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Abstract
Recent observational and modeling studies have demonstrated the substantial influence of the Tibetan Plateau (TP) spring 
land surface temperature (LST) and subsurface temperature (SUBT) on downstream summer droughts/floods events in East 
Asia, highlighting the potential application of LST/SUBT on sub-seasonal to seasonal prediction (S2S). In this study, we 
employ the National Centers for Environment Prediction—Global Forecast System/Simplified Simple Biosphere model ver-
sion 2 (GFS/SSiB2) to investigate the potential role of the late spring warm LST anomaly over the TP on the extraordinary 
June 1998 flood in the south of the Yangtze River region. Numerical experiments indicate that the warmer (above normal) 
May LST over the TP may contribute to the extreme flood of 1998 over the south of the Yangtze River region, with the LST 
reproducing about 57% and 64% of observed above-normal rainfall anomaly over the south of the Yangtze River region 
and southeastern China, respectively. Further analyses reveal a possible effect of springtime TP’s LST on summer southern 
and eastern Asian rainfall and identify some hot spots, suggesting that the TP’s spring LST effect is not only limited to the 
Yangtze River region, but to a much larger scale. The imposed warm LST/SUBT over the TP triggers a strong wave activities 
propagating eastward along the upper-level westerly jet, associated with an increase of the atmospheric baroclinic instability 
as well as a strengthening and southeastward movement of the South Asian high, leading to intensified moisture convergence 
and convective instability favorable to the excessive rainfall in the downstream region of East Asia. The results of the 1998 
case have also been compared with the results from year of 2003, which had a very cold spring LST anomaly over the TP and 
a severe downstream June 2003 drought (flood) in southern (northern) of the Yangtze River Basin area. Simulation results 
provide further evidence of the great importance of the TP spring land surface temperature anomaly in regulating summer 
extreme hydroclimatic events (e.g. droughts and floods) in South and East Asia. The present study suggests that considera-
tion of LST/SUBT anomalies has a strong potential for more skillful S2S prediction of extreme hydroclimatic events such 
as floods, droughts and heatwaves over both Southern and Eastern Asia.

Keywords Land surface temperature and subsurface temperature (LST/SUBT) · Tibetan Plateau (TP) · Floods/droughts · 
East Asian and South Asian summer monsoon · South Asian high · Sub-seasonal to seasonal (S2S) predictability

1 Introduction

Asian summer monsoon rainfall exhibits significant interan-
nual variability, which frequently promotes severe drought 
or disastrous flood throughout East Asia and South Asia, 
along with impacts on the social and economic development 
of the region (Wang 2006; Huang et al. 2007; Zhang and 
Zhou 2015). For instance, in June 1998 occurs around the 
Yangtze River Basin/valley of China (hereafter YRB) one 
of the most disastrous flood on record that the region has 
witnessed over the last half century, leading to high death 
toll (more than 3000 people dead), social losses, and mate-
rial damage (Jiang et al. 2008a, b). The Great Flood of 1998 
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along the YRB region was indeed the largest flood since 
1954 (China Meteorological Administration [CMA] 1999). 
The heavy rain caused numerous and frequent flood peaks 
in the Yangtze River, and led to a prolonged extreme flood 
period that lasted for several consecutive weeks (Jiang et al. 
2008a, b). Such wide range and long duration of the rain-
storm and extreme flood that occurred in 1998 were rare in 
history and turned out to be the worldwide ever costliest 
flood event, with direct economic damage of 260 billion Chi-
nese Yuan (i.e., about 31 billion US dollars) (Huang et al. 
1998; Lu 2000; Ministry of Water Resources of China 1999; 
Jiang et al. 2008a, b and references therein).

In addition to flood, droughts also occurred in this region. 
Local agriculture, socioeconomic development, and ecosys-
tems have been severely jeopardized by droughts (Zhang and 
Zhou 2015). The 2003 summer season was characterized by 
a severe drought and abnormal heat over the southern part 
of the YRB region in eastern China. The extreme heat and 
continuous drought in 2003 over the southern part of YRB 
caused serious crop disaster and greatly affected life and 
production of the society (CMA 2004), which resulted to an 
economic loss of 5.8 billion Chinese Yuan along with grain 
losses of about 20–25 ×  109 kg (Zhang and Zhou 2015). This 
heat event was considered to be an episode of strong inter-
annual variability (Wang et al. 2006). It is therefore impera-
tive for a better understanding and more skillful prediction 
of hydroclimatic extreme events, in order to provide insight 
into the potential impact of different mitigation policies.

