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ABSTRACT

The prediction of summer precipitation over the Yangtze River basin (YRB) has long been challenging, especially
during June—July (JJ), when the mei-yu generally occurs. This study explores the potential signal for the YRB precipitation
in JJ and reveals that the Tibetan Plateau tropospheric temperature (TPTT) in the middle and upper levels during the
preceding December—January (DJ) is significantly correlated with JJ YRB precipitation. The close connection between the
DJ TPTT anomaly with JJ YRB precipitation may be due to the joint modulation of the DJ ENSO and spring TP soil
temperatures. The lagged response to an anomalously cold TPTT during the preceding DJ is a TPTT that is still
anomalously cold during the following JJ. The lower TPTT can lead to an anomalous anticyclone to the east of Lake Baikal,
an anomalous cyclone at the middle latitudes of East Asia, and an anomalous anticyclone over the western North Pacific.
Meanwhile, the East Asian westerly jet shifts southward in response to the meridional thermal gradient caused by the colder
troposphere extending from the TP to the east of Lake Baikal. The above-mentioned circulation anomalies constitute the
positive anomaly of the East Asia-Pacific pattern, known to be conducive to more precipitation over the YRB. Since the DJ
TPTT contains both the land (TP soil temperature) and ocean (ENSO) signals, it has a closer relationship with the JJ
precipitation over the YRB than the DJ ENSO alone. Therefore, the preceding DJ TPTT can be considered an alternative
predictor of the JJ YRB precipitation.
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Article Highlights:

* December—January (DJ) Tibetan Plateau tropospheric temperature (TPTT) can be considered a predictor of June—July
precipitation over the Yangtze River basin (YRB).

* A DJ TPTT anomaly can reflect the JJ TPTT well and cause an anomalous East Asia-Pacific pattern and associated
precipitation over the YRB in JJ.

* A DJ TPTT contains both the land and oceanic signals and therefore has a closer relationship with the JJ precipitation
over the YRB than ENSO.

1. Introduction which is called mei-yu in China, Baiu in Japan, and
Changma in Korea. The mei-yu generally appears over the

The East Asian summer monsoon (EASM) features an  yangtze River basin (YRB) of China during June and July
elongated rain belt from eastern China to Japan via Korea, (J3), which often leads to floods; consequently, it severely
affects the ecological environment, agriculture, economy,
and human lives (Zong and Chen, 2000; Ding et al., 2021).

¥ This paper is a contribution to the 2nd Special Issue on Climate

Science for Service Partnership China. To mitigate these devastating influences, it is important to
* Corresponding author: Ge LIU explore factors that precede the EASM precipitation, espe-
Email: liuge@cma.gov.cn cially for the JJ YRB precipitation.
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El Nifio-Southern Oscillation (ENSO) has been widely
considered one of the most important factors affecting the
variation of the EASM on different time scales (Zhang et al.,
1999; Wu and Wang, 2002; Chen et al., 2013). ENSO can
contribute to the YRB precipitation anomaly in summer by
modulating the East Asia-Pacific (EAP) pattern (Huang et
al., 2004; Feng et al., 2011). The positive (negative) EAP pat-
tern is characterized by an anomalous anticyclone (cyclone)
over the tropical western North Pacific (WNP) and an anoma-
lous cyclone (anticyclone) at the middle latitudes of East
Asia in the lower troposphere, which is also accompanied
by a southward (northward) shift of the East Asian westerly
jet (EAJ) at the upper troposphere (Li et al., 2021b). The
ENSO-related positive (negative) EAP pattern is conducive
to more (less) precipitation over the YRB and southern
Japan (Lu, 2004; Li et al., 2021b). Additionally, the sea sur-
face temperature (SST) anomalies in the North Pacific, the
North Atlantic Ocean (Guo et al., 2017), and the tropical
Indian Ocean (Xie et al., 2009; Ding et al., 2021) can affect
the EASM precipitation.

