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Abstract

The present study investigates a significant enhancement in the relationship between summer precipitation in Northwest
China (NWC) and that in North China (NC) (the NWC and NC region) after early 2000, using the CNO05.1 dataset and the
NCEP-NCAR reanalysis circulation data from 1961 to 2018. The change in the relation between summer precipitation
variations in these two regions after early 2000 likely relates to the change of the wave trains in mid-high latitudes. Before
2000, atmospheric circulation anomalies associated with the summer precipitation in NWC resemble the Silk Road Pattern
(SRP) and the British-Baikal Corridor (BBC) pattern, but that in NC only resembles the SRP. After 2000, the summer pre-
cipitation in NWC and NC has a significant positive correlation with the BBC pattern. The BBC pattern influences summer
precipitation in NWC and NC after early 2000 through the Ural blocking high, the positive 500-hPa Z anomalies over the
Mediterranean Sea and Northwest Pacific, and the East Asia trough that leads the cold air to the south. These four synoptic
systems co-modulate the summer precipitation in NWC and NC. In addition, when NWC has the same (opposite) sign as

NC summer precipitation, there is BBC (SRP) wave train across Eurasia at high (middle) latitudes.

1 Introduction

Northwest China and North China are located in the arid
and semi-arid region of East Asia, with an ecological bal-
ance and economic development that are highly sensitive
to climate change (Liu et al. 2005; Mo et al. 2016). Pre-
cipitation variation over Northwest China (Li et al. 2003;
Shi et al. 2003; Song and Zhang 2003; Wang et al. 2003;
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Wei et al. 2010; Zhao et al. 2014; Li et al. 2016; Liu et al.
2017; Peng and Zhou 2017; Zhang et al. 2019) and North
China (Yang et al. 2005, 2020; Tang and Lin 2007; Liu and
Ding 2011; Hao and Ding 2012), which can cause severe
natural disasters, thus threatening human lives and proper-
ties, is among the most concerning climate change issues
in Northern China (Huang et al. 2013, 2019; Zhang et al.
2020). Therefore, studying the climate change characteris-
tics in these two regions has a crucial scientific significance
for disaster prevention and mitigation and optimization of
environmental quality.

There may be connections in the climate in different
regions (Wu 2002, 2017; Zhou and Chan 2007; Lin et al.
2017; Li et al. 2021), which are related to large-scale cir-
culation (Huang et al. 2008; Gong et al. 2018). Huang
et al. (2008) showed that the interaction between the Eura-
sian (EU) pattern and the East Asia—Pacific (EAP) pattern
enhances the sensible heat in Northwest China and then
reduces the summer precipitation in North China. Gong
et al. (2018) found that the spatial distribution of summer
precipitation anomalies in the East Asia-West Pacific region
corresponds to the phase of EAP teleconnection and Silk
Road teleconnection. The Silk Road Pattern (SRP), a well-
known teleconnection model of the westerly jet along the
upper Eurasian continent in summer, has a significant impact
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on the summer climate of Eurasia (Lu et al. 2002; Huang
etal. 2011; Kosaka et al. 2011; Wang et al. 2017a; Liu et al.
2020). The SRP and dipoles across the North Atlantic are
the dominant patterns of precipitation change in Northwest
China in July (Chen and Huang 2012). The interannual vari-
ations of June—September mean rainfall in North China are
well related to the upper-level circumglobal teleconnection
(CGT) in boreal summer, which is similar to SRP at least
over the Eurasian continent (Ding and Wang 2005; Li et al.
2019; Zhou et al. 2019). Besides, the British-Baikal Cor-
ridor (BBC) pattern, which is the wave train over the Eura-
sian continent in the high-latitude area where the polar jet
is located, impacts the area’s climate along the route (Xu
et al. 2018). However, the relationship between regional pre-
cipitation and atmospheric circulation is unstable (Liu et al.
2020; Yin and Zhou 2020). Yin and Zhou (2020) found the
correlation between winter precipitation in Northwest China
and ENSO, and the mid-latitude North Atlantic sea surface
temperature strengthened after the mid-1990s. The SRP has
interdecadal changes around the late 1970s and late 1990s,
corresponding to the precise shifts of the summer climate
over Eurasia (Liu et al. 2020). The meridional characteristics
of summer precipitation in Eastern China have been exten-
sively studied in the past (Nitta 1987; Huang 2004; Chen
and Zhai 2015; Sun et al. 2019; Shang et al. 2020). There are
also some researches about how latitude affects the summer
precipitation in Northwest and North China (Yu et al. 2003;
Zhou and Huang 2006; Tang and Lin 2007; Chen and Dai
2009; Zhao et al. 2011; Wang et al. 2013, 2017b; Liu et al.
2017). In Northwest and North China, summer precipita-
tion has opposite trends (Shi et al. 2003; Zhou and Huang
2006; Tang and Lin 2007; Wang et al. 2013, 2017b; Li et al.
2016; Peng and Zhou 2017). For instance, there has been a
persistent drought in North China since the 1970s (Huang
et al. 1999; Zhou and Huang 2003; Liu and Ding 2011; Hao
and Ding 2012; Han et al. 2019); the summer rainfall in
Northwest China was relatively high after the 1980s, and the
climate changed from warm and dry to warm and wet (Shi
et al. 2002; Ren and Yang 2007; Liu et al. 2011). In addi-
tion, the summer precipitation in Northwest China shows
noticeable regional differences, which is increasing in the
east and decreasing in the west (Yu et al. 2003; Chen et al.
2009; Liu et al. 2017; Zhao et al. 2017). Zhang et al. (2019)
suggested that a seesaw phenomenon in the east and west
parts of Northwest China during flood season is related to
the reverse phase relationship between the East Asian sum-
mer monsoon index and the westerly circulation index.
The above studies have focused on climate change in
Northwest and North China. However, few have analyzed
the relationship between the summer precipitation vari-
abilities in these two regions, which involve the interaction
between monsoon and non-monsoon regions. Has the rela-
tionship between summer precipitation in Northwest China
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and that in North China changed? Moreover, what are the
possible mechanisms from the internal variability of the
climate system? These questions will be addressed in this
study. Therefore, we present evidence to demonstrate that
there was indeed an interdecadal change in the relationships
between summer (June—August (JJA)) precipitation in these
two regions and its possible causes from the mid-latitude cir-
culation system. Understanding the interdecadal changes in
the relationship between the JJA precipitation in Northwest
and that in North China has critical scientific implications
for improving the regional precipitation prediction.

