precipitation data from
the precipitation reconstruction over land (PREC/L) dataset
(resolution: 1.0◦ ×1.0◦) (Chen et al., 2002), and the atmo-
spheric circulation variables of geopotential height and hor-
izontal winds from the monthly mean National Centers for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) Reanalysis I dataset (Kalnay et al.,

1996). In addition, monthly mean SAT of 160 stations, pro-
vided by the National Climate Center of the China Meteo-
rological Administration, was used to analyze the changes
of SAT in China. The study period was from 1958 to 2010
(53 years). Summer time was defined as June, July and Au-
gust (JJA). A runningt-test with a 10-yr sliding window was
applied to test the abrupt point of the decadal shift (similar
results were obtained using a 5-yr and 15-yr sliding window,
but are not shown in this paper).

3. Decadal shift of the summer SAT over
Northeast Asia

Figure 1 shows the differences of the upper-tropospheric
geopotential height and zonal wind between the periods of
1994–2010 and 1958–93. The geopotential height anoma-
lies are all positive north of 40◦N over Northeast Asia, with
a significant center around the Lake Baikal region (Fig. 1a).
This suggests that the geopotential height over Northeast Asia
is remarkably enhanced after the mid-1990s. The 200-hPa
zonal wind shows a negative anomaly along 40◦N over East
Asia (Fig. 1b), which weakens the climatological subtropi-
cal westerly jet. Also, this easterly anomaly and the westerly
anomaly over the north of Lake Baikal and Southeast Asia,
form an anticyclonic circulation anomaly over Northeast Asia
and a cyclonic anomaly over South China, which are fea-
tures consistent with the findings of Kwon et al. (2007). In
short, after the mid-1990s, the circulations are behaving as a
strengthened geopotential height over Northeast Asia and a
weakened subtropical westerly jet over East Asia.

In addition, the contrast in the geopotential height
anomaly between the north and south is more significant if
the time period starts from 1979, when the dataset is said to
be more reliable. The decadal shift of geopotential height
anomalies between 1994–2010 and 1979–93 shows a see-
saw pattern with a positive geopotential height anomaly over
Northeast Asia and a negative one over southern China (fig-
ures not shown). The positive geopotential height anomaly
over Northeast Asia exists from the lower to the upper tropo-
sphere. This further implies the occurrence of a decadal shift
in the mid-1990s for the circulation anomaly.

Corresponding to the changes of large-scale circulation
after the mid-1990s, the SAT experiences a significant warm-
ing over a wide area, ranging from central to eastern parts of
northern Asia, including southeastern Russia, Mongolia, and
northern China (Fig. 2a). This decadal shift of warming af-
ter the mid-1990s coincides with the intensified geopotential
height over Northeast Asia and the weakened East Asian sub-
tropical westerly jet (Fig. 1). On the one hand, the positive
height anomaly increases the input of solar radiation and re-
sults in a warming over Northeast Asia; while on the other
hand, the warming induces a decrease in the meridional air
temperature gradient and generates a negative vortex, which
leads to a weakened subtropical westerly jet over East Asia
and an enhanced geopotential height over Northeast Asia, ac-
cording to thermal wind theory (Li et al., 2010; Sun et al.,
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2010; Zhu et al., 2010; Xu et al., 2011).
The most significant warming region over Northeast Asia

is marked by a rectangle (40◦–50◦N, 90◦–130◦E) in Fig. 2a.
The amplitude of the decadal shift for the warming is 1.18◦C,
measured by the positive SAT anomalies averaged within the
rectangle. The time series of the SAT anomaly over this re-
gion is shown in Fig. 2b, with an interannual standard de-
viation of 0.73◦C. This indicates that the amplitude of the
decadal shift for the summer SAT over Northeast Asia is more
remarkable and much larger than the amplitude of interannual
variation.

The abrupt point for the decadal shift was further exam-
ined by the runningt-test with a 10-yr sliding window (Fig.
2c). The most significant point appears in the year 1993,
which indicates the decadal shift for the SAT over North-
east Asia occurs in 1993/94. The SAT anomaly varies from
−0.37◦C during 1951–93 to 0.81◦C during 1994–2010 (Ta-
ble 1). This change of SAT anomaly is significant at the 99%
confidence level, with a growth ratio of 3.19 (Table 1; the
growth ratio was calculated as the difference between the two
periods, divided by the value in the pre-period).