Apart from the above SST factors, land conditions have
also received much attention. For example, Xue et al. (2018)
reported that spring land surface or subsurface temperature
anomalies in the Tibetan Plateau (TP) could improve the pre-
diction of dry and wet conditions, especially extreme
drought/flood events around the YRB. Through altering
local hydrological and thermal processes and the associated
overlying and downstream atmospheric circulations, the
snow cover and soil moisture anomalies in the TP during win-
ter or spring can affect summer precipitation over the YRB
(Wu and Qian, 2003; Wu and Kirtman, 2007; Zhao et al.,
2007a; Chow et al., 2008; Liu et al., 2014; Wang et al.,
2017). However, the close relationship between the preceding
TP snow and summer YRB precipitation has been disrupted
since the late 1990s due to the decreasing winter TP snow
associated with the TP warming (Si and Ding, 2013; Xu et
al., 2017). Moreover, the complex land surface environment
in the TP severely affected the quality of the snow and heat
flux datasets (Chen et al., 2021), leading to inconsistent varia-
tions of variables in the TP among different datasets (Bian
et al.,, 2020). As such, alternative variables should be
explored to predict the YRB precipitation aside from tradi-
tional land surface variables (e.g., snow and surface heat
fluxes) in the TP.

Recently, several studies revealed that the TP tropo-
spheric temperature (TPTT) could reflect the thermal condi-
tion of the TP and has better regional coherence than land sur-
face variables (Nan et al., 2019, 2021). Moreover, Chen et
al. (2021) found that the preceding spring TPTT considerably
impacts summer precipitation over eastern China, especially
over the North China-Hetao region. Inspired by previous stud-
ies, the present study explores the potential signal for summer
precipitation over the YRB from the TPTT during the preced-
ing months.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the data and methods. Section 3 analyzes
the relationship between the JJ YRB precipitation and the pre-
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ceding winter TPTT. The link between the TPTT and the trop-
ical SSTs and the respective contribution of the TPTT and
SST anomalies to the YRB precipitation are also investigated
in section 3. Section 4 explores the potential memory process
of winter TPTT anomaly that leads to the summer anomaly,
which explains how the winter TPTT anomaly can affect
the summer atmospheric circulation pattern and associated
precipitation over the YRB. Finally, the summary and discus-
sion are given in section 5.

2. Data and methods

2.1. Data

This study used the monthly precipitation data at 160
observational stations in China, which were obtained from
the National Meteorological Information Center, China Mete-
orological Administration. The precipitation product of the
Climate Prediction Center (CPC) Merged Analysis of Predic-
tion (CMAP; Xie and Arkin, 1997) was used to verify the
results. This study also used the monthly reanalysis data,
such as air temperatures, geopotential heights, and winds,
obtained from the National Centers for Environmental Predic-
tion and National Center for Atmospheric Research (NCEP-
NCAR) (Kalnay et al., 1996). The NCEP-NCAR reanalysis
products are updated more rapidly and frequently, which
enables the timely calculation of the preceding TPTT, and
can therefore be applied in the prediction of the summer pre-
cipitation over the YRB.

In addition, we employed the National Oceanic and
Atmospheric Administration (NOAA) extended recon-
structed SSTs (version 5; Huang et al., 2017) and monthly
mean soil temperature at layers 1 (0-7 cm) and 4 (100-
289 cm) from the ERAS reanalysis (Hersbach et al., 2020).
All of these data were extracted from 1981-2020 unless other-
wise stated.

2.2. Methods

We used a rotated empirical orthogonal function
(REOF; Richman, 1986) to extract the dominant pattern of
precipitation over eastern China since the REOF has a good
performance in capturing regional coherence features (Kim
and Wu, 1999). In addition, correlation and regression were
used in this study. To reveal the relationship between the pre-
ceding TPTT and JJ precipitation over the YRB on interan-
nual time scales, we applied eight-year high pass Lanczos fil-
tering (Duchon, 1979) to extract the interannual components
from the raw variables. To clarify the independent effect of
the TPTT after removing the impact of the SST anomalies,
we used the methods of partial correlation (Velleman and
Welsch, 1981) and partial regression (Baba et al., 2004).
Unless otherwise stated, the Student’s ¢-test was used to evalu-
ate the statistical significance of these analyses.

2.3. Study domain

The main rain belt generally governs the YRB during
JJ and contributes to most EASM precipitation (Chen and
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Chang, 1980; Wang et al., 2008). We performed a REOF anal-
ysis for the standardized precipitation over eastern China in
JJ. Based on the Scree test (Cattel, 1966), the first 10 EOF
modes are chosen to be rotated. Their cumulative percent vari-
ance is only 60% which indicates that the percent variance
of every mode was not as high as expected. The leading
REOF mode, which accounts for 7.5% of the total variance
of JJ precipitation over eastern China, shows high loadings
over the YRB (Fig. 1a). This result further confirms that the
main EASM rain belt appears over the YRB during JJ. To
measure the variability of precipitation over the YRB, the
arithmetical mean of precipitation at 16 observational stations
in the YRB (27°-31° N, 107°-120° E) was referred to as the
YRB precipitation index (YRBPI). This study focuses on
the effect of the preceding TPTT signal on the variability of
JJ YRB precipitation.