The remainder of this paper is organized as follows:
The datasets and methods used in this paper are described
in Sect. 2. In Sect. 3, interdecadal change in the linkage
between summer precipitation in Northwest China and that
in North China is presented. Section 4 describes the atmos-
pheric circulation anomalies related to the interdecadal
change in the correlation between the summer precipitation
in Northwest China and that in North China. Finally, Sect. 5
provides a summary and discussion.

2 Data and method

The following datasets are extensively used in our analy-
ses: (1) the monthly precipitation data over China use the
CNO5.1 data, with a 0.25°x0.25° resolution, using the
software package ANUSPLIN developed by the Austral-
ian National University, and it is derived from precipita-
tion data interpolation of more than 2000 stations in China
(Wu and Gao 2013); (2) the monthly precipitation data from
the Climatic Research Unit (CRU) high-resolution gridded
datasets, version 4.04 with 0.25° x0.25° resolution (CRU
TSv4.00; Harris et al. 2014); and (3) the monthly atmos-
pheric reanalysis datasets from the National Centers for
Environmental Prediction and National Center for Atmos-
pheric Research (NCEP-NCAR), with 2.5° X 2.5° horizontal
resolution (Kalnay et al. 1996).

We mainly focus on the summer precipitation in our
study. The SRP teleconnection index (SRPI) is defined in the
standardized principal component (PC) corresponding to the
first leading mode (empirical orthogonal function 1 (EOF1))
of the summer 200-hPa meridional wind (V200) anomalies
over the domain 20-60° N, 0-150° E (Liu et al. 2020). Simi-
lar to the definition of SRPI, the BBC teleconnection index
(BBCI) is defined in the standardized PC corresponding to
the EOF1 of the 250-hPa meridional wind over the domain
50-80° N, 20° W-150° E (Xu et al. 2018).

In order to analyze the variation characteristics of the ele-
ment field at different scales, it is necessary to select a filter
to filter the variables. The Butterworth filter is a filter with
the smoothest frequency response curve of a passband pro-
posed by British engineer Stephen Butterworth. Low-pass
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filtering is used to extract interdecadal signals, and high-pass
filtering is used for interannual signals. The higher the order,
the smoother it is. The principle is as follows:
1 _ 1
+(2 T+eey”
c P

|H(w)|* =

where 7 is the order of the filter, w, is the cutoff frequency,
that is, the frequency when the amplitude drops to—3 dB;
w, 1s the frequency of the edge of the passband; and 1+152
represents the value of |H (w)|? at the edge of the passband.
We construct a 1st-order Butterworth high-pass filter to
extract the interannual signals of the standardized summer
precipitation series in Northwest China (NWC) and North
China (NC), and define the high-frequency variation with a
period of less than 10 years as the interannual part, and the
sampling frequency is 1 year. The decadal period is 10 years,
then the frequency is 0.1, and the cutoff frequency
is=2x0.1/1=0.2.

