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Abstract: Understanding the variability of surface air temperature (SAT) over the Tibetan Plateau
(TP) and its precursory signals is of great benefit to climate change adaptation and socioeconomic
development. This study explores the precursory signals of summer SATs over the TP in oceanic
and land boundary conditions. The results show that the summer eastern TP SAT is significantly
correlated with three precursors in April: the high-latitude North Atlantic sea surface temperature
(SST), the northern Indian Ocean SST, and the Indian soil moisture (SM). The April SST anomalies
(SSTAs) in the high-latitude North Atlantic can exert a cross-season impact on the summer SAT over
the TP through two processes. The SSTAs in the high-latitude North Atlantic maintain from April to
summer and modulate atmospheric circulation over the eastern TP through exciting a downstream
wave train during summer, and finally modulate the summer SAT over the eastern TP. In addition
to the above process, the April SSTAs in the high-latitude North Atlantic may remotely regulate
simultaneous SM in the Indian subcontinent through stimulating a downstream wave train pattern.
Through a persistent SM–precipitation interaction, the April Indian SM anomaly can affect the local
precipitation and associated condensation heating anomalies during the ensuing summer, which
forces an anomalous cyclone–anticyclone pattern around the TP and accordingly affects the summer
SAT over the eastern TP. Additionally, the SSTAs in the northern Indian Ocean can persist from
April to summer and adjust the intensity and location of the western North Pacific subtropical
high through the Kelvin-wave-induced Ekman divergence during summer, eventually affecting
the summer eastern TP SAT. The three precursory signals, which synergistically contribute to the
variability of the summer eastern TP SAT, can be applied in predicting the summer SAT over the
eastern TP.

Keywords: surface air temperature; prediction; Tibetan Plateau; Atlantic Ocean; Indian Ocean;
soil moisture

1. Introduction

The Tibetan Plateau (TP), situated in subtropical eastern Eurasia, is the highest plateau
in the world. The TP generally acts as a heat sink in winter but an elevated atmospheric heat
source during summer [1–5]. Summer surface air temperature (SAT) anomalies over the
TP have an important influence on local agriculture, livestock husbandry, water resources,
and ecological environment [6–9]. Recent studies have revealed that during summer, the
thermal anomaly of the TP can modulate atmospheric circulation and associated climate
variability not only over downstream East Asia and the Pacific [10–14] but also over
upstream Europe and African regions [15–18], manifesting a very large-scale impact on
climate variability. Therefore, the anomalous SAT-related heating in the TP may also affect
the variability of climate over broader areas besides local and direct impacts. Clearly,
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understanding the variability of summer SAT over the TP and its precursory signals and
potential mechanisms is of great importance to socioeconomic development over local and
even larger regions.

Sea surface temperature anomalies (SSTAs) in several key ocean areas are the im-
portant factors affecting the variability of the SAT over the TP. Moreover, SSTAs have
longer persistence/memory and can, therefore, be considered as the sources of the TP SAT
predictability. Wang et al. [19] argued that the SSTAs in the western Pacific Warm Pool can
regulate the annual mean and minimum SATs over the TP through modulating the tropical
easterly and subtropical westerly jet. The variability of the western Pacific SST is one of
the most important sources of skill for the prediction of SATs over the TP and western
China [20]. The spring SSTAs in the Indian Ocean are closely related to precipitation and
thermal conditions over the TP during the subsequent summer [21]. Through exciting
a downstream Rossby wave train, the North Atlantic tripolar SSTA mode affects the TP
heating during spring [4]. However, the effect of the SSTAs in the Atlantic Ocean on the
summer SAT over the TP remains unclear. Wang et al. [22] suggested that the SSTA and
its coupled SAT anomalies in the Atlantic Ocean can persist from the preceding winter to
ensuing summer, stimulate a zonal wave train extending from the Atlantic to Eurasia, and
eventually cause atmospheric circulation and associated SAT anomalies over eastern China.
Gao et al. [23] indicated the influences of the Atlantic Ocean on the summer precipitation
over the southeastern TP. Although the Atlantic precursory signal of the summer SAT over
the TP is not directly explored, these studies propose a possibility that the SSTAs in the
Atlantic Ocean may maintain from the preceding seasons to summer and eventually affect
the summer SAT over the TP.

In addition to the SSTA signals, land thermal condition-related signals have attracted
attention in recent years. Generally, soil moisture (SM) has a good persistence/memory
from several weeks to months and is therefore considered as an important precursory
signal for climate prediction in some areas [24–27]. For instance, the spring SM anomaly in
the TP has a time-lagged effect on the East Asian monsoon during early summer [28]. Can
the summer SAT over the TP be modulated by SM signals in some specific regions during
the preceding seasons? This issue deserves further investigation.