3. Relationship between the JJ YRB
precipitation and preceding winter TPTT

3.1. Cross-seasonal relationship between TPTT and
YRB precipitation

We explored the preceding signals of the JJ YRB preci-
pitation from the tropospheric eddy temperature (77), in
which 7" was defined as the deviation of air temperature (7)
from the zonal mean (Zhao et al., 2007b). The elevated heat-
ing over the TP can be effectively distinguished from the ther-
mal condition at the same latitudes by using 7". Therefore,
T’ can be applied to measure the variability of the TP thermal
condition. The JJ YRBPI significantly correlates with Decem-
ber—January (DJ) tropospheric 7" over the TP, with a center
of correlation coefficient lower than —0.50 (Fig. 1b). Based
on the key area with significant correlation in Fig. 1b, the tro-
pospheric (500-250 hPa) 7" was regionally averaged over
(25°—40°N, 80°-100°E) to reflect the variability of the
TPTT. For ease of understanding, the TPTT index (TPTTI)
was defined as the above regional mean 7" multiplied by —1.
As such, a higher (lower) TPTTI, which reflects lower
(higher) tropospheric 7" over the TP during DJ, corresponds
to more (less) YRB precipitation in JJ. This relationship can
also be detected in Fig. 1c, which shows a clear in-phase fluc-
tuation between the DJ TPTTI and JJ YRBPI, with a correla-
tion coefficient of 0.57, which exceeds the 99.9% confidence
level.

Furthermore, we investigated the relationship between
the DJ TPTTI and JJ YRBPI on interannual time scales.
After extracting the interannual components using high pass
Lanczos filtering (Duchon, 1979), the correlation coefficient
between DJ TPTTI and JJ YRBPI is 0.53, still significant at
the 95% confidence level. The significant correlation suggests
that the close relationship between the DJ TPTTI and JJ
YRBPI still exists on interannual time scales.

3.2. Associated atmospheric circulation anomalies

Before clarifying the role of the preceding DJ TPTT,
we first present the atmospheric circulation anomalies
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responsible for anomalous precipitation over the YRB
during JJ. The 700 hPa wind anomalies regressed upon the
YRBPI show an anomalous anticyclone over the tropical
WNP (Fig. 2a), reflecting the strengthened and westward
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Fig. 1. (a) Leading REOF mode of standardized JJ

precipitation over eastern China from 1981-2020. The black
box represents the YRB region (27°-31°N, 107°-120°E), in
which 16 stations are marked by black dots. (b) Correlation
between the JJ YRBPI and 500-250 hPa 7’ during the
preceding DJ, where light and dark blue shadings denote
correlations significant at the 95% and 99% confidence levels,
respectively. (c) Time series of the standardized JJ YRBPI (red
curves) and the preceding DJ TPTTI (blue curves). The bold
gray contours in (a) and (b) show the topographic boundary of
1500 m.
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extended WNP subtropical high (WNPSH). To the north of
the anomalous anticyclone, an anomalous cyclone appears
from the east of the TP to the west of southern Japan
(Fig. 2a). Along its western flank, the anomalous cyclone
induces anomalous northeasterlies into the YRB. The anoma-
lous northeasterlies converge with the anomalous westerlies
along the northern flank of the WNPSH, resulting in more pre-
cipitation over the YRB. Correspondingly, the 200 hPa
zonal wind anomalies show a large-scale positive anomaly
belt over East Asia and the WNP, to the south of the climato-
logical EAJ (Fig. 2b), indicating a southward shift of the
EAJ. The pattern of the anomalous anticyclone over the tropi-
cal WNP and the anomalous cyclone at middle latitudes and
the southward shifted EAJ reflect the positive phase of the
EAP pattern, which is conducive to excessive precipitation
over the YRB compared to the individual contributions of
either the WNPSH or EAJ (Li et al., 2021b).