The period time is 1961-2018 for all the datasets. In this
paper, the correlation, regression, and composite analysis are
used, and the two-tailed Student’s 7 test is used to estimate
the significance.

3 Interdecadal change in the linkage
between summer precipitation in NWC
and that in NC

From the internal climatology, Northwest and North China
involve the interaction of non-monsoon and monsoon
regions. This interaction makes these two regions insepara-
ble. Huang et al. (2011) pointed out the apparent difference
in precipitation between the east and the west of Northern
China, and their dividing line is around 100° E. Wang et al.
(2012) showed that the second EOF mode of summer pre-
cipitation in arid and semi-arid regions of East Asia is an
east—west contrast pattern and divides the arid/semi-arid
areas by the 100° E meridian. Besides, we further find that
the second EOF mode of summer precipitation variability in
the two regions presents a dipole near 100° E (not shown).
Therefore, we first divide NWC and NC by 100° E (Fig. 1a).

Figure 1b shows the mean summer rainfall anomalies
averaged over NWC (blue dotted line) and NC (red dotted
line) using the CNO5.1 dataset. Consistently, after early
2000, the time series of the summer precipitation in NWC
and NC increase simultaneously. Some prior studies find that
precipitation in NC begins to increase after early 2000 (Yang
et al. 2017, 2021; Ma et al. 2020). In order to better reflect
the interdecadal transition of the relationship between NWC
and NC summer precipitation, we use a 1st-order Butter-
worth filter to filter out the interdecadal signals of the sum-
mer precipitation series in these regions. The filtered series
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Fig.1 a Region map of Northwest China (NWC) and North China
(NC). b The standard time series of summer precipitation in NWC
(blue dashed line) and NC (red dashed line) for the period 1961-2018
(unit: mm/day). ¢ Moving correlation coefficient between the NWCI
and NCI with a 21-year window. The correlation is shown at the
center year of the 21-year window. Horizontal dashed lines indicate
the correlation coefficient is significant at the 90% and 95% confi-
dence levels

is defined as the summer precipitation index in NWC and
NC (NWCI and NCI). Years labeled in Fig. 1c denote the
central year of the 21-year window. The positive correlation
became enhanced after the mid-1980s, but the correlation
coefficients (CCs) were small and insignificant before early
2000. After early 2000, the correlation strengthens notably,
and the CCs get largely positive and significant. In the fol-
lowing analyses, two periods before and after 2000 were
selected according to the sliding correlation in Fig. Ic to
investigate the interdecadal change. To clearly illustrate the
correlation between summer precipitation in NWC and that
in NC around early 2000, two periods (1973-1991 (P1),
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2000-2018 (P2)) were selected. The results obtained in this
study are not sensitive to the reasonable change (forward or
backward by several years) of the selected two periods. The
correlation coefficient between the area-averaged NWC and
NC summer precipitation is —0.17 during P1 and reaches up
to 0.42 during P2. Thus, the selection of the two periods (P1
and P2) is reasonable.

4 Factors for the interdecadal change
between summer precipitation in NWC
and that in NC

We further investigate underlying factors that the interdec-
adal change in the NWC-NC summer precipitation relation-
ship. Atmospheric circulation anomalies are first examined.
The connection of precipitation in the two remote regions is
likely related to atmospheric circulation patterns. Fig. 2a and
b exhibits the regression maps of 200-hPa meridional wind
(V200) anomalies with NWCI for periods P1 and P2. Dur-
ing P1, there were two markedly anomalous wave trains in
mid-latitudes and high latitudes at V200, respectively. The
former has four anomalous centers over West Asia, Central
Asia, North China, and Japan. Primarily, there is a positive
anomaly over NWC. This structure resembles the negative
SRP pattern, which is the first leading mode of the sum-
mer V200. However, the latter is a BBC-like pattern, with
four anomalous centers over North-Central Atlantic, western
Siberia, southern Barents Sea, and western Okhotsk Sea.
These illustrate that the summer precipitation in NWC for
P1 is related to the SRP pattern and BBC pattern. During
P2, the anomalous wave train in mid-latitude at V200 is
weakened, and only one negative anomaly is located in the
Black Sea. Besides, a negative anomaly over the Greenland
Sea is stronger, but the Eurasian continent’s anomalies are
slightly weaker than P1. Concerning the NCI (Fig. 2c, d),