Based on the aforementioned previous studies, the present study focuses on the
variability of summer SAT anomalies over the TP. Meanwhile, the precursory signals,
which are responsible for the summer SAT anomalies over the TP, are explored in oceanic
and land boundary conditions, especially, in the Atlantic and Indian Oceans and the Indian
subcontinent.

2. Data and Methods

This study used daily observational SATs at 117 stations in the TP (above 3000 m)
of the latest version (V3) of surface climatological daily dataset, which is compiled by
the China National Meteorological Information Center. The study also used monthly
mean pressure-level geopotential height, U- and V-wind, and vertical velocity (omega)
data, which are obtained from the National Centers for Environmental Prediction (NCEP)–
National Center for Atmospheric Research (NCAR) reanalysis dataset [29]. The monthly
mean precipitation on 2.5◦ × 2.5◦ grids is obtained from the Climate prediction center
(CPC) Merged Analysis of Precipitation (CMAP) [30]. We also used monthly mean soil
moisture on 0.75◦ × 0.75◦ grids of ERA-Interim reanalysis [31] of the European Center for
Medium-Range Weather Forecasts. The National Oceanic and Atmospheric Administration
(NOAA) extended reconstructed SST version 4 [32] was also used. The above data are all
extracted from 1981 to 2019.

Under the background of global warming, SATs over the TP show a significantly
increasing trend [33,34]. The present study primarily focuses on the interannual variability
of summer SATs over the TP and its precursory signals, rather than the linear trend.
Therefore, we removed linear trends from all data used in this study.
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An empirical orthogonal function (EOF) [35,36] was used to acquire the dominant
mode of summer SAT variation over the TP. A linear fitting method was applied to show
the independent effect of one factor after removing the variation of the other factor [37].
Specifically, for the two time series X1 and X2, the X2-related variation (called X1′) of X1
can be obtained through a linear fitting method, in which the variation of X1 is regarded
as a dependent variable and the variation of X2 as an independent variable. The residual
of the linear fitting (i.e., the difference X1 minus X1′) can be used to reflect the individual
variation of X1 independent of X2 [38].

Correlation, composite, and regression methods were used in this study. Unless
otherwise stated, the statistical significance was evaluated using Student’s t-test. We used
stepwise linear regressions to construct a statistical prediction model of the dominant mode
of summer SAT anomalies over the TP, in which the regression coefficients are obtained by
ordinary least squares. Referring to Gao et al. [39], the correlation coefficients between the
observation and prediction were used to represent the skills of statistical prediction models.
Since the autocorrelation of time series may result in spurious correlation and invalid
regression, the impacts of autocorrelation on the correlations between each precursory
signals and summer TP SAT, as well as prediction models based on multiple precursory
signals were examined using a Durbin–Watson (D-W) test [40,41]. The result indicates that
the precursory-TP SAT correlations and the prediction models are not significantly affected
by autocorrelation (specific values omitted).

3. Results
3.1. Variability of Summer SATs over the TP and Associated Atmospheric Circulation Anomalies

We performed an EOF analysis of summer SAT anomalies over the TP during the period
1981–2019, in which the linear trends of SATs at all stations were removed (Figure 1a). The
leading EOF mode (EOF1), which accounts for 37% of the total variance, shows a homoge-
nous variation over almost the whole TP, except for several scattered opposite-sign SAT
anomalies appearing along the southern flank of the TP. Since there are very few stations
over the western TP, this study focuses on the variability of the summer SAT over the
eastern TP rather than over the western TP, even though the summer SAT over the western
TP also shows a same-sign variability with the eastern TP. The SATs from 74 stations in the
eastern TP region (30◦ N–40◦ N, 90◦ E–103◦ E) are averaged as the eastern TP SAT index.
The eastern TP index bears a very significant similarity with the principal component
(PC1) of EOF1, with a correlation coefficient of 0.98. This high correlation implies that the
variability of the eastern TP SAT index can also reflect well that of the dominant mode of
summer SATs over the TP.

Summer geopotential height anomalies regressed upon the summer eastern TP SAT
index show that corresponding to a higher eastern TP SAT index, significantly positive
anomalies appear over the eastern TP, in the upper (200 hPa; Figure 2a) and middle (500 hPa;
Figure 2b) troposphere (Figure 2). This signifies that a deep high-pressure anomaly governs
the eastern TP and facilities higher SATs over the eastern TP during summer, and vice versa.

