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ABSTRACT

This study documents the first two principal modes of interannual variability of midsummer precipitation over Northeast
China (NEC) and their associated atmospheric circulation anomalies. It is shown that the first principal mode exhibits the
largest amount of variability in precipitation over the south of NEC (referred to as the south mode), whereas the second
principal mode behaves with the greatest precipitation anomaly over the north of NEC (referred to as the north mode). Further
findings reveal that, through modulating moisture transportation and upper- and lower-troposphere divergence circulation as
well as vertical movement over NEC, the anomalous northwestern Pacific anticyclone and the anticyclone centered over
northern NEC exert the dominant influence on the south and north modes, respectively. Additionally, it is quantitatively
estimated that water vapor across the southern boundary of NEC dominates the moisture budget for the south mode, while the
north mode has a close connection with moisture through NEC’s northern and western boundaries. Furthermore, the north
(south) mode is strongly related to the intensity (meridional shift) of the East Asian westerly jet.
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1. Introduction
Northeast China (referred to as NEC hereafter), is com-

posed of Heilongjiang Province, Jilin Province, Liaoning
Province and the eastern four leagues of Inner Mongolia, and
it is one of the regions most influenced by global warming in
China (Zuo et al., 2004; Zhou et al., 2016). Climate change
in this region, particularly the variation of precipitation, is
of vital importance to grain yield, along with people’s lives
and social development. Precipitation in NEC mainly occurs
during the summer, which is an important growing season
for crops. Widespread precipitation anomalies generally in-
duce extensive drought and flooding, causing great economic
loss and casualties. Therefore, it is essential to explore the
spatial and temporal characteristics of summer precipitation
over NEC and its associated atmospheric circulations.

Summer precipitation over NEC is affected by the cli-
mate regimes over the northern middle and high latitudes,
as well as tropical circulations, such as the Okhotsk high
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(Yao and Dong, 2000), the soil moisture in Northwest Eura-
sia (Zhu, 2011), the East Asian summer monsoon (Lian et al.,
2003, Sun et al., 2017), the activity of cold vortices (Zhao and
Sun, 2007; Hu et al., 2010), and the sea surface temperature
(SST) in the tropical oceans (Feng et al., 2006; Gao and Gao,
2015). Sun et al. (2002) revealed that the East Asian trough,
the subtropical high, the East Asian monsoon systems and
the upper-level westerly jet all exert substantial impacts on
drought and flooding in NEC during the summer. The Mon-
golian cyclone and the anticyclone south of Japan are also
influential to midsummer precipitation over NEC (Jia and
Wang, 2006). An abnormally strong cold vortex generally
induces more precipitation and lower temperature anomalies
over NEC during the summer (Feng et al., 2015; Li et al.,
2015). The anomalous cold vortex activity is linked with the
North Pacific oscillation (Liu et al., 2002), the northern hemi-
spheric annual mode (He et al., 2006), and the blocking cir-
culation over the Ural Mountains (Lian et al., 2010). As in-
dicated by Wang and Ding (2009), the shifts and intensity of
anomalous Asian polar vortex have an influence on the water
vapor transport and precipitation amount over NEC. El Niño–
Southern Oscillation is also considered to be a major con-
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tributor to climatic change over NEC (Sun and Wang, 2006;
Han et al., 2017). Additionally, the phase shifts of the Pacific
Decadal Oscillation modulate the decadal variations of sum-
mer precipitation over NEC (Xu et al., 2015). The North At-
lantic Oscillation (NAO) has an intensified influence on NEC
precipitation during summer following the late 1970s (Sun
and Wang, 2012), despite the weakened impact of the win-
ter NAO on spring precipitation over southern China (Zhou,
2013). Wang and He (2015) determined that an anomalous
Arctic sea-ice concentration excited intense Eurasian tele-
connection and further affected the severe drought of 2014
over NEC. Recently, Han et al. (2018) noted that the early-
spring SST anomalies in the tropical Indian Ocean have been
a potential precursor of early-summer precipitation over NEC
since the late 1980s.