Fig.2 Regression maps of

V200 anomalies show an SRP-like pattern in mid-latitude dur-
ing P1. This structure’s four notable anomalous centers are
located over the Caspian Sea, Central Asia, North China, and
Japan. However, it weakens considerably during P2, and only
one negative anomaly located over Japan intensifies and moves
northward. In addition, a BBC-like pattern in high latitude is
stronger during P2 than during P1, which stretches across
much of the Eurasian continent. Therefore, we can hypothesize
that the change in the relation between summer precipitation
variations in the two regions after early 2000 likely relates to
the change of the wave trains in mid-high latitude.
According to the above analysis, we have found that the
large-scale circulation systems related to the summer pre-
cipitation in NWC and NC are SRP and BBC. Thus, we
calculate the CCs between summer precipitation in these two
regions and these two patterns further our understanding of
their relationships in different periods (Table 1). During P1,
the CC between SRPI and NWCI is —0.59, and the CC with
NCI is 0.59, both exceeding the 99% statistical confidence
level. After 2000, the NWCI and NCI are weakly correlated
with SRPI, with CCs of —0.02 and —0.29, respectively, but
are closely related to BBCI, with CCs of 0.49 and 0.69 (both
exceeding the 99% confidence level). There is no significant
connection between NCI and BBCI during P1, only — 0.1,

Table 1 Correlation coefficients between the summer precipita-
tion index (NWCI and NCI) and SRP index (SPRI) and BBC index
(BBCI) during 1973-1991 and 2000-2018

SRPI BBCI

1973-1991 2000-2018 1973-1991 2000-2018
NWCI —0.52% -0.02 0.52% 0.49%
NCI 0.59% -0.29 -0.1 0.69*

Numbers with an asterisk indicate the values above the 99% statistical
confidence level

anomalies of JJA meridional 90°N
wind at 200 hPa (units: m/s) _
with NWCI (a, b) and NCI
(¢, d) in 1973-1991 (left) and 30°N] &
2000-2018 (right). Dotted
regions indicate the 95% confi- 0° %A : . . i A2
dence level, based on Student’s ¢ 60°W 0° 60°E 120°E 180° 60°W 0° 60°E 120°E 180°
test. The boxes in a and b and in (©)
¢ and d denote the locations of 90°N
NWC and NC, respectively ;u’_’;r .........
. S n o ol
3‘_.:.:.:.
30°N4 © - 3 . 4
, OSA A ).
60°W 0° 60°E 120°E 180° 60°W 0° 60°E 120°E 180°
-4.0 -2.0 -1.5 -1.0 -0.5 0.5 1.0 1.5 2.0 4.0
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but the CC between NWCI and BBCI is 0.52 (exceeding the
99% confidence level). The statistical results are similar to
Fig. 2. In brief, the summer precipitation in NWC is both
related to SRP and BBC, but that in NC is only related to
SRP. After 2000, the summer precipitation in NWC and that
in NC are only related to BBC, which may be one of the
reasons for the significant positive correlation between the
summer precipitation in NWC and NC.

We then use a 0.5 standard deviation (SD) as the criterion to
choose the years for composite analysis. When both the NWCI
and NCI of a year are positive (negative) and one is larger (less)
than 0.5 (—0.5) SD, this year is categorized as the same-sign
year (Table 2). When both the NWCI and NCI of a year are

Table 2 Years selected for the composite analysis

opposite and one of them is larger than 0.5 or less than—0.5,
this year is categorized as the opposite-sign year. There are 7
same-sign years and 12 opposite-sign years during P1, but 13
same-sign years and 5 opposite-sign years during P2. These
demonstrate an enhanced positive connection between the
summer precipitation in NWC and that in NC, consistent with
Fig. 1c. At V200 field (Fig. 3), when NWC has the same (oppo-
site) sign as NC summer precipitation, there is BBC (SRP)
wave train across Eurasia at high (middle) latitudes.