3.2. Precursory Signals Contributing to the SAT Anomalies over the Eastern TP
3.2.1. The Effect of Soil Moisture Anomalies in the Indian Subcontinent and the Effect of
SSTAs in the North Indian

Since SM is one of the most important precursory signals for climate prediction in
several areas [24–27], we first analyze the possible contribution of preceding SM anomalies
to the summer SAT anomalies over the eastern TP. Figure 3a presents the correlation be-
tween the summer eastern TP SAT index and SM during the preceding April. Significantly
negative correlations appear in the Indian continent. The area-mean SM averaged over the
Indian region (23◦ N–33◦ N, 68◦ E–80◦ E and 17◦ N–23◦ N, 75◦ E–85◦ E) is referred to as the
Indian SM index. The April Indian SM index is closely related to the summer eastern TP
SAT index during the period 1981–2019, with a correlation coefficient of −0.48, significant
at the 99% confidence level (Figure 3b). However, there is no significant correlation between
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the summer eastern TP SAT index and soil moisture in the Indian subcontinent during the
earlier month (i.e., March; not shown), implying the Indian SM signal can only be traced to
the preceding April.
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Figure 1. (a) The first mode (EOF1) of summer surface air temperature (SAT) anomalies over the 
Tibetan Plateau (TP) during the period 1981–2019, in which the linear trends in the SATs were re-
moved. The black box denotes the eastern TP region (30° N–40° N, 90° E–103° E). (b) Standardized 
time series of the summer TP SAT (red line) and PC1 (blue line) indices. 

 
Figure 2. (a) Summer 200-hPa geopotential height anomalies (units: gpm) obtained by regression on 
the summer eastern TP SAT index for the period 1981–2019. (b) As in (a) but for 500-hPa. The green 
contours indicate areas >2500 m altitude, showing the TP (the same below). Contours are drawn 
every 4 gpm. The bold black line is zero. The solid and dash lines denote positive and negative 
values, respectively. Shadings denote geopotential height anomalies significant at the 95% and 99% 
confidence levels as shown by the color bars. 
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Figure 1. (a) The first mode (EOF1) of summer surface air temperature (SAT) anomalies over the
Tibetan Plateau (TP) during the period 1981–2019, in which the linear trends in the SATs were
removed. The black box denotes the eastern TP region (30◦ N–40◦ N, 90◦ E–103◦ E). (b) Standardized
time series of the summer TP SAT (red line) and PC1 (blue line) indices.
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Figure 2. (a) Summer 200-hPa geopotential height anomalies (units: gpm) obtained by regression on
the summer eastern TP SAT index for the period 1981–2019. (b) As in (a) but for 500-hPa. The green
contours indicate areas >2500 m altitude, showing the TP (the same below). Contours are drawn
every 4 gpm. The bold black line is zero. The solid and dash lines denote positive and negative
values, respectively. Shadings denote geopotential height anomalies significant at the 95% and 99%
confidence levels as shown by the color bars.
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April soil moisture (SM) during the period 1981–2019. Red boxes represent the Indian region (23° 
N–33° N, 68° E–80° E; 17° N–23° N, 75° E–85° E), which is the key region to define the Indian SM 
index. Contours are drawn every 0.15. The solid and dash lines denote positive and negative values, 
respectively. Shadings denote the correlation significant at the 90% and 95% confidence levels as 

Figure 3. (a) Distribution of correlation coefficients between the summer eastern TP SAT index
and April soil moisture (SM) during the period 1981–2019. Red boxes represent the Indian region
(23◦ N–33◦ N, 68◦ E–80◦ E; 17◦ N–23◦ N, 75◦ E–85◦ E), which is the key region to define the Indian
SM index. Contours are drawn every 0.15. The solid and dash lines denote positive and negative
values, respectively. Shadings denote the correlation significant at the 90% and 95% confidence levels
as shown by the color bars. (b) Standardized time series of the summer eastern TP SAT (red line) and
April Indian SM index (blue line).

Through increasing the humidity of boundary layer air, the higher SM can enhance
the convective available potential energy and accordingly facilitate local convection and
rainfall [42–44]. In turn, higher rainfall can result in higher SM during the ensuing period.
Owing to, at least partly, this persistent SM–rainfall interaction, more rainfall appears
to the southwest of the TP during summer corresponding to a higher April Indian SM
index (Figure 4a). Associated with more rainfall to the southwest of the TP, a stronger
condensation heating stimulates an anomalous anticyclone to the west of the TP and an
anomalous cyclone around the eastern TP in the upper-tropospheric level (Figure 4b),
which is supported by Wu et al. [45] who have revealed the effect of condensation heating
on such an upper-tropospheric anticyclone–cyclone pattern through theoretical analysis
and numerical simulation [45,46]. Corresponding to the higher (lower) Indian SM during
April and associated more (less) rainfall over northern India during the ensuing summer, an
anomalous cyclone (anticyclone) appears over the eastern TP, tending to decrease (increase)
the summer SAT over the eastern TP. The abovementioned processes can, to some extent,
explain the significantly negative correlation between the April Indian SM and the summer
eastern TP SAT.