The water vapor budget is closely associated with pre-
cipitation (Sun et al., 2011; Sun and Wang, 2013). Specifi-
cally, the transportation of moisture across the northern and
southern boundaries exerts a great impact on summer precip-
itation over NEC (Gu et al., 2013). The net moisture input
has decreased over NEC since the late 1990s, which directly
caused a decadal reduction in summer precipitation in the re-
gion (Han et al., 2015). Wang et al. (2005) stated that only
minimal amounts of water vapor originating from the Sea of
Japan invade NEC during drought years, whereas the mois-
ture derived from the East China Sea, the Yellow Sea and
Inner Mongolia is transported to NEC during flood years. In
addition, the three primary moisture passages contributing to
heavy precipitation over NEC are the southeast transporta-
tion of moisture flow along the edge of the western Pacific
subtropical high, the transportation of the southwest mois-
ture current originating from the northern South China Sea,
and the moisture transportation of the northwest stream that
originates from westerly winds (Ma et al., 2017).

Furthermore, summer precipitation exhibits entangle-
ment of spatial homogeneity and regional diversity over
NEC. Although some efforts have been devoted to exploring
the spatial characteristics through statistical classification, it
is still unclear what the atmospheric circulation anomalies as-
sociated with the principal modes of summer precipitation
over NEC are. In addition, the regimes influencing NEC pre-
cipitation are significantly different between early summer
and midsummer (Shen et al., 2011). Midsummer is also a
period of high concentration of precipitation for NEC. Thus,
we discuss the principal modes of midsummer precipitation
in NEC and their associated atmospheric circulation anoma-
lies.

The rest of the paper is organized as follows: Section 2
describes the datasets and methods used in this study. Section
3 presents the principal modes of the interannual precipitation
over NEC during midsummer and its associated atmospheric
circulation anomalies. Conclusions are given in section 4.

2. Data and methods
The monthly atmospheric data used in this study

are derived from the National Centers for Environmental

Prediction–National Center for Atmospheric Research global
atmospheric reanalysis dataset at a resolution of 2.5◦ × 2.5◦
for 1948–2017 (Kalnay et al., 1996), including horizontal
wind, vertical movement, specific humidity, and so on. The
data of precipitation over China used in this study come from
the monthly precipitation dataset from the National Climate
Center of the China Meteorological Administration, collected
for 160 stations, for the years 1951–2017. Another set of
precipitation data used, on a 1.0◦ × 1.0◦ latitude–longitude
grid, is the Precipitation Reconstruction over Land (PREC/L)
dataset from the National Oceanic and Atmospheric Admin-
istration for the years 1948–2017 (Chen et al., 2002). The
time period of common overlap in the present study is from
1951 to 2017.

In this study, NEC is defined as the region north of 38◦N
and east of 119◦E within the borders of China. Empirical or-
thogonal function (EOF) decomposition, and regression and
correlation analyses are employed to explore the principal
modes of midsummer precipitation over NEC and its asso-
ciated atmospheric circulation anomalies. The precipitation
over NEC is concentrated during July–August when the total
percentage of precipitation is 49.1%. Thus, the midsummer
mean in this study is calculated using the months of July and
August. Additionally, the linear trends are removed prior to
analysis to emphasize the interannual variability. The Stu-
dent’s t-test is used to detect the statistical significance of
these analyses.

3. Results
3.1. Principal modes of interannual precipitation over

NEC during midsummer
Figure 1 depicts the first two principal modes of mid-

summer precipitation over NEC, obtained from EOF anal-
ysis. These two principal modes explain 43.1% of the total
variance. According to the method of North et al. (1982),
the dominant mode of midsummer precipitation over NEC
is well-separated from the second mode (figure not shown).
The first principal mode (abbreviated as EOF1 hereafter) be-
haves homogenously over NEC, with the variability decreas-
ing from south to north (Fig. 1a). The maximum variability of
the EOF1 mode is located in the southern area of NEC. The
EOF1 mode alone explains 31.3% of the total variance, indi-
cating that it is the dominant midsummer precipitation mode
in NEC. We further investigate the precipitation anomalies
associated with the EOF1 mode using a regression of the
PREC/L precipitation dataset on the time series for the first
principal mode (referred to as PC1 hereafter). As shown in
Fig. 1c, it is apparent that uniform changes in interannual pre-
cipitation appear over NEC during midsummer, and that the
maximum anomaly prevails over the southern part of NEC.
Therefore, the EOF1 mode is also designated as the south
mode.