Many factors may contribute to the variability and spatial 
distribution of the East Asian summer monsoon rainfall such 
as sea surface temperature (SST) anomalies in the tropi-
cal Pacific ocean, the north Atlantic Ocean and the tropi-
cal Indian Ocean, increased anthropogenic aerosol levels, 
global warming, and land-sea thermal contrast (Yanai and 
Wu 2006; Wu et al. 2012; Li et al. 2010; Zuo et al. 2013; 
Duan et al. 2011; Xu et al. 2015; Takaya et al. 2020; among 
others). For instance, in the tropics the strongly coupled sea-
air interactions, known as the El Nino-Southern Oscillation 
(ENSO) is well correlated with this variability (e.g., Tian 
and Yasunari 1992; Wang et al. 2000; Lau and Weng 2001; 
Wu et al. 2003, among others). In addition, the Pacific Dec-
adal Oscillation phase shift exerts a strengthened impact on 
the eastern China recent decadal summer rainfall variation 
(Chen et al. 2019). Recently, Zhou et al. (2021) conclude 
that the late 2019 strong Indian Ocean Dipole was an impor-
tant contributor to the 2020 extreme Yangtze River flood-
ing. Choi and Ahn (2019) report that cold (warm) tropical 
SST during May is followed by a weak (strong) East Asian 
summer monsoon with negative (positive) precipitation 
anomalies over the South East Asia. Other studies found 
that the summer monsoon rainfall variability there is asso-
ciated with a north–south circulation oscillation called the 
Pacific-Japan pattern and suggested that this pattern is forced 

by the anomalous SST in the tropical Western Pacific (Nitta 
1987; Lau 1992; Huang and Sun 1992).

The Tibetan Plateau (TP), the highest and most extensive 
plateau on Earth with an area of about 2.5 millions  km2 
and an average of over 4000 m above sea level, plays an 
important role in regulating the global and regional climate, 
and influence across Eurasia the large-scale atmospheric 
circulation (Duan and Wu 2005; Yao et al. 2019). As the 
“water tower of Asia”, the TP is also called the third pole. 
In fact, the TP enhances the East Asian summer monsoon 
system that brought every year abundant precipitation over 
East Asia, which mainly includes China, Korea Peninsula, 
Mongolia, and Japan (Zhisheng et al. 2001; Liu and Yin 
2002; Jiang et al. 2008a, b; Zhou et al. 2021). Likewise, the 
TP causes two main influences: the topographic effect and 
its thermal effect (Duan and Wu 2005). Without the TP, 
the South Asian monsoon would be much weaker than the 
present day, while the precipitation over East Asia would be 
decreased (Jiang et al. 2008a, b; Wang et al. 2017; Asfhaq 
2020). Numerical studies suggest both the TP surface sen-
sible heat flux (Liu et al. 2012; Wang et al. 2014; Wu and 
Liu 2016) and soil moisture (Xue et al. 2004; Chow et al. 
2008; Wan et al. 2017; Gao et al. 2020; Ullah et al 2021, 
among others) contribute to regulate the summer rainfall 
in East Asia. While it has also been suggested that the TP 
heating effect might affect the East Asian summer monsoon 
rainfall, numerous studies have documented the relation-
ship between snow cover in the TP and both the Indian and 
Asian summer monsoon variability (Dey and Kumar 1983; 
Bamzai and Shukla 1999; Kripalani et al. 2003; Wu and 
Qian 2003; Fasullo 2004). But some studies have found dif-
ficulty in using directly the TP snow cover as a predictor for 
both South and East Asian flood/drought events. Substantial 
efforts have been undertaken to understand the sensitivity 
of intra-seasonal and interannual precipitation variability to 
the TP land surface warming (Li and Yanai 1996; Duan and 
Wu 2005; Liu et al. 2012; Wang et al. 2014). However, there 
has been less attention paid to the potential impact of the TP 
springtime land surface temperature anomaly on the summer 
East Asian and South Asian hydroclimatic events, such as 
droughts, floods, and heatwaves.