The variability of SSTs in the Indian Ocean has a remarkable impact on the Indian
summer monsoon circulation and related rainfall [47,48]. Therefore, we wonder whether
the SSTAs in the Indian Ocean can modulate rainfall and associated SM over the Indian
subcontinent during April and continue to affect Indian rainfall during the subsequent
summer. In other words, the Indian April SM–summer rainfall relationship may not be a
real physical link but only a result of the cross-season persistent effect of the SSTAs in the
Indian Ocean. If so, the April Indian SM cannot be considered as a precursory signal of the
summer eastern TP SAT. Clearly, the effect of the SSTAs should be investigated.

To be consistent with the time of the Indian SM signal, we explore the SST signals in
April. The correlation between the summer eastern TP SAT index and April SSTs shows
significantly positive correlations in the northern Indian Ocean and high-latitude Atlantic
Ocean (Figure 5). According to Figure 5, the Indian Ocean SST index is defined as the
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area-mean SSTs averaged over the northern Indian Ocean region (0◦–25◦ N, 50◦E–75◦ E and
3◦N–17◦ N, 75◦E–110◦ E). The correlation analysis further indicates that the April Indian SM
index is independent of the Indian Ocean SST index, with a very low correlation coefficient
(−0.07). This low correlation reveals that the Indian SM may not be affected by the SSTAs
in the northern Indian Ocean during April, which further confirms the importance of the
April Indian SM as a precursory signal of the summer SAT over the eastern TP.
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Figure 4. (a) Summer rainfall anomalies (units: mm) obtained by regression on the preceding April
Indian SM index for the period 1981–2019. Contours are drawn every 0.15 mm. (b) As in (a) but
for 200-hPa geopotential heights anomalies. Contours are drawn every 4 gpm. The solid and dash
lines denote positive and negative values, respectively. The bold black line in (b) is zero. The red box
(23◦ N–32◦ N, 70◦ E–80◦ E) indicates the location of anomalous rainfall. Shadings in (a) denote rainfall
anomalies significant at the 90% and 95% confidence levels. Shadings in (b) denote geopotential
height anomalies significant at the 95% and 99% confidence levels.
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Figure 5. Distribution of correlation coefficients between the summer eastern TP SAT index and
preceding April sea surface temperature (SST) during the period 1981–2019. The black boxes from left
to right represent the high-latitude North Atlantic (70◦ W–40◦ W, 42◦ N–70◦ N) and northern Indian
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The summer SSTAs regressed upon the April Indian Ocean SST index show sig-
nificant and positive anomalies over the Indian Ocean and the western North Pacific
(Figure 6a), which indicates the SSTAs in the northern Indian Ocean have a strong persis-
tence from April to summer. The SSTAs in the Indian Ocean can modulate the western
North Pacific subtropical high through the mechanism of the Kelvin wave-induced Ekman
divergence [49]. In response to the warmer SSTAs over the tropical Indian Ocean, a warm
Kelvin wave is emanated and accompanied with divergence and anticyclone anomalies
over the subtropical western North Pacific as a result of pressure gradient and Ekman
pumping. Therefore, the western North Pacific subtropical high can be enhanced by the
Kelvin-wave-induced Ekman Divergence [49,50]. The 500-hPa geopotential height anoma-
lies regressed upon the April Indian Ocean SST index (Figure 6b) show that high-pressure
anomalies extend westwards from the western Pacific to the eastern TP, reflecting a stronger
and farther-westward western North Pacific subtropical high in correspondence to warmer
SSTAs in the Indian Ocean maintaining from April to summer. The high-pressure anoma-
lies extending westwards to the eastern TP may contribute to higher SATs over the eastern
TP during summer. As a result of the above mechanism, the April Indian Ocean SST index
is closely correlated with the summer eastern TP SAT index, with a correlation coefficient
of 0.46 for the period 1981–2019, significant at the 99% confidence level.
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Figure 6. (a) Summer sea surface temperature anomalies (SSTAs) (units: ◦C) obtained by regression
on the preceding April Indian Ocean SST index for the period 1981–2019. Contours are drawn every
0.1 ◦C. (b) As in (a) but for 500-hPa geopotential height anomalies (units: gpm). Contours are drawn
every 4 gpm. The bold black line is zero. The solid and dash lines denote positive and negative
values, respectively. Shadings denote anomalies significant at the 95% and 99% confidence levels as
shown by the color bars.
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3.2.2. The Effect of SSTAs in the High-Latitude North Atlantic