Fig. 1. Composite differences of (a) 200-hPa geopotential
height (units: m) and (b) zonal wind (units: m s−1) between
the periods of 1994–2010 and 1958–93. Shading indicates the
region where the values are significant at the 95% confidence
level according to thet-test. The thick solid line in (b) repre-
sents the climatological subtropical westerly jet.

Table 1. Values of summer SAT anomaly over Northeast Asia and
precipitation anomaly over South China averaged during 1958–93
and 1994–2010. Results are shown for the JJA-mean, and for June,
July and August, individually. The growth ratio was calculated as
the difference between the two periods divided by the value in the
pre-period [(II–I)/abs(I)].

1958–93 (I) 1994–2010 (II) Growth ratio

SLB SAT (◦C) JJA −0.37 0.81 3.19
June −0.40 0.88 3.20
July −0.42 0.99 3.36
August −0.28 0.53 2.89

SCR (mm d−1) JJA −0.39 0.89 3.28
June −0.50 1.05 3.10
July −0.35 0.74 3.11
August −0.39 0.82 3.10

Fig. 2. (a) The same as Fig. 1, but for the SAT anomalies (units:
◦C). (b) Time series of the SAT anomalies averaged over the re-
gion (40◦–50◦N, 90◦–130◦E) [the rectangle in (a)]. (c) Running
t-test for the time series. Curved and straight dashed lines in (c)
represent thet value and the 99% confidence level, respectively.

These circulation and SAT changes around the mid-1990s
differ appreciably to those associated with the warming trend.
The region with the decadal shift of summer SAT around the
mid-1990s is located southward in comparison with the re-
gion of the warming trend that might be due to global warm-
ing (Zhu et al., 2012). The circulation changes shown in
Fig. 1 are also located southward relative to those associated
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with the warming trend, which are characterized by a pos-
itive 200-hPa geopotential height anomaly centered around
60◦N, and the strongest easterly wind anomaly over East Asia
along 45◦N (Zhu et al., 2012). Furthermore, the amplitude
of the decadal SAT variation is five times as large as that of
the warming trend, according to the rate of 0.22◦C (10 yr)−1

suggested by Zhu et al. (2012). Thus, the decadal shift of
summer SAT over Northeast Asia is different to the warming
trend.

4. Relationship with the decadal shift of South
China rainfall in the mid-1990s

Figure 3 shows the changes in precipitation anomalies
between the post- and pre- mid-1990s. There is a negative
precipitation anomaly over Northeast Asia associated with
the warming SAT there. The precipitation anomaly averaged
over this region (40◦–50◦N, 90◦–130◦E) varies from 0.06
mm d−1 during 1958–93 to−0.14 mm d−1 during 1994–
2010. The amplitude for this decadal shift is 0.20 mm d−1,
which is 69% of one standard deviation of the interannual
variation in precipitation over this region (0.29 mm d−1). The
decrease of Northeast Asian precipitation associated withthe
enhanced geopotential height in turn contributes to the warm-
ing SAT locally through increasing downward shortwave ra-
diation (Trenberth and Shea, 2005).

Fig. 3. (a) The same as Fig. 1, but for the precipitation anoma-
lies (units: mm d−1). (b) Time series of the precipitation
anomalies averaged over the region (20◦–30◦N, 110◦–120◦E)
[the rectangle in (a)]. (c) Runningt-test for the time series.

In addition, there is a positive precipitation anomaly over
South China, indicating a remarkable increase of South China
rainfall after the mid-1990s, consistent with the results of
Kwon et al. (2007). This decadal shift was further investi-
gated via the time series of precipitation anomalies averaged
over the region (20◦–30◦N, 110◦–120◦E) (Fig. 3b; the region
is marked by the rectangle in Fig. 3a). The runningt-test re-
sult suggests that the abrupt year for this decadal shift is also
1993/94.

The remarkable decadal shift of precipitation over South
China is characterized as a dry state altering to a wet one. The
South China precipitation anomaly, measured by the average
over the region (20◦–30◦N, 110◦–120◦E), is−0.39 mm d−1

in the previous period (Table 1), and there are only four out
of 36 years during this period showing clear positive precipi-
tation anomalies, judged by the criterion of 0.3 mm d−1. On
the contrary, almost all years during 1994–2010 have positive
anomalies over South China, with only two years of apprecia-
bly negative anomalies. The precipitation anomaly averaged
over the subsequent period is 0.89 mm d−1 (Table 1). The
growth ratio is 3.28, which is close to the ratio for the decadal
shift of summer SAT over Northeast Asia.