Figure 4 exhibits the 500-hPa geopotential height (Z)
and 850-hPa wind anomalies obtained by regression on
the NWCI and NCI during the two epochs. The 500-hPa
Z anomaly associated with summer precipitation anomaly

2000-2018

1973-1991
Same sign 1976 (+), 1979 (+), 1980 (-), 1981 (+),
1985 (—), 1986 (—), 1988 (+)
Opposite sign 1973, 1974, 1975, 1977, 1978, 1982,

1983, 1984, 1987, 1989, 1990, 1991

2000 (—), 2001 (=), 2002 (=), 2003 (+), 2006 (=), 2007 (+),
2009 (-), 2012 (+), 2013 (+), 2014 (=), 2015 (-), 2016 (+),
2017 (+)

2004, 2005, 2008, 2010, 2011, 2018

The “+” and “—" signs denote the NWCI and NCI are both positive and negative, respectively

Fig.3 Composite maps of JJA
meridional wind at 200 hPa
(units: m/s) for a opposite-sign
years during P1 and b same-
sign years during P2. Dotted
regions indicate the 95% confi-
dence level, based on Student’s
1 test
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Fig.4 Regression maps of )
anomalous JJA 500-hPa geo- 9%0°N bk bt

potential height (shading, units:
gpm) and 850-hPa wind (vec-
tor) (units: m/s) with respect

to a, b NWCI and ¢, d NCI for
the periods 1973-1991 (left)
and 2000-2018 (right). Dotted 30°N7.
regions indicate the regression
coefficients for geopotential

60°N

height are significant at the 95% 0 0° ‘ 30°E
confidence level using the two-
tailed Student’s 7 test. The boxes
in a and b and in ¢ and d denote
the locations of NWC and NC,
respectively

60°F

90°E

3% ” , . e Sl 9
150°E 0° 30°E 60°E 90°E 120°E

120°E

150°E

90°N

30°N {- -

o

30°E  60°E

-40.0 -16.0 -12.0

in NWC for P1 shows a significant positive anomaly over
the southern Kara Sea, accompanying two negative Z
anomalies extending from the Caspian Sea to NWC and
over the Japan Sea (Fig. 4a). Anomalous upward motion
around NWC is shown in Fig. 5a. The low pressure, associ-
ated cyclonic anomalies (Fig. 4a), and concurrent anoma-
lous upward motion over NWC are responsible for more
precipitation in situ (same as Fig. 1b). The source of water
vapor in NWC is mainly transported from the southwest
(Fig. 6a). This water vapor transport anomaly is consistent
with circulation and wind anomalies. Southwesterly wind
anomalies can transport water vapor from the Indian Ocean
to NWC and huge anticyclonic circulation over the Ural
Mountains can transport water vapor from the Atlantic to
NWC, making NWC to have more precipitation in summer.
During P2 (Fig. 4b), there are two positive anomalies over
the Mediterranean Sea and the Ural Mountains, with a nega-
tive anomaly over eastern Siberia. Anomalous atmospheric
signals over the Ural Mountains and the Mediterranean Sea,
which stimulate the downstream dispersion of Rossby wave
energy, can cause the negative Z anomaly around NWC
with an anomalous upward motion (Li et al. 2021). Moreo-
ver, the southeast wind anomaly in the equatorial Pacific is
significantly stronger during P2 than that during P1, which
can bring moist air from low latitude to NWC. Water vapor
transport associated with NWC and NC summer precipita-
tion presents an anomalous anticyclone near the Ural Moun-
tains during P2 (Fig. 6b, d). Its location is around 60° N.
Besides, high latitudes show a wave train across Eurasia.
The water vapor transport in NWC is weaker than that in
the P1 stage (Fig. 6a). Anticyclonic circulation in the Ural
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Mountains can transport water vapor from the Atlantic to
NWC. The water vapor transport in the Northwest Pacific
is more active than that during the P1 stage. The northeast-
erly wind anomaly on the east side of the anomalous anticy-
clone over the Ural Mountains and the southeasterly wind
anomaly from the Northwest Pacific converge in NC, which
is favorable for increased precipitation (Fig. 6d). For the
summer precipitation in NC, a significant negative 500-hPa
Z anomaly extends from eastern Siberia to Northern China
during P1 (Fig. 4c), leading to much cold and dry air to the
south. The NC region is dominated by westerly anomalies
at 800 hPa and anticyclone at 500 hPa. Accordingly, less
precipitation occurs over NC during P1. The northeast wind
anomaly from the polar region can transport cold and moist
air from the Arctic Ocean to NC. The southeasterly winds
from the Pacific are unusually weak, and less water vapor
reaches NC. The positive Z anomaly over the Kara Sea dur-
ing P2 is enhanced evidently (Fig. 4d). It forms an intense
anticyclone center in the northern Eurasian continent, while
to its east, there is a westward low-pressure trough. This
trough forms a closed low pressure around NC. In addition,
significant positive Z (i.e., high pressure) anomalies appear
on the eastern coast of China, which is associated with the
positive Z anomalies over the Mediterranean Sea and the
Ural Mountains. The northward winds on the west side of
this anomaly bring moist air from low-latitude areas and
promote a northward advance of the East Asian monsoon
rain belt (Wang and Ding 2008). All these circumstances
contribute to more precipitation over NC. We mainly con-
centrate on the general circulation patterns obtained by
regression on the NWCI and NCI during the two epochs.
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Fig.5 Regression maps of
anomalous JJA omega (contour,
contour interval =0.15, units:
m/s) and vertical circulation
(vector, synthesis based on u
wind and omega, units: m/s) on
a longitude-height cross sec-
tion along 40° N with respect
to NWCI for the periods a
1973-1991 and b 2000-2018.
Shadings indicate the regres-
sion coefficients for omega are
significant at the 95% confi-
dence level using the two-tailed
Student’s ¢ test