Clearly, the JJ atmospheric circulation anomalies
regressed upon the DJ TPTTI (Figs. 2c, d) also manifest the
EAP pattern, which resembles the circulation anomalies
responsible for more precipitation over the YRB (Figs. 2a,
b). This resemblance implies that the preceding DJ TPTT
may influence the YRB precipitation by modulating the
EAP teleconnection during JJ. Note that in Fig. 2d, significant
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positive anomalies in the 200 hPa zonal winds are confined
to eastern China, rather than farther east, over the sea
(Fig. 2b). Accordingly, the significant precipitation anomaly
appears only over the YRB (Fig. 2c), rather than extending
eastward to southern Japan (Fig. 2a).

3.3. Respective contribution of DJ TPTT and ENSO

Previous studies pointed out that ENSO can affect winter
surface air temperature and snow depth through modulating
convective activities over the western Pacific and stimulating
the eastward propagation of Rossby waves (Shaman and
Tziperman, 2005; Jiang et al., 2019), which implies that the
TPTT anomaly is probably also related to ENSO. If so, the
close relationship between the DJ TPTT and JJ YRB precipita-
tion may be solely a result of the modulation by ENSO
rather than real causality. Therefore, we should further ana-
lyze the relationship between the TPTT and ENSO and eluci-
date the individual contribution of the preceding TPTT to
YRB precipitation in the absence of the ENSO.

Figure 3a illustrates the correlation between the DJ
TPTTI and simultaneous SSTs, which shows significant posi-
tive (negative) correlation coefficients in the equatorial cen-
tral and eastern Pacific (the tropical WNP), clearly manifest-
ing the positive phase of ENSO. The lead-lag correlation
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Fig. 2. (a) JJ anomalous 700 hPa winds (vectors, units: m s~!) and precipitation (shadings) regressed upon the
simultaneous YRBPI. The shadings denote the precipitation anomalies significant at 90% and 99% confidence levels,
as shown by the color bars. The anomalous winds significant at the 95% confidence level are highlighted in purple.
(b) As in (a), but for the anomalous 200 hPa zonal winds (contours, units: m s~!). In (b), the color shadings denote
the anomalous 200 hPa zonal winds significant at the 95% confidence level. The gray shading represents the
climatological East Asian westerly jet with westerly winds greater than 26 m s~!. Panels (c) and (d), as in (a) and (b),
but for the regression upon the preceding DJ TPTTI. The bold gray curves in (a) and (c) delineate the topographic

boundary of 3000 m.
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between the DJ TPTTI and equatorial (5°S—5°N) SST further
reveals that the positive correlation in the equatorial Pacific
can be traced to spring (April-May) of the preceding year.
This positive correlation is enhanced and extends eastward

(a) DJ TPTTI
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Fig. 3. Correlation of the DJ SSTs with the (a) DJ TPTTI and
(b) JJ YRBPI. The light and dark shadings denote correlations
significant at 95% and 99% confidence levels, respectively.

The blue boxes denote the EP region (5°S—5°N, 80°-140°W)
that was used to define the EPSSTI.
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to the eastern Pacific in the simultaneous winter and decays
in the ensuing spring (figure not shown). This result signifies
that the variability of TPTT is closely linked to the evolution
of ENSO and that this link is more significant at the peak of
the ENSO event during DJ.

Similarly, the JJ YRBPI is significantly and positively
correlated with the preceding DJ SSTs in the tropical central
and eastern Pacific, with the correlation coefficients above
0.40 to the east of 140°W, significant at the 99% confidence
level (Fig. 3b). Clearly, the DJ SST in the eastern Pacific
(EP; 5°S-5°N, 80°-140°W) is closely related to both the DJ
TPTT and JJ YRB precipitation. Based on Fig. 3, the area-
mean SSTs over the EP were defined as the EPSSTI, which
can reflect the variability of the ENSO. The correlation coeffi-
cient between the DJ EPSSTI and DJ TPTTI (JJ YRBPI) is
0.54 (0.45), significant at the 99.9% (99%) confidence level.
The significant correlations imply that the ENSO may play
a role in the close relationship between the TPTT and YRB
precipitation.