Using observation and numerical modeling datasets, 
preliminary studies (Xue et  al. 2012, 2016a, b, 2018; 
Diallo et  al. 2019) have shown a significant relation-
ship between the spring land surface temperature (LST) 
anomaly over the western North America (hereafter 
western U.S.)/Tibetan Plateau (TP) and the downstream 
boreal late spring/summer precipitation anomaly over the 
Southern Great Plain (SGP)/East China. Nowadays, it has 
been established that the spring subsurface soil tempera-
ture (SUBT) and LST anomalies over the western North 
America play substantial roles in controlling the summer 
hydroclimatic regime variability over the SGP. Using an 
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atmospheric Global Climate Model (GCM) and a Regional 
Climate Model (RCM), Xue et al. (2016a, b, 2018) have 
investigated the potential contribution of the spring west-
ern North America LST/SUBT anomalies to the unprec-
edented 2011 summer SGP drought/2015 early summer 
flood and have found that the 2011/2015 cool/warm west-
ern North America LST/SUBT anomalies were able to 
simulate/reproduce about 30% and 34% of the observed 
2011 SGP subsequent drought and abnormal heat, and 34% 
of observed above normal rainfall for 2015, respectively. 
The 2m air temperature (T-2m) has a substantial global 
coverage, and early studies have found that its values are 
very comparable to the LST in stations with measurements 
for both (Good et al. 2017; Liu et al. 2020; Xue et al. 2021; 
among others). Because of the promising results, from the 
use of the springtime 2m-temperature (LST) anomaly for 
sub-seasonal to seasonal prediction (S2S), a multi-model 
framework under the Global Energy and Water Exchanges 
project (GEWEX) and the Third Pole Environment (TPE) 
support has been initiated to further investigate and 
explore the impact of initialized LST and snowpack on 
sub-seasonal to seasonal prediction (LS4P; https:// ls4p. 
geog. ucla. edu/) (Xue et al. 2021).

However, for the East Asia, only one 2003 case with a 
cold spring TP LST anomaly was investigated (Xue et al. 
2018, 2021), but still, no study has comprehensively inves-
tigated and elucidated the potential mechanisms of LST and 
SUBT effects in East Asia. To further examine the TP spring 
LST effect, along with explore and elucidate its mecha-
nisms, more case studies are necessary. In this study using 
the National Centers for Environment Prediction—Global 
Forecast System coupled to the Simplified Simple Biosphere 
model version 2 vegetation biophysical process model as 
land surface models, (hereafter, GFS/SSiB2; Xue et al. 2004; 
Lee et al. 2019), we will investigate the extent to which the 
warm springtime LST/SUBT across the TP has influenced 
the 1998 East Asian disastrous flood. The results of the 1998 
case will also be compared with the results from year of 
2003, which had a very cold spring LST anomaly over the 
TP. Lastly, we will explore and propose possible mecha-
nisms and associated physical processes through which the 
spring Tibetan Plateau LST and SUBT affect summer down-
stream rainfall anomaly in East Asia.

The paper is organized as follows. Section 2 describes the 
model configurations and different experimental designs as 
well as the methodology adopted and the reference datasets 
used for validation and comparisons. Results and discus-
sions are presented in Sect. 3, where the evaluation of the 
Case 1998 CTRL (CTRL98) and the potential role of the 
TP spring LST/SUBT on June 1998 south of the Yangtze 
River region extreme flood are examined, afterward possible 
mechanisms are elucidated and provided. The results from 
Case 1998 are also compared with that from a cold spring 

TP. Finally, the important results obtained in this study are 
given in the summary and concluding Sect. 4.

2  Observation datasets, model description 
and experiment design

2.1  Observational data

In this paper, we use the monthly ground-based precipitation 
and 2m-temperature datasets (http:// data. cma. cn/ data/ cdcde 
tail/ dataC ode/ SURF_ CLI_ CHN_ PRE_ DAY_ GRID_0. 5. 
html) provided by the China Meteorological Administration 
(CMA; V2.0) with a regular horizontal grid-spacing of 0.5° 
latitude by 0.5° longitude (Han et al. 2019). These datasets 
are compiled by the National Meteorological Information 
Center (NMIC) of the CMA (Zhang et al. 2016) and cover 
the period from 1980 to 2013. The CMA datasets are col-
lected from more than 2400 stations over the entire mainland 
China and have been interpolated to regular latitude–longi-
tude grids using Thin Plate Spline algorithm based on an 
“anomaly approach” (Wu and Gao 2013). Indeed, CMA 
gridded datasets are highly reliable and currently the best 
available high resolution large-scale near-ground tempera-
ture (i.e. land surface temperature [LST] or 2m-temperature 
[T2m]) and precipitation datasets for the mainland China 
(Ren et al. 2015a, b; Han et al. 2019; Xue et al. 2021).

In addition, we utilize the monthly gridded precipita-
tion datasets obtained from the latest version of the Climate 
Research Unit gridded Time Series version 4 (CRUTS v4; 
Harris et al. 2020) at the University of East Anglia. CRUTS 
v4 (hereafter CRU) is a widely used climate datasets availa-
ble from 1901 to 2018. These time-series datasets are calcu-
lated on a high-resolution of 0.5° latitude by 0.5° longitude 
grids over all land domains of the world (