Fig.6 Regression maps of
anomalous JJA water vapor
flux (vector, units: kg/ms) with
respect to a, b NWCl and ¢, d
NCI for the periods 1973-1991
(left) and 2000-2018 (right).
Shading indicates the regression
coefficients for JJA water vapor
flux are significant at the 95%
confidence level using the two-
tailed Student’s ¢ test
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In general, the mid-latitude structure of 500-hPa Z anom-
alies regressed by NWCI and NCI is opposite during P1
(Fig. 4a, c). There are striking differences in the locations
and strength of the positive anomalous centers in high lati-
tude. At 850 hPa, NWC has the northeast wind anomalies
and NC has southwest wind anomalies. During P2 (Fig. 4b,
d), there are two significantly positive anomalous centers
located in the Mediterranean Sea and the Ural Mountains,
which are part of the high-latitude wave train. At 850 hPa,
NWC and NC have westerly anomalies. These results imply
that anomalous atmospheric signals over the Ural Mountains
and the Mediterranean Sea co-affect the positive Z anomaly
near the eastern coast of China, accompanied by cold air
from the north and wet air from the south, and then lead to
the summer precipitation in NWC and NC which increased
in coordination after early 2000.

Fig.7 Regression maps of

Figure 7 shows the regression coefficients of meridional
wind anomalies at 200 hPa with SRPI and BBCI in P1 and
P2. NWC and NC have an inverse relationship during P1
with a significant positive anomaly over NWC and a sig-
nificant negative anomaly over NC (Fig. 7a). Compared to
that during P1, the SRP wave train during P2 significantly
weakens and moves eastward (Fig. 7c). The atmospheric
circulation anomalies related to the SRPI for the two periods
are shown in Fig. 8. Previous studies suggested that SRP
moves significantly eastward after the 1970s and is affected
by high-latitude anomalies (Liu et al. 2020). We compared
the SRPI-related circulation anomalies with the circulation
anomalies related to the NWCI and NCI during the two
epochs. During P1 (Fig. 8a), negative, positive, and nega-
tive Z anomalies are alternatively observed over Eurasia at
mid-latitudes, which are similar to the structure obtained by

meridional wind anomalies at 90°N
200 hPa (units: m/s) with SRPI el
(left) and BBCI (right) in 1973—
1991 (a, b) and 2000-2018 (c, 30°N |
d). Dotted regions indicate the
95% confidence level based on 0° : - LA : ‘ A2, |
Student’s 7 test. The black boxes 60°W 0° 60°E 120°E 180° 60°W 0° 60°E 120°E 180°
denote the locations of NWC (d)
and NC 90°N N
60°N A 60°N
30°N A 30°N
° y Al 0° ™ o 5 BV |
60°W 0° 60°E 120°E 180° 60°W 0° 60°E 120°E 180°
-5.0 -2.0 -1.5 -1.0 -0.5 0.5 1.0 1.5 2.0 5.0

Fig.8 Regression maps of
g g p 90°N
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regression on NWCI (Fig. 4a) and opposite to NCI (Fig. 4c).
At 850 hPa (Fig. 8c), NWC and NC have easterly anomalies.
The result is same as the SRPI-related water vapor trans-
port (Fig. 9a). In contrast, the SRP is weakened during P2
(Fig. 8b, d), which is consistent with the result obtained by
Liu et al. (2020). The corresponding positive centers occur
in the two regions. After 2000, the Atlantic and the Kara Sea
had two significant negative anomalous centers that tilted
westward tilt height. This is consistent with the previous
finding that significant circulation anomalies have occurred
in Europe in recent decades (Wu 2002). One crucial dif-
ference is the location of the corresponding precipitation
anomalies. Fig. 10a shows the correlation of the SRPI with
precipitation anomalies for period P1. A negative correlation
appears in the west of NC, whereas a positive correlation

Fig.9 Regression maps of
9 & P 90°N

is observed in NWC. The correlation in this region is sig-
nificant at the 95% confidence level. However, during P2
(Fig. 10b), the correlation of the SRPI and the summer
precipitation decreases sharply. Here, the SRP may mainly
affect the summer rainfall in NWC and NC during P1, which
resembles that in Table 1.