In contrast, the second principal mode (referred to as
EOF2 hereafter) exhibits the greatest variability over the
northern area of NEC (Fig. 1b), which explains 11.8% of the
total variance. Figure 1d presents the linear regression pattern
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Fig. 1. The (a) first and (b) second principal modes for midsummer precipitation over NEC, determined by EOF anal-
ysis. The linear regression pattern of precipitation (units: mm) with regard to the time series for (c) PC1 and (d) PC2.
Dotted areas are statistically significant at the 95% confidence level estimated using the Student’s t-test.

of midsummer precipitation with regard to the time series of
the second principal mode (referred to as PC2). It is evident
that the greatest precipitation anomaly is positioned over the
north of NEC. Consequently, the EOF2 mode is also desig-
nated as the north mode.

3.2. Atmospheric circulation anomalies associated with
the principal modes

Different precipitation modes are attributed to different
circulation anomalies. Figures 2a and b illustrate the horizon-

tal wind anomalies at the lower troposphere associated with
the two PCs. The south mode is characterized by significant
anticyclonic wind anomalies over the northwestern Pacific,
together with profound southwesterly wind anomalies over
the area extending from eastern China to southern and eastern
NEC. Easterly or southeasterly winds appear over the north
of NEC. The southwesterly wind at the western flank of the
anticyclone can drive warm wet air currents from the trop-
ical West Pacific into eastern China, even extending farther
northward towards NEC, particularly its southern parts. By



58 PRINCIPAL MODES OF MIDSUMMER PRECIPITATION IN NEC VOLUME 36

Fig. 2. Linear regression pattern of the midsummer horizontal wind at 850 hPa (UV850; units: m s−1) against (a) PC1
and (b) PC2 during 1951–2017. Dark (light) shading indicates values that are statistically significant at the greater than
95% (90%) confidence level, estimated using the Student’s t-test. (c, d) As in Figs. 1a and b but for the midsummer vor-
ticity at 850 hPa (units: 10−6 s−1). The red rectangles in (a) and (b) represent the NEC, and the black rectangles in (c)
and (d) represent the selected regions for northwestern Pacific anticyclone index and northern NEC anticyclone index,
respectively. Dotted areas indicate statistical significance at the 90% confidence level, estimated using the Student’s
t-test.

comparison, the north mode features a significantly anoma-
lous anticyclonic wind field centered over northwestern NEC
and an anomalous cyclonic wind field over the subtropical
western Pacific. An anomalous westerly occupies the area
north of 45◦N within NEC, whereas an anomalous easterly
occurs south of 45◦N. The strong westerly transports water
vapor and cold air from inland areas into NEC, especially
into the north of NEC.

To facilitate our analysis, a northwestern Pacific anticy-
clone index (referred to as vorticiy index1) is defined as the
averaged vorticity within the region (25◦–40◦N, 125◦–135◦E)
at 850 hPa (Fig. 2c). Another northern NEC anticyclone in-
dex (referred to as vorticity index2) is calculated by averag-
ing the vorticity within northern NEC (45◦–52.5◦N, 100◦–
135◦E) at 850 hPa (Fig. 2d). These two anticyclone indices
have been multiplied by −1 so that a positive index corre-
sponds to strong anticyclone anomalies. The temporal evo-
lutions of PC1 (solid line) and vorticity index1 (dashed line)
are shown in Fig. 3a. A significant covariability between the
two indices can be observed during the period from 1951

to 2017, with a correlation coefficient of 0.51 (above the
99% confidence interval). Meanwhile, PC2 covaries closely
with vorticity index2 during the whole period of the study
(R = 0.61; above the 99% confidence interval). This implies
that the northwestern Pacific anticyclone anomaly and the an-
ticyclone anomaly centered over northern NEC are important
for the south and north modes of midsummer precipitation in
NEC, respectively.