Nevertheless, further analysis reveals that the effect of
the preceding DJ TPTT on the JJ YRB precipitation may
still exist in the absence of ENSO. After removing the vari-
ability of the DJ EPSSTI, the partial regression upon the indi-
vidual DJ TPTTI shows that the anomalous anticyclone
over the WNP still exists (Fig. 4a), although much weaker
than that in Fig. 2c. In contrast, the anomalous anticyclone
over Northeast Asia and the anomalous cyclone from the
east of the TP to the west of southern Japan are strong
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Fig. 4. As in Fig. 2, but for the partial regression upon the individual DJ TPTTTI after removing the variability of the
DJ EPSSTI (a, b). Panels (c) and (d) are similar to (a) and (b), but for the partial regression upon the individual DJ
EPSSTI after removing the variability of the DJ TPTTIL.
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(Fig. 4a). These results suggest that the DJ TPTT exerts a
more important influence on atmospheric circulation in the
middle and high latitudes during the following JJ. Along the
western flank of the anomalous cyclone, the anomalous north-
easterlies appear and converge with the anomalous westerlies
along the northern flank of the WNPSH, causing more precipi-
tation over the YRB (shadings in Fig. 4a). At 200 hPa, the
westerly anomalies to the south of the climatological EAJ
are confined to eastern China (Fig. 4b), similar to Fig. 2d,
despite the decrease in the significance of zonal wind anoma-
lies. The westerly anomalies are conducive to more precipita-
tion over the YRB to some extent. Consequently, after exclud-
ing the effect of the ENSO, the DJ TPTTI still significantly
correlates with the JJ YRBPI, with a correlation coefficient
of 0.43 (significant at the 99% confidence level).

After removing the variability of DJ TPTT, the regression
upon the individual DJ EPSSTI shows a strong anomalous
anticyclone over the tropical WNP (Fig. 4¢), which indi-
cates that the preceding ENSO can affect the JJ WNPSH
through air-sea interactions (Wang et al., 2003). Different
from Fig. 4a, an anomalous cyclone appears to the southeast
of Japan (Fig. 4c), which guides the anomalous northerlies
to the Pacific rather than the YRB. Meanwhile, the 200 hPa
westerly anomaly extends eastward, with a center of signifi-
cant anomalies to the southeast of Japan. As a result, the indi-
vidual DJ EPSSTI is significantly correlated with the JJ pre-
cipitation over the WNP rather than the YRB (shadings in
Fig. 4c). The correlation coefficient between the preceding
DJ individual EPSSTI and JJ YRBPI is only 0.21 (insignifi-
cant).

The above-mentioned results suggest that the preceding
DJ TPTT primarily modulates mid-to-high latitude atmo-
spheric circulations, including the anomalous anticyclone
around Lake Baikal and the anomalous cyclone extending
from the east of the TP to the west of southern Japan during
JJ. At the same time, the DJ EP SST generally leads to an
anomalous WNPSH. This difference implies that the contribu-
tion of the TPTT signal is distinct from and complementary
to that of the tropical Pacific signal. Moreover, the indepen-
dent effect of the preceding TPTT seems sufficient to modu-
late the precipitation over the YRB during JJ. Next, we further
explore why the preceding DJ TPTT can cross-seasonally
modulate atmospheric circulation and relevant precipitation
over the YRB during JJ.

4. Possible mechanisms

4.1. Reasons for the persistence of the TPTT anomaly

The cross-seasonal relationship between the preceding
DJ TPTT and JJ YRB precipitation may be attributed to the
persistence of the TPTT from DJ to JJ. Figure 5a depicts the
lead-lag correlation between the DJ TPTTI and area-mean
T’ over the TP region (25°—40°N, 80°-100°E) at different lev-
els from November—December (ND) of the previous year to
October—November (ON) in the current year. In this figure,
we can detect that the upper-tropospheric (300-150 hPa) 7"
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anomaly over the TP region can persist from DJ to JJ
(Fig. 5a). This persistence greatly weakens after removing
the contribution of preceding DJ EP SST (Fig. 5b), illustrating
the importance of the ENSO in maintaining the TPTT
anomaly above 500 hPa. Moreover, the correlation analyses
further show that the DJ EPSSTI is significantly correlated
with the 300-200 hPa temperatures over the TP during JJ,
but not with the 600-500 hPa temperatures (figure omitted).
This result further confirms the importance of the ENSO in
keeping the TPTT signal above 500 hPa.

The individual TPTT in DJ is still significantly correlated
with the tropospheric T' below 500 hPa in JJ, even though
this relationship breaks in spring (Fig. 5b). This close connec-
tion in lower levels implies that the land-air interaction may
serve as a signal persisting role. Recently, several studies
have reported the effect of land surface and subsurface tem-
perature on downstream droughts/floods (Xue et al., 2018;
Diallo et al., 2019). The memory of subsurface temperature
in the TP persists for up to 1-3 months and even longer in
deeper soil (Liu et al., 2020). Through the long memory, the
subsurface soil probably preserves the surface thermal signal
and affects the overlaying tropospheric temperature in the fol-
lowing months.