The BBC wave train during P2 intensifies southward,
and it distributes along the latitude of 60° N from the
Atlantic Ocean to the Pacific Ocean (Fig. 7b, d). We
compared the BBCI-related circulation anomalies with
the circulation anomalies related to the NWCI and NCI
during the two epochs (Fig. 11). The high-middle latitude
anomalies at 500 hPa during P1 are centered mainly the
Ural Mountains and the west of NWC during P1, which
are similar to the NWClI-related circulation anomalies

anomalous JJA water vapor
flux (vector, units: kg/ms) with
respect to a, b SRPI and ¢, d
BBCI for the periods 1973—
1991 (left) and 2000-2018
(right). Shading indicates the
regression coefficients for JJA
water vapor flux are significant
at the 95% confidence level
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confidence levels, separately.
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Fig. 11 Same as Fig. 8, but for . (a) .., (b)
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(Fig. 11a). A negative Z anomaly occupies most of NWC
with ascending motion (Fig. 12a), beneficial to more pre-
cipitation in situ for P1. At 850 hPa, NWC has easterly
anomalies (Fig. 11c). During P2 (Fig. 11b), the BBCI-
related high-latitude wave train has two positive centers,
which are located over the Mediterranean Sea and the
Ural Mountains. The two centers of the high-latitude
wave train are the main systems affecting the consistency
of precipitation anomalies in NWC and NC. The strong
anticyclone near the Ural Mountains moves more east-
ward than during the P1 stage, which is located in 60° N
(Fig. 11a, ¢). The anomalous northeasterly wind from the
east side of this anticyclone can transport a large amount
of cold and wet air from the Arctic Ocean to NWC and
NC. The two regions are occupied by westerly anomalies
at 850 hPa (Fig. 11d). Positive 500-hPa Z anomalies over
the Ural Mountains and the Mediterranean Sea and the
East Asia trough that leads the cold air to Northern China
modulate the summer precipitation in NWC and NC after
early 2000. In addition, the water vapor from low latitudes
to NC (Fig. 9d) and anomalous upward motion around
NWC are responsible for more summer precipitation in
the two regions (Fig. 12b). Fig. 10c and d shows the CCs
of the BBCI with the summer rainfall for P1 and P2. Dur-
ing P1, a positive correlation occurs in the southwest of
NWC, but it is weak in NC. During P2, the positive cor-
relation becomes strong in NC; the positive correlation in
NWC weakens and moves east. The results are the same
as in Table 1. Thus, after 2000, the summer precipitation
in NWC and NC regions has a significant positive cor-
relation with the BBC pattern.

@ Springer
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5 Conclusions and discussion

In this study, we use the CNOS5.1 data, CRU dataset, and
NCEP-NCAR reanalysis dataset to investigate the change
in the relationship between summer precipitation variabili-
ties in NWC and NC. The results show that the summer
precipitation in NWC and NC increases simultaneously
after 2000. The positive correlation became enhanced after
the mid-1980s, but the CCs were small and insignificant
before 2000. After 2000, the correlation strengthens nota-
bly, and the correlation coefficients get largely positive
and remarkable. The large-scale atmospheric circulation
anomalies are analyzed to understand the possible causes
for the change of connection between the summer pre-
cipitation variations in the two regions after 2000. During
P1, the summer precipitation in NWC is related to SRP
and BBC. The CC between SRPI and BBCI with NWCI
is — 0.59 and 0.52, respectively. The low pressure and
associated cyclonic anomalies and concurrent anomalous
upward motion over NWC are responsible for more pre-
cipitation in situ. The summer precipitation in NC is only
related to SRP, and the CC is 0.59. During P2, the summer
precipitation in the two regions positively correlates to the
BBC, and the CCs are 0.49 and 0.69, respectively. The
Z anomalies associated with the summer precipitation in
NWC stimulate the downstream dispersion of Rossby wave
energy and consequently affect the atmospheric circula-
tion pattern that can cause the negative Z anomaly around
NWC, accompanying anomalous upward motion. In addi-
tion, the southeast wind anomaly in the equatorial Pacific
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Fig. 12 Regression maps of
anomalous JJA omega (contour,

contour interval =0.15, units:
m/s) and vertical circulation
(vector, synthesis based on u
wind and omega, unit: m/s) on
a longitude-height cross sec-
tion along 40° N with respect
to BBCI for the periods a
1973-1991 and b 2000-2018.
Shadings indicate the regres-
sion coefficients for omega are
significant at the 95% confi-
dence level using the two-tailed
Student’s ¢ test
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is significantly stronger during P2 than during P1, which
can bring moist air from low latitudes to NWC. The posi-
tive Z anomaly over the Ural Mountains associated with
the summer precipitation in NC is enhanced compared to
that during P1. To its east side, there is a southward low-
pressure trough. This trough forms a closed low pressure
in NC, and the anomalous southerly winds bring moist air
from the Northwest Pacific to NC. Westerly wind anoma-
lies dominate these two regions.