As shown in Figure 5, significant and positive correlations also appear over the high-
latitude North Atlantic. According to this Atlantic key region in Figure 5, the area-mean
SSTs averaged over the high-latitude North Atlantic (70◦ W–40◦ W, 42◦ N–70◦ N) is defined
as the high-latitude North Atlantic SST index. The April high-latitude North Atlantic
SST index is closely correlated with the summer eastern TP SAT index, with a correlation
coefficient of 0.66, significant at the 99.9% confidence level. This implies that the April
SSTAs in the high-latitude North Atlantic is remarkably linked with the summer SATs over
the eastern TP. Next, we attempt to explore the potential mechanism of the effect of the
preceding SSTAs in the high-latitude North Atlantic.

The correlation coefficient between the April and ensuing summer high-latitude North
Atlantic SST indices is 0.59, significant at the 99.9% confidence level. This indicates that the
SSTAs in the high-latitude North Atlantic can persist from April to summer. Summer zonal–
vertical circulation and geopotential height anomalies along 60◦ N obtained by regression
on the April high-latitude North Atlantic SST index are displayed in Figure 7a, which
indicates the effect of persistent SSTAs in the high-latitude North Atlantic. Corresponding
to the warm SSTAs in the high-latitude North Atlantic, an anomalous upward flow appears
between 60◦ W and 40◦ W and then turns and moves eastwards and ultimately descends
around 10◦ W, causing a deep high-pressure anomaly between 40◦ W and 0◦, to the west of
the British Isles. This high-pressure anomaly can also be detected in the summer 200-hPa
geopotential height anomalies regressed upon the April high-latitude North Atlantic SST
index (Figure 7b). This implies that the warmer SSTs in the high-latitude North Atlantic
can force the positive anomaly of geopotential height over the northern Atlantic, centered
around 20◦ W, 50◦ N, to the west of the British Isles. Meanwhile, an anomalous wave train
pattern occurs downstream across Eurasia, from the northern Atlantic to the eastern TP,
with significantly positive anomalies appearing over the eastern TP (Figure 7b). This wave
train pattern clearly resembles Figure 2a, providing a favorable circulation background for
the higher SATs over the eastern TP.

In summary, the SSTAs in the high-latitude North Atlantic may persist from April
to summer and lead to the geopotential height anomaly over the northern Atlantic, and
consequently modulate the downstream atmospheric circulation anomalies over the eastern
TP through exciting the downstream wave train across Eurasia, eventually contributing to
the SAT anomalies over the eastern TP.

3.2.3. Independent Contributions of SSTAs in the High-Latitude North Atlantic and SM
Anomalies in the Indian Subcontinent and Their Interaction

The April high-latitude North Atlantic SST and Indian SM indices seem to be not
independent of each other. The correlation coefficient between the two indices is −0.44
during the period 1981–2019, significant at the 99% confidence level. The April geopotential
height anomalies regressed upon the simultaneous high-latitude North Atlantic SST index
show a wave train pattern from the high-latitude northwestern Atlantic to the Indian
subcontinent via North Africa and the Arabian Peninsula, with a significantly positive
anomaly around the Indian subcontinent (Figure 8). The high-pressure anomaly over
the Indian subcontinent may suppress local precipitation and therefore result in negative
SM anomalies in situ. That is, the high-latitude North Atlantic SSTAs seem to be able to
affect the simultaneous Indian SM through stimulating a wave train pattern. Through this
wave train pattern, atmospheric circulation around the Indian subcontinent is remotely
modulated by the SSTAs in the high-latitude North Atlantic during April. As a result, the
high-latitude North Atlantic SST index is significantly and negatively correlated with the
Indian SM index during April.
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Figure 7. (a) Summer geopotential height (units: gpm; contours and shading) and the zonal–
vertical circulation (black vectors) anomalies along 60◦ N obtained by regression on the April
high-latitude North Atlantic SST index for the period 1981–2019. (b) Summer 200-hPa geopotential
height anomalies (units: gpm) regressed upon the April high-latitude North Atlantic SST index.
Contours are drawn every 4 gpm. The bold black line is zero. The solid and dash lines denote
positive and negative values, respectively. Shadings denote geopotential height anomalies significant
at the 95% and 99% confidence levels as shown by the color bars.