To examine whether the subsurface soil can play an
important role in linking the DJ TPTT with the tropospheric
T’ below 500 hPa over the TP in JJ, we examined the correla-
tion between the DJ TPTTI and subsurface soil temperatures
in the TP during the ensuing spring, i.e., March, April, and
May (MAM) (Fig. 6). The correlation analyses show that
the DJ TPTT has a closer relationship with deep-layer
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Fig. 5. (a) Lead-lag correlation between the DJ TPTTI and
area-mean 7' over the TP region (25°-40°N, 80°-100°E) at
different levels from November—December (ND) in the
previous year to October—November (ON) in the current year.
(b) As in (a), but for the partial correlation after removing the
variability of the DJ EPSSTI. Shadings denote correlations
significant at the 95% confidence level.
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Fig. 6. Correlation between the preceding DJ TPTTI and spring (MAM) soil temperatures in (a) deep (100-289 cm)
and (b) shallow (0-7 cm) layers. Correlation between the MAM TPSTI and JJ tropospheric temperatures at (c)
600-500 and (d) 300-200 hPa levels. Shadings in (c) and (d) denote correlations significant at the 95% confidence
level. The black box in (a) denotes the central TP region (28°-37°N, 80°-90°E) that was used to define the TPSTIL.
Bold gray lines delineate the topographic boundary of 1500 m.

(100-289 cm) soil temperatures in the TP (Fig. 6a), rather
than with shallow-layer (0-7 cm) soil temperatures (Fig. 6b).
According to the key area (see the box in Fig. 6a) of high cor-
relation, the TP soil temperature index (TPSTI) was defined
as the area-mean deep-layer soil temperature over the central
TP (28°-37°N, 80°-90°E), which was also multiplied by —1,
in agreement with the definition of the TPTTI.

The interannual correlation between the spring TPSTI
and JJ 600-500 hPa air temperature shows a significant nega-
tive correlation over the central TP extending northeastward
(Fig. 6¢). However, the correlation between the spring
TPSTI and JJ air temperature above 500 hPa is much
weaker (Fig. 6d). The above results suggest that the deep-
layer soil temperature modulates the TPTT below 500 hPa,
but has a weaker effect on the TPTT above 500 hPa during
JJ. The persistence of the anomalous TPTT signal below
500 hPa is broken during spring (Fig. 5b), possibly due to a
lack of significant anomalies preserved in the spring shal-
low-layer soil temperature that can directly affect the TPTT
below 500 hPa. Instead, the anomalous TPTT signal may be
preserved in deep-layer soil temperatures during spring and
released to affect the TPTT below 500 hPa during JJ. As
such, a TPTT anomaly, which is consistent with the DJ
TPTT, appears below 500 hPa from JJ to August-September
(AS) (Fig. 5b). Notably, this is only a preliminary specula-
tion. The specific process of heat transport between the sur-
face and subsurface requires further investigation in the

future.

The above analyses suggest that the DJ ENSO and
MAM TPST modulate the JJ TPTT above and below
500 hPa, respectively. Therefore, the maintenance of the
TPTT signal from winter to summer may be attributed to
the joint effect of ENSO and the TPST. To reveal this joint
effect, the TPST-ENSO index was defined as the sum of the
DJ EPSSTI and MAM TPSTI. The TPST-ENSO index is
closely correlated with the JJ TPTT above and below 500
hPa (Fig. 7), confirming that the DJ ENSO and MAM TPST
may synergistically contribute to the thick TPTT anomaly dur-
ing JJ. As a result, the DJ TPTT, which relates to both the
ocean (ENSO) and land (deep-layer soil temperature) sig-
nals, is significantly correlated with the lower and upper tro-
pospheric TPTT (Figs. 8a, b), forming a thick TPTT
anomaly during JJ (Fig. 5a). Given the break of persistence
of the TPTT anomaly during spring (Fig. 5a), the TPTT signal
may not directly persist from winter to summer. However,
the preceding DJ TPTT can reflect the JJ TPTT well
through the relay modulation of the ENSO and TPST. There-
fore, the DJ TPTT can be considered the precursory signal
of the variability of the JJ YRB precipitation.