Furthermore, we examine the precipitation anomalies as-
sociated with the two anticyclone indices (Fig. 4). There are
remarkably positive precipitation anomalies over NEC that
are associated with a strong Northwest Pacific anticyclone.
The maximum precipitation anomaly covers the southern part
of NEC and is coincident with the south mode. However,
when an anomalous anticyclone is centered over northern
NEC, the largest precipitation anomaly is located over the
northern portion of the region, in agreement with the north
mode. These results confirm that the anticyclonic anoma-
lies centered over the northwestern Pacific and over north-
ern NEC are potential drivers for the first and second princi-
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Fig. 3. (a) Time series of PC1 (solid line) and the northwestern Pacific anticyclone index (vorticity index1; dashed line)
for 1951–2017, both of which are normalized and detrended. (b) Time series of PC2 (solid line) and the northern NEC
anticyclone index (vorticity index2; dashed line) for 1951–2017, both of which are normalized and detrended.

 

Fig. 4. Precipitation anomalies (units: mm) with regard to (a) vorticity index1 and (b) vorticity index2. Dotted areas
are statistically significant at the 95% confidence level, estimated using the Student’s t-test.

pal modes of the interannual precipitation, respectively, over
NEC during midsummer.

To further illustrate the respective impacts of the anoma-
lous anticyclones on the south and north patterns, the associ-
ated atmospheric circulation anomalies are explored in this
section. Figures 5a and b present the linear regression of
simultaneous horizontal wind at 850 hPa (UV850) against
the two anticyclone indices. An anomalous anticyclone over
the northwestern Pacific is accompanied by significant south-
westerly winds over the area stretching from southern China
to NEC, and the anomalous southerly winds transport warm
and moist currents northward towards NEC. There exists a
significant corresponding moisture divergence centered over
the ocean as far south as the islands of Japan (Fig. 5c). The pe-
ripheral southwesterly flow conveys water vapor derived from

the western Pacific and further invades NEC across its south-
ern boundary. It is notable that a prominent convergence of
moisture flux occurs over the south of NEC, which is favor-
able for the positive precipitation anomalies centering over
southern NEC. Additionally, the water vapor flowing across
the southern boundary makes a dominant contribution to the
moisture input of that south pattern, with a correlation co-
efficient of 0.55 between the PC1 and the net moisture bud-
get across the southern boundary (above the 99% confidence
level). The net budgets of moisture across the western and
eastern boundaries also exert an influence on the south mode,
with respective correlation coefficients of 0.27 (above the
95% confidence level) and −0.37 (above the 99% confidence
level) between PC1 and the net moisture budget through the
western and eastern boundaries.
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Fig. 5. Linear regression pattern of UV850 (units: m s−1) during midsummer against (a) vorticity index1 and (b) vor-
ticity index2 during 1951–2017. Dark (light) shading indicates values that are statistically significant at the greater than
95% (90%) confidence level, estimated using the Student’s t-test. Linear regression pattern of the vertically integrated
moisture flux against (c) vorticity index1 and (d) vorticity index2 during 1951–2017. The red rectangles represent the
NEC. Vectors (units: kg m−1 s−1) indicate the moisture flux that is statistically significant at the 90% confidence level,
based on the Student’s t-test. Shading (units: 10−6 kg m−2 s−1) indicates moisture flux divergence anomalies associated
with the two anticyclone indices.

Table 1. Correlation coefficients between the PCs and moisture in-
comes across the four boundaries of Northeast China during 1951–
2017. Significant correlation coefficients at the 99% and 95% confi-
dence levels are set in bold font with an asterisk and in regular font
with an asterisk, respectively.