The decadal shifts of the summer Northeast Asian SAT
and the South China rainfall show an identical changing point
of 1993/94 and similar growth ratios. The concurrence of
both decadal shifts in the mid-1990s appears only for sum-
mer, but not for other seasons (Fig. 4). For the SAT anomaly
over Northeast Asia, the 7-yr running mean for these time
series implies that the decadal shift in the mid-1990s is only
for summer, with the time of the decadal shift tending to ap-
pear in the late-1980s for other seasons. On the contrary,
for South China precipitation, the decadal shifts are unclear
in winter, spring and autumn, while the interannual vari-
ability is dominant in these seasons. Actually, the changes
in upper-tropospheric circulation between the post- and pre-
mid-1990s in DJF, MAM and SON are quite different with
those in JJA (figures not shown). The enhancement of geopo-
tential height over Northeast Asia and the weakening of the
subtropical East Asian westerly jet around the mid-1990s do
not occur in these three seasons. Also, the nonexistence of an
inverse circulation anomaly north and south of the westerly
jet over East Asia implies a disconnection of the Northeast
Asian SAT and South China precipitation in winter, spring
and autumn. The concurrence of decadal shifts of both the
summer Northeast Asian SAT and South China precipitation
around the mid-1990s, as well as the corresponding upper-
tropospheric circulation changes, suggests a possible connec-
tion between these two remote climate changes, and that such
a possible connection is only for summer, rather than other
seasons.

The mid-1990s shifts of both the summer Northeast Asian
SAT and South China precipitation are apparent not only in
the seasonal mean, but also the monthly variations (Fig. 5).
Both the Northeast Asian SAT and South China precipitation
show clear decadal shifts around the mid-1990s for June, July
and August. Both of them exhibit a negative phase during
1958–93 and a positive phase during 1994–2010. The am-
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Fig. 4. Time series of the SAT anomaly (units:◦C) over Northeast Asia (left panel) and the pre-
cipitation anomaly (units: mm d−1) over South China (right panel) in (a, e) DJF, (b, f) MAM,
(c, g) JJA, and (d, h) SON. Bars are the original data and the solid lines are the 7-yr running
mean.

plitudes of interannual variability in the monthly series (Fig.
5) are generally stronger than those for summer-mean series
(Figs. 4c and g), which can be expected by the weak auto-
correlations between monthly series.

The mid-1990s decadal shifts in JJA-mean and monthly
mean are further illustrated by the anomalies averaged be-
fore and after 1993/94 (Table 1). The decadal variation in
each month is close to that in the seasonal mean for both
the Northeast Asian SAT and South China rainfall. More-
over, the growth ratios in JJA-mean and in each month for
the SAT are all similar to those for the precipitation, which
implies that the linkages between them exist both in the sea-
sonal and monthly mean. In addition, the connection between
the Northeast Asian summer SAT and South China rainfall
only appears on the decadal timescale with the correlation

coefficient of seasonal mean time series of 0.68 (calculated
by using the time series with a 7-yr running mean). This
connection is very weak on the interannual timescale, with a
correlation coefficient of 0.19 (calculated by using the time
series without the 7-yr running mean). This implies that the
Northeast Asian summer SAT might be modulated by various
factors on the interannual timescale, and the effect of South
China rainfall, as one of the factors, could be concealed on
this timescale. However, on the decadal timescale, the effects
of other factors are much weaker, since their decadal varia-
tions are not as clear as the South China rainfall, and thus the
effect of South China rainfall might become dominant.

This study suggests a linkage between the Northeast
Asian SAT and South China rainfall on the decadal timescale.
The decadal connection is demonstrated by the concurrence
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Fig. 5. The same as Fig. 4, but for (a, d) June, (b, e) July, and (c, f) August.

of the decadal shifts of the Northeast Asian SAT, South China
precipitation, and the corresponding upper-troposphericcir-
culation around the mid-1990s. Additionally, both of the
decadal shifts are only for summer, but not for other seasons,
and both of the decadal shifts are not only in the summer
mean, but also in each month of summer (June, July and Au-
gust). These similarities also indicate the decadal connection.
Furthermore, the physical processes for the decadal connec-
tion can be understood as follows. After the mid-1990s, the
increased South China rainfall leads to a positive geopotential
height anomaly over Northeast Asia, according to Kwon et
al. (2007). The Northeast Asian positive geopotential height
anomaly contributes to the warmer SAT through increasing
the solar radiation input and decreasing local precipitation.
Thus, we can conclude that the decadal shift of SAT after the
mid-1990s was a remote response to the increased precipita-
tion over South China.