4.2. Mechanisms of the impact of the TPTT on YRB
precipitation

Corresponding to a higher TPTTI (i.e., lower TPTT) dur-

ing the preceding DJ, significantly negative 7' anomalies

appear below 500 hPa over the TP during JJ (Fig. 8a) and
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Fig. 7. 1J (a) 600-500 and (b) 300-200 hPa T' anomalies (units:
°C) regressed upon the preceding TPST-ENSO index. The
shadings denote the anomalies significant at the 95%
confidence level. The bold gray contour delineates the
topographic boundary of 1500 m.

extend northeastward at upper levels (300-200 hPa) from
the TP to the east of Lake Baikal (Fig. 8b), constituting a con-
sistent cold air column tilting and extending northeastward
from the TP surface to the upper troposphere (Fig. 9a). This
configuration is probably related to the variability of the JJ
T’ above and below 500 hPa (figures not shown). The belt
of significantly lower temperature anomalies at 300-200
hPa enhances the meridional thermal gradient to the south
of the belt (Fig. 8c). According to the principle of thermal
wind, the enhanced meridional thermal gradient results in
anomalous upper-tropospheric westerlies there, reflecting
the southward shift of the EAJ (Fig. 2d). This is conducive
to more precipitation over the YRB during JJ.

Moreover, the negative 7' anomalies extending from
the TP to the east of Lake Baikal (Fig. 8b) can lead to a
higher atmospheric density. Under the higher density atmo-
sphere, a high-pressure anomaly and its associated anticy-
clone tend to be stronger to the east of Lake Baikal, which
induces anomalous northeasterlies (Fig. 4a). Meanwhile, an
anomalous land-sea thermal contrast appears between the
TP and the WNP (Fig. 9a). According to the principle of ther-
mal wind, the enhanced zonal thermal gradient results in
anomalous southwesterlies around 135°E in the lower tropo-
sphere (Fig. 4a). The anomalous southwesterlies induce a con-
vergence anomaly in the lower troposphere around Japan (fig-
ure omitted). Accompanying the lower tropospheric conver-
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Fig. 8. JJ (a) 600-500 and (b) 300-200 hPa 7" anomalies (units:
°C) regressed upon the preceding DJ TPTTI. (c) As in (b), but
for the meridional thermal gradient anomalies (units: 10~7 °C
m~!). The shadings denote the anomalies significant at the 95%
confidence level. The bold gray contour delineates the
topographic boundary of 1500 m.

gence, anomalous ascending motion and a related enhance-
ment of convection appear around Japan (figure omitted),
which may release more latent heat and further enhance the
warming over the WNP along 35°N (Fig. 9a). The subsequent
warming over the WNP and cooling over the TP can reinforce
the land-sea thermal contrast, which further leads to the
anomalous southwesterlies, demonstrating the process of posi-
tive feedback. The anomalous northeasterlies to the east of
the TP and anomalous southeasterlies around 135°E are con-
ducive to reinforcing the anomalous cyclone from the east
of the TP to the west of southern Japan (vectors in Fig. 4a),
therefore, facilitating more precipitation over the YRB (shad-
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Fig. 9. (a) Partial correlation between the preceding DJ
individual TPTTI and JJ 7' on a zonal-vertical cross-section
along 35°N, in which the individual TPTTI has removed the
variability of DJ EPSSTI. (b) As in (a), but for the partial
correlation between the individual TPTTI and meridional
winds. The gray shadings denote the topography of the TP.
Color shadings denote correlations significant at 90% and 95%
confidence levels.

ings in Fig. 4a).

In summary, the JJ TPTT anomaly, which can be
reflected by the preceding DJ TPTT anomaly, can modulate
precipitation over the YRB by affecting the westerly wind sys-
tem, the land-sea thermal contrast, and the anomalous
cyclone at middle latitudes during JJ.

S. Summary and discussion

The prediction of EASM precipitation has long been chal-
lenging, especially precipitation over the YRB during JJ
when the mei-yu generally occurs. Exploring the precursory
signals of JJ YRB precipitation can help alleviate the disas-
trous impact of droughts/floods. The present study shows
that the preceding DJ TPTT is significantly correlated with
the JJ YRB precipitation.