Correlation
coefficients

Southern
boundary

Northern
boundary

Western
boundary

Eastern
boundary

PC1 0.55∗ −0.17 0.27∗ −0.37∗
PC2 0.07 0.25∗ −0.25∗ −0.08

In association with an abnormal anticyclone centering
over northern NEC, there are anomalous westerly or north-
westerly winds visible over the north of NEC and anomalous
easterly winds visible over the southern portion in the lower
troposphere (Fig. 5b). The westerly or northwesterly anoma-
lies determine the eastward transportation of water vapor
and cold air from inland areas into NEC across the northern
boundary (Fig. 5d). However, the water vapor is output from

NEC by anomalous easterly or northeasterly winds through
its western boundary. A significant corresponding moisture
divergence anomaly is apparent over the north of NEC, and a
convergence anomaly appears over the south. Specifically,
the net moisture budgets across the northern and western
boundaries have an intimate connection with the north mode,
with a correlation coefficient of 0.25 and −0.25 between PC2
and the net moisture budgets across the northern and west-
ern boundaries, respectively (both above the 95% confidence
level).

Figure 6 presents the linear regression of vertical move-
ment against the two anticyclone indices. In response to an
anomalous anticyclone over the northwestern Pacific, the
anomalous convergence can be seen in the lower and middle
troposphere and an anomalous divergence is also evident in
the upper troposphere, exciting ascending motion over NEC.
Such anomalous upward motion and abundant moisture con-
tent are conducive to the formation of a wet climate, espe-
cially over NEC’s southern part (Figs. 4c and 5c). However,
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the anticyclone centered over north NEC is concurrent with
conspicuous divergent anomalies in the lower and middle tro-
posphere, and convergent anomalies in the upper troposphere,
inducing considerable descending movement. Interestingly,
the anomalous divergence circulation is much stronger over
the north of NEC than in the south, inducing stronger de-
scending motion over the northern part than the southern part.
This situation favors maximum negative anomalies of precip-
itation for the north mode (Fig. 4d).

Figure 7 displays the zonal wind anomalies in the upper
troposphere related to the south and north patterns. The south
mode is associated with significantly positive anomalies to
the north of and negative anomalies to the south of the cli-
matological East Asian westerly jet (EAJ), implying that the
south mode may be linked with the meridional shift of the

EAJ. Here, we define an EAJ displacement index as the dif-
ference between the zonal wind averaged within the region
bound by (40◦–50◦N, 110◦–140◦E) and the region bound by
(30◦–40◦N, 110◦–140◦E) at 250 hPa, which is similar to the
methodology of Chen et al. (2016) but with the two aver-
aging regions closer to NEC. The correlation coefficient of
the EAJ displacement index with PC1 is 0.30, indicating that
a positive/negative south pattern is associated with anoma-
lously northward/southward shift of the EAJ. Chen et al.
(2016) attributed the meridional shift of the EAJ to the an-
ticyclonic/cyclonic anomaly over the Northwest Pacific.

The north mode corresponds to negative zonal wind
anomalies along where the climatological EAJ lies (Fig. 7b).
This suggests that the north mode may be associated with
the intensity of the EAJ. We define an EAJ intensity index

0.8 0.8

Fig. 6. Vertical–horizontal cross section averaged within (115◦–135◦E) for vertical wind (vectors; units: m s−1 and
10−2 Pa s−1) and divergence (units: 10−7 s−1) anomalies during the midsummer of 1951–2017 regressed onto (a) vor-
ticity index1 and (b) vorticity index2. Divergence anomalies enclosed by black contours are statistically significant at
the 90% confidence level, based on the Student’s t-test.