5. Decadal shift of summer SAT over northern
China

The decadal shift of summer SAT in the mid-1990s ex-
tends to the northern part of China (Fig. 6). The significant
positive summer SAT anomalies cover Northeast China and
North China after the mid-1990s. We defined northern China

Fig. 6. The same as Fig. 1, but for the SAT anomalies (units:
◦C) using the 160-station dataset. The asterisk and the rhombus
represent the stations over Northeast China and North China,
respectively.

as the region east of 105◦E and north of 36◦N in China.
Forty-nine stations are located in this region, including in
Heilongjiang Province, Jilin Province, Liaoning Province, In-
ner Mongolia Province, Beijing City, Tianjin City, Ningxia
Province, Shanxi Province, the northern part of Shandong
Province, and eastern part of Shaanxi Province. Moreover,
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we divided northern China into Northeast China and North
China. Northeast China represents the region east of 118◦E
and north of 38◦N, which contains 26 stations over Hei-
longjiang Province, Jilin Province, Liaoning Province, and
the northeastern part of Inner Mongolia Province. The other
23 stations belong to North China.

The time series of JJA-mean SAT anomalies averaged
over these three regions are shown in Fig. 7. Similar to
northern China, both Northeast China and North China ex-
hibit a decadal change with lower SAT before the mid-1990s
and higher SAT after. The runningt-test results indicate the
time for the abrupt decadal shift is 1993/94 for all three re-
gions, which is consistent with that for the summer Northeast
Asian SAT and South China precipitation.

6. Conclusions
In this study, we investigated the decadal variations of

summer SAT over Northeast Asia. The summer Northeast
Asian SAT was found to display a decadal shift around the
mid-1990s, with an abrupt point of change in 1993/94. The
Northeast Asian SAT anomalies vary from−0.37◦C during
1958–93 to 0.81◦C during 1994–2010. This decadal change
of SAT anomaly is significant at the 99% confidence level.
The robust decadal variation of SAT averaged over the North-
east Asia (1.18◦C) is larger than both its interannual stan-
dard deviation (0.73◦C) and warming trend [0.22◦C (10 yr)−1

(Zhu et al., 2010)]. The region with decadal shift covers a
wide area of Northeast Asia, including the southeastern part
of Russia, Mongolia and northern China. In particular, the

analysis using the Chinese station dataset further confirmed
that the mid-1990s decadal shift of summer SAT also exists in
northern China, and a warming summer can be observed over
Northeast China and North China after 1994. In addition, pre-
cipitation experiences a decadal shift in the mid-1990s over
Northeast Asia. The summer Northeast Asian precipitation
significantly decreases after the mid-1990s, which is in fa-
vor of the warming SAT there through increasing downward
shortwave radiation.

The decadal shift of summer SAT over Northeast Asia in
the mid-1990s corresponds with the decadal shift of upper-
tropospheric circulation, which shows as a positive geopo-
tential height anomaly over Northeast Asia and a weakened
subtropical westerly jet over East Asia after the mid-1990s.
The enhancement of geopotential height over Northeast Asia
leads to the warming of Northeast Asia SAT by increasing the
solar radiation input and suppressing local precipitation.

Actually, we found that the mid-1990s decadal shift of
summer Northeast Asian SAT is connected with that of South
China rainfall. This linkage is demonstrated by the concur-
rence of the mid-1990s decadal shifts of the Northeast Asian
SAT, South China precipitation, and the corresponding upper-
tropospheric circulation. Moreover, both the decadal shifts
of Northeast Asian SAT and South China rainfall are only
for summer, but not for other seasons. Additionally, both the
decadal shifts of Northeast Asian SAT and South China rain-
fall are not only in the summer mean, but also in each month
of summer (June, July and August). These similarities in-
dicate a possible connection between the summer Northeast
Asian SAT and South China rainfall on the decadal timescale.

Fig. 7. Time series of the SAT anomalies averaged over (a) northern China (north of 36◦N,
east of 105◦E; 49 stations), (b) Northeast China (north of 38◦N, east of 118◦E; 26 stations),
and (c) North China (remaining 23 stations). The right panels show the runningt-test for their
respective time series in the left panels.
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Furthermore, after the mid-1990s, the positive geopotential
height anomaly over Northeast Asia can be interpreted as the
response to the increased precipitation over South China, ac-
cording to previous numerical results (Kwon et al., 2007).
This enhanced geopotential height contributes to the warmer
SAT there. Therefore, based on the present results, we sug-
gest that the warming shift of summer Northeast Asian SAT
after the mid-1990s was a remote response to the increased
precipitation over South China.
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