Theoretically, the TPTT should be considered a rapidly
varying atmospheric signal. Nevertheless, the DJ TPTT has
a close connection with the JJ TPTT, although the persistence
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of the TPTT signal is weak during spring. Further analyses
reveal that the anomalous TPTT signal may be reserved in
deep-layer soil temperatures during spring and released to
affect the TPTT below 500 hPa during JJ. Meanwhile, the
DJ ENSO plays an important role in linking the DJ and
following JJ TPTT above 500 hPa. That is, the DJ ENSO
and spring TPST may synergistically contribute to the thick
TPTT anomaly above and below 500 hPa during JJ. Due to
the joint modulation of the ocean (ENSO) and land (TPST)
thermal conditions, the DJ TPTT can reflect the JJ TPTT
well and consequently affect atmospheric circulation and asso-
ciated precipitation anomalies over the YRB during JJ.

The effect of the TPTT on atmospheric circulation and
relevant YRB precipitation can be simply explained by the fol-
lowing physical processes (Fig. 10). Corresponding to a
higher TPTTI (i.e., lower TPTT) during the preceding DJ,
the TPTT is still lower during the following JJ. The negative
TPTT anomalies extend from the TP to the east of Lake
Baikal, resulting in a higher atmospheric density and hence
an anomalous high pressure and associated anomalous anticy-
clone to the east of Lake Baikal. Meanwhile, the intensified
land-sea thermal contrast between the TP and the WNP
enhances anomalous southwesterlies to the west of southern
Japan. As such, the anomalous cyclone is reinforced in the
middle latitudes of East Asia. Moreover, an anomalous anticy-
clone appears over the tropical WNP. Additionally, the
lower temperature belt extending from the TP to the east of
Lake Baikal enhances the meridional thermal gradient in the
upper troposphere, thereby causing a southward shift of the
EAJ. The above circulation anomalies resemble the positive
EAP anomaly, facilitating more precipitation over the YRB
(Fig. 10).

The roles of the DJ TPTT and ENSO in modulating sum-
mer atmospheric circulation anomalies are distinctly differ-
ent. Specifically, the TPTT primarily governs atmospheric cir-
culation at the middle and high latitudes during JJ, while the
ENSO generally affects the WNPSH at the lower latitudes.
Furthermore, the DJ ENSO contributes to the consistency
between the preceding DJ and JJ TPTT signals, to some
extent. Clearly, ENSO can directly affect the JJ YRB precipi-
tation by modulating the WNPSH. Besides, ENSO can indi-
rectly affect the JJ YRB precipitation through the “bridge”
effect. The TPTT seems to act as a bridge between the
ENSO and the JJ YRB precipitation, but it has its own inde-
pendent effect as it contains both land and ocean signals.
The DJ TPTT has a closer relationship with the JJ precipita-
tion over the YRB than the DJ ENSO. The correlation coeffi-
cient of the JJ YRBPI with the DJ TPTTI is 0.57, higher
than that with the DJ EPSSTI (0.45). As such, the DJ TPTT
can be considered the precursory signal of the variability of
the JJ YRB precipitation, although its “persistence” is only
a result of the relay modulation of the ocean and land sig-
nals.

Several important issues deserve further study. For
instance, what is the reason that the DJ TPTT signal is trans-
mitted to deep-layer soil during spring and is released into
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Fig. 10. Schematic diagram describing how the TPTT anomaly affects the JJ YRB precipitation.
Orange and blue elliptical circles denote anomalous anticyclones (A) and cyclones (C), respectively.
The blue shading represents the colder TPTT tilting northeastward from the TP surface to the upper
troposphere. The orange shading represents a warmer atmosphere column. The thick black curve
represents the axis of the climatological westerly Jet in the upper troposphere. The anomalous
westerly (easterly) to the south (north) of this Jet axis reflects the southward shift of the EAJ. The

grey shading denotes the TP.

the surface during summer? What are the details of the contri-
bution of the evolution of ENSO to the consistency between
the DJ and JJ TPTT anomalies? Besides the ENSO and the
TP soil temperature, many other factors are responsible for
an anomalous TPTT. For example, a strong TP monsoon
can cause middle and upper tropospheric cooling (Zhao et
al., 2019; Zhang et al., 2022). In light of this, is it possible
that the TP monsoon can affect summer precipitation over
the YRB by adjusting the TPTT? This conjecture deserves fur-
ther exploration. In addition to the effect of the TPTT, TP vor-
tices, which are related to the EAP pattern, may also affect
the precipitation over eastern China (Yu et al., 2015; Li et
al., 2021a). The potential connection between the TPTT and
TP vortices and the joint contribution to the YRB precipitation
warrant further investigation in the future.
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