Atmosphere 2021, 12, x FOR PEER REVIEW 10 of 17 
 

 

dian subcontinent via North Africa and the Arabian Peninsula, with a significantly posi-
tive anomaly around the Indian subcontinent (Figure 8). The high-pressure anomaly over 
the Indian subcontinent may suppress local precipitation and therefore result in negative 
SM anomalies in situ. That is, the high-latitude North Atlantic SSTAs seem to be able to 
affect the simultaneous Indian SM through stimulating a wave train pattern. Through this 
wave train pattern, atmospheric circulation around the Indian subcontinent is remotely 
modulated by the SSTAs in the high-latitude North Atlantic during April. As a result, the 
high-latitude North Atlantic SST index is significantly and negatively correlated with the 
Indian SM index during April. 

 
Figure 8. (a) April 200-hPa geopotential height anomalies (units: gpm) obtained by regression on 
the simultaneous high-latitude North Atlantic SST index for the period 1981–2019. (b) As in (a) but 
for the 500-hPa level. Contours are drawn every 4 gpm. The bold black line is zero. The solid and 
dash lines denote positive and negative values, respectively. Shadings denote geopotential height 
anomalies significant at the 95% and 99% confidence levels as shown by the color bars. 

The SSTAs in the high-latitude North Atlantic may modulate the variability of the 
summer eastern TP SAT through the persistence of the SSTA signal, which is revealed in 
Section 3.2.2. Since the April Indian SM can affect the eastern TP SATs during the subse-
quent summer (see Section 3.2.1), the close link between the high-latitude North Atlantic 
SST and Indian SM indices imply that the SSTAs in the high-latitude North Atlantic may 
modulate the variability of the summer eastern TP SAT through the “bridge” effect of the 
Indian SM. Namely, the April SSTAs in the high-latitude North Atlantic may contribute 
to the variability of the summer SAT over the eastern TP in the above two manners (i.e., 
the “memory” of both sea and land signals). 

Next, we further demonstrate the independent contributions of the two manners to 
the summer SAT anomalies over the eastern TP. One is the situation when the “bridge” 
effect of the April Indian SM is absent. Following Hu et al. [37] (see Section 2), we obtained 
the April individual high-latitude North Atlantic SST index after removing the effect of 
the Indian SM. Summer 200-hPa geopotential height anomalies regressed upon the April 
individual high-latitude North Atlantic SST index (Figure 9a) shows that although the 
wave train pattern across Eurasia still exists, the positive geopotential height anomaly 

Figure 8. (a) April 200-hPa geopotential height anomalies (units: gpm) obtained by regression on
the simultaneous high-latitude North Atlantic SST index for the period 1981–2019. (b) As in (a) but
for the 500-hPa level. Contours are drawn every 4 gpm. The bold black line is zero. The solid and
dash lines denote positive and negative values, respectively. Shadings denote geopotential height
anomalies significant at the 95% and 99% confidence levels as shown by the color bars.
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The SSTAs in the high-latitude North Atlantic may modulate the variability of the
summer eastern TP SAT through the persistence of the SSTA signal, which is revealed
in Section 3.2.2. Since the April Indian SM can affect the eastern TP SATs during the
subsequent summer (see Section 3.2.1), the close link between the high-latitude North
Atlantic SST and Indian SM indices imply that the SSTAs in the high-latitude North Atlantic
may modulate the variability of the summer eastern TP SAT through the “bridge” effect of
the Indian SM. Namely, the April SSTAs in the high-latitude North Atlantic may contribute
to the variability of the summer SAT over the eastern TP in the above two manners (i.e.,
the “memory” of both sea and land signals).