The SRP mainly affects the summer rainfall in NWC
and NC during P1. A positive correlation between the SRPI
and summer precipitation anomalies appears in the west of
NC, whereas a negative correlation is observed in NWC.
However, this correlation is not clear for P2. Summer pre-
cipitation in the two regions during P2 is primarily due to
the simultaneous modulation of four geopotential height
anomalies, which are associated with the BBC pattern over
the middle to high latitudes. The East Asia trough leads
the cold air to the south and induces westerly winds over
NWC and NC. Its southeast is accompanied by a positive Z

90°E 100°E 110°E 120°E 130°E

anomaly over Northwest Pacific. The associated southerly
wind anomalies on the western flank of the Z anomaly can
transport water vapor from low latitudes to NC. In addi-
tion, significant negative Z anomalies over NWC accompany
anomalous upward motion around this region. The others
are over the Ural blocking high and the positive 500-hPa Z
anomalies over the Mediterranean Sea, which can affect the
positive Z anomaly over Northwest Pacific and the nega-
tive Z anomalies over NWC by the dispersion of Rossby
wave energy (Li et al. 2021) and then induce associated
precipitation anomalies over NC and NWC. Besides, dur-
ing the same-sign year of summer rainfall anomaly in NWC
and NC, in P2, the BBC pattern was located over mid-high
latitudes. However, during P1, SRP teleconnection occurs
when concurrent but opposite signed summer precipitation
anomalies in NCW and NC are found.

This study concentrates on the change of relation between
the summer precipitation variations in the two regions. Fur-
thermore, we have determined the corresponding telecon-
nection patterns that may affect the change. We analyze the

@ Springer



1142

Z.Duetal.

interannual relationship between NWC and NC from the
atmospheric circulation. Changes in the associated atmos-
pheric circulation are the immediate cause of the interan-
nual relationship change between the NWC and NC rainfall.
However, the variations of the precipitation in NWC and NC
are affected by many factors, including the variation of sea
surface temperature (Hoskins and Karoly 1981; Zhang et al.
1999; Alexander et al. 2002; Liu et al. 2007; Piao et al. 2017;
Yin and Zhou 2019, 2020), Western Pacific subtropical high
(Wu and Qian 1996; Qian et al. 2001b; Sui et al. 2007; Li
2012; Lee et al. 2013), the dynamic and thermodynamic
effects of Tibetan Plateau (Wu and Qian 1996, 2003; Qian
et al. 2001a, 2001b; Zhang et al. 2004; Zhao et al. 2007),
and so on. Therefore, it is worth to examine further the effect
of external forcing on the relationship change between the
summer precipitation variations of two regions. Previous
studies have pointed out that ENSO can affect the summer
precipitation in NWC and NC by influencing the East Asian
summer monsoon and atmospheric teleconnection since the
1990s (Hoskins and Karoly 1981; Rasmusson and Wallace
1983; Zhang et al. 1999; Wang et al. 2000; Alexander et al.
2002; Piao et al. 2017). The tropical sea surface temperature
is recognized as a critical external force that impacts summer
rainfall variability in the two regions. This study found that
the interannual relationship change between NWC and NC
appeared in early 2000. Hu et al. (2020) suggested that the
ENSO variability and frequency decrease and increase in
1999/2000, respectively. Whether the change of ENSO will
affect the precipitation relationship change between the two
regions remains to be studied.

In addition, NWC and NC are located in the arid and
semi-arid regions of East Asia. The westerly and mon-
soons directly impact these two regions (Liu and Zhang
2013; Zhang et al. 2016; Xing and Wang 2017). There-
fore, it is necessary to clarify further the influence mecha-
nism of the monsoon and westerly circulation. Besides,
the influence of the westerly-monsoon interaction on the
relationship between the summer precipitation variations
in the two regions remains to be studied.

The present research has not focused on numerical
model experiments. The numerical model experiments
will be used in the future to further confirm the linkage of
summer precipitation between NWC and NC.
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