Fig. 7. Linear regression pattern of the zonal wind at 250 hPa (units: m s−1) during midsummer of 1951–2017 re-
gressed onto (a) PC1 and (b) PC2. Dark (light) shading indicates values that are statistically significant at the greater
than 95% (90%) confidence level, estimated using the Student’s t-test. The thick solid line represents the position of
the climatological East Asian westerly jet.
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by averaging the zonal wind within the region (35◦–45◦N,
110◦–140◦E), which is also similar to the approach of Chen
et al. (2016) but with an averaging region nearer to NEC. The
correlation coefficient of the EAJ intensity index and PC2 is
−0.40, suggesting that a positive/negative north pattern is as-
sociated with a weakened/strengthened EAJ. The anomalous
easterly at the southern flank of the anticyclone centered over
northern NEC may account for the negative correlation be-
tween the EAJ intensity and the north mode (Fig. 2b).

4. Conclusions and discussion
This study investigates the first two principal modes of the

interannual variability of precipitation in midsummer over
NEC and their associated atmospheric circulation. The EOF1
presents the dominant variability over the south of NEC; that
is, the south mode. This south mode is closely linked with the
anticyclonic anomalies centered over the northwestern Pa-
cific, with a correlation coefficient of 0.51 during the years
1951–2017. In response to an anomalous anticyclone over
the northwestern Pacific, prominent southwesterly winds ex-
tend from eastern China to NEC, and an anomalous conver-
gence of moisture occupies the southern part of NEC. The
significant upper-level divergence anomalies and lower-level
convergence anomalies excite strong vertical movement over
NEC. These conditions are favorable for the formation of the
south mode. Additionally, the dominant moisture income for
the south mode is the water vapor coming across the southern
boundary of NEC. The south mode is also associated with the
meridional shift of the EAJ.

The EOF2 exhibits the dominant precipitation anomaly
over the north of NEC; namely, the north mode. This pat-
tern has a significant connection with the anomalous anticy-
clone centering over northern NEC, with a correlation coef-
ficient of 0.61 during the years 1951–2017. The anomalous
anticyclone centered over the northern NEC is accompanied
by westerly anomalies over the north of NEC and easterly
anomalies over the south, determining anomalous moisture
divergence over the north of NEC and moisture convergence
over the south. The anomalous upper-level convergence and
lower-level divergence drive descending motion over NEC,
with stronger anomalies over the northern portion than the
southern portion of NEC. This situation favors maximum
negative anomalies of precipitation for the north mode. In
addition, the water vapor coming in through the northern and
western boundaries dominates the net moisture income for
the north mode. The intensity of the EAJ is also influential to
the north mode.

The impact of tropical oceans on East Asian summer pre-
cipitation has been explored by many previous studies (Yuan
et al., 2008; Han et al., 2017, 2018). For example, warm-
ing SST anomalies in the tropical Indian Ocean, especially
in the northern Indian Ocean, lead to an anomalous anticy-
clone over the Northwest Pacific via a warming Kelvin wave
anomaly and then induce precipitation anomalies over East
China (Huang and Hu, 2008; Xie et al., 2009). Based on

observations and numerical simulation, Yu et al. (2016) re-
vealed that warming SST anomalies in the tropical Atlantic
contributes to anomalous anticyclonic circulation over the
Northwest Pacific through the Indian Ocean relaying effect.
Additionally, SST anomalies in the equatorial central-eastern
Pacific Ocean, in the Maritime Continent, and in the subtrop-
ical western North Pacific are also crucial to the interannual
variability of the anticyclone over the Northwest Pacific dur-
ing summer (He et al., 2015). Thus, the tropical oceans exert
a great impact on the south mode of midsummer precipitation
over NEC through modulating circulation anomalies over the
Northwest Pacific. On the other hand, the anticyclone cen-
tered over NEC may be related to the atmospheric circulation
anomalies at mid to high latitudes. Previous researches have
shown that Arctic sea-ice cover and soil moisture in Eura-
sia are contributors to summer precipitation over NEC (Zhu,
2011; Han et al., 2015). Therefore, more efforts are required
to explore the linkage between the north mode of the midsum-
mer precipitation over NEC and the preceding Arctic sea-ice
cover, snow cover and soil moisture in Eurasia.
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