Next, we further demonstrate the independent contributions of the two manners to
the summer SAT anomalies over the eastern TP. One is the situation when the “bridge”
effect of the April Indian SM is absent. Following Hu et al. [37] (see Section 2), we obtained
the April individual high-latitude North Atlantic SST index after removing the effect of
the Indian SM. Summer 200-hPa geopotential height anomalies regressed upon the April
individual high-latitude North Atlantic SST index (Figure 9a) shows that although the wave
train pattern across Eurasia still exists, the positive geopotential height anomaly over the
eastern TP is clearly weaker and shows lower significance than Figure 7b. Correspondingly,
the correlation coefficient of the summer eastern TP SAT index with the April individual
high-latitude North Atlantic SST index is 0.50, lower than that (0.66) with the original
high-latitude North Atlantic SST index. These results further imply that the April Indian
SM plays a role in bridging the April high-latitude North Atlantic SST and the summer SAT
over the eastern TP, since the cross-season North Atlantic SST-eastern TP SAT relationship
becomes weaker when the “bridge” effect of the Indian SM is eliminated.
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Figure 9. (a) Summer 200-hPa geopotential height anomalies (units: gpm) obtained by regression
on the April individual high-latitude North Atlantic SST index after removing the variability of
the April Indian SM index for the period 1981–2019. (b) As in (a) but for regression on the April
individual Indian SM index after removing the variability of the high-latitude North Atlantic SST
index, in which the April individual Indian SM index is multiplied by −1 for ease of comparison
with (a). Contours are drawn every 4 gpm. The bold black line is zero, solid and dash lines denote
positive and negative values, respectively. Shadings denote geopotential height anomalies significant
at the 95% and 99% confidence levels as shown by the color bars.
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The other is the situation when the effect of the Indian SM is retained but the effect of
high-latitude North Atlantic SSTAs is removed. Similarly, Figure 9b presents the summer
200-hPa geopotential height anomalies regressed upon the April individual Indian SM in-
dex after removing the effect of high-latitude North Atlantic SSTAs. For ease of comparison
with Figure 9a, the April individual Indian SM index is multiplied by −1, which reflects
the geopotential height anomalies modulated by the lower Indian SM (Figure 9b). An
anomalous upper-tropospheric cyclone–anticyclone pattern appears around the northern
TP, which, to some extent, resembles Figure 4b, but with opposite sign. This indicates a
result of the anomalous SM and following rainfall-related condensation heating [45,46] (see
the explanation in Section 3.2.1). However, the significance of the high-pressure anomaly
over the eastern TP is pronouncedly weaker after excluding the effect of high-latitude
North Atlantic SSTAs (Figure 9b). This suggests that the Indian SM itself is not sufficient to
exert a great impact on the atmospheric circulation and associated SAT anomalies over the
eastern TP, but acts as a crucial “bridge” linking the April SSTAs in the high-latitude North
Atlantic and the summer SATs over the eastern TP.

3.3. Joint Effect of Three Precursory Signals

Based on the statistical and physical links of the summer SAT over the eastern TP
with the preceding April Indian SM, high-latitude North Atlantic SST, and Indian Ocean
SST indices, we established a physical-empirical model (i.e., Equation (1)) for the period
1981–2019.

ITPSAT = 0.470IHASST + 0.338IIOSST − 0.251IISM, (1)

in which ITPSAT, IHASST, IIOSST, and IISM represent the stimulated summer eastern TP
SAT, preceding April high-latitude North Atlantic SST, Indian Ocean SST, and Indian SM
indices, respectively. The right terms of Equation (1) can reflect the joint effect of the three
precursory factors with different weights. As such, the right terms are referred to as the
joint effect index.

The summer 200- and 500-hPa geopotential height anomalies regressed upon the
preceding April joint effect index show a clearer Rossby wave train, with a more signif-
icantly positive geopotential height anomaly over the eastern TP (Figure 10). The more
significant anomaly can, to a greater extent, regulate the variability of the eastern TP SAT
during summer. Therefore, the stimulated summer eastern TP SAT index based on the
three precursory signals is tightly correlated with the observational one, with a correlation
coefficient of 0.77, exceeding the 99.9% confidence level. The aforementioned results also
support the importance of the preceding April Indian SM, high-latitude North Atlantic and
Indian Ocean SSTAs in modulating the variability of the summer SAT over the eastern TP.

The CMAP precipitation is updated more timely than the ERA-interim soil moisture,
thus the former is more suitable for the prediction of the summer SATs over the eastern TP.
As such, we further performed the correlation analysis between the summer eastern TP
SAT index and April precipitation (not shown). The correlation shows that the summer
eastern TP SAT index is closely related to the April precipitation over the northern Indian
region (26◦ N–33◦ N, 68◦ E–82◦ E), generally consistent with the key region of the April SM
anomalies. The Indian precipitation index, defined as the area-mean precipitation averaged
over the above northern Indian region, is tightly correlated with the Indian SM index
during April for the period 1981–2019, with a correlation coefficient of 0.65, significant at
the 99.9% confidence level. This high correlation shows that the precipitation and SM are
generally coupled with each other, which implies the reliability of the SM data and also
indicates that the Indian precipitation index can reflect well the variability of the Indian
SM. The correlation coefficient between the April Indian precipitation and summer eastern
TP SAT indices is −0.47, significant at the 99% confidence level. As such, the April Indian
precipitation index can replace the Indian SM index in the original statistical model of the
summer eastern TP SAT (Equation (1)). That is, the new physics-based prediction model
can be constructed using the April high-latitude North Atlantic SST, Indian Ocean SST, and
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Indian precipitation indices. Here we chose 1981–2010 as a training period to establish this
prediction model as follows.

ITPSAT = 0.466IHASST + 0.297IIOSST − 0.308IIP − 0.071, (2)

where IIP represents the April Indian precipitation index. There is a high correlation of 0.78
between the simulated and observed eastern TP SAT indices during the training period
1981–2010, significant at the 99.9% confidence level (Figure 11). Additionally, this model
can be applied in predicting the summer eastern TP SAT during 2011–2019. This prediction
for the period 2011–2019 does not include “future” information. The correlation coefficient
between the predicted and observed summer eastern TP SAT indices during the prediction
period 2011–2019 is up to 0.88, significant at the 99% confidence level (Figure 11). We can
also choose a slightly shorter period as the training period (1981–2005) to establish this
prediction model. When choosing this shorter training period, the prediction model still
shows a good skill. The above results show that this physics-based model can effectively
predict the summer SAT over the eastern TP.
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TP. As such, we further performed the correlation analysis between the summer eastern 
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Figure 10. (a) Summer 200-hPa geopotential height anomalies (units: gpm) obtained by regression
on the preceding April joint effect index. (b) As in (a) but for the 500-hPa level. Contours are drawn
every 4 gpm in (a) and 2 gpm in (b). The bold black line is zero. The solid and dash lines denote
positive and negative values, respectively. Shadings denote geopotential height anomalies significant
at the 95% and 99% confidence levels as shown by the color bars.
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Figure 11. Normalized time series of the summer observational (red line) and simulated/predicted
(blue line) eastern TP SAT indices. The correlation coefficient is 0.78 and 0.88 for the training period
1981–2010 and the prediction period 2011–2019, respectively.

4. Summary and Discussion

This study investigates the variability of the summer SAT over the TP and its precur-
sory signals in the Atlantic and Indian Oceans and the Indian subcontinent. The result
shows that the variability of the summer eastern TP SAT can reflect well that of the simul-
taneous dominant mode of SATs over the entire TP. The summer eastern TP SAT index is
significantly correlated with three precursors in April. They are the April high-latitude
North Atlantic SST, the northern Indian Ocean SST, and the Indian SM. The correlation
coefficients between the summer eastern TP SAT index and the above three precursors are
0.66, 0.46, and −0.48, respectively, all exceeding the 99% confidence level.

The physical processes linking the abovementioned three precursory sea–land signals
and the summer eastern TP SAT are summarized in Figure 12. The April SSTAs in the
high-latitude North Atlantic seem to affect the eastern TP SAT during the ensuing summer
through the following two cross-season processes. On the one hand, the SSTAs in the
high-latitude North Atlantic maintain from April to summer and modulate the atmospheric
circulation anomaly over the eastern TP through exciting a downstream wave train during
summer and finally result in the summer SAT anomaly over the eastern TP. On the other
hand, the high-latitude North Atlantic SSTAs seem to be able to affect the Indian SM
through stimulating a downstream wave train pattern during April. Through the persistent
SM–rainfall interaction, the April Indian SM causes the rainfall anomaly to the southwest
of the TP during summer. Accompanying this summer rainfall anomaly, an anomalous
condensation heating stimulates an anomalous anticyclone–cyclone pattern around the
TP and consequently modulates the variability of the summer SAT over the eastern TP. In
addition, the SSTAs in the northern Indian Ocean can persist from April to summer and
adjust the intensity and location of the western North Pacific subtropical high through the
Kelvin-wave-induced Ekman divergence during summer, and therefore affect the summer
SAT over the eastern TP. The preceding April high-latitude North Atlantic and Indian
Ocean SSTAs and Indian SM jointly modulate the variability of the summer SATs over the
eastern TP.

The present study focuses on the effect of the boundary conditions of the Atlantic and
Indian Oceans and the Indian subcontinent on the summer SAT over the eastern TP. The
correlation between the summer TP SAT and SSTs during the preceding winter for the
period 1981–2019 shows that there is no significant correlation in the tropical central-eastern
Pacific Ocean (figure omitted). This implies that the ENSO signal in the preceding winter
does not seem to contribute to the variation of the summer TP SAT. Nevertheless, the
variation of the summer eastern TP SAT may also be modulated by and interact with other
oceanic external forcing factors, such as the Arctic sea ice and SSTs. Moreover, the thermal
forcing of the TP, which may be related to local SAT anomalies, in turn, exert important
influences on SSTAs in some areas of the Pacific and Indian Oceans [51–53]. The TP thermal
anomaly may result in an asymmetrical response of the East Asian summer monsoon to the
quadrennial oscillation of global SSTAs through the TP thermal feedback [54]. That is, the
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prediction of the summer eastern TP SAT involves complex air–sea interaction processes.
The individual effects of these factors, and their joint effect in conjunction with the three
factors that we found in this study, should be investigated in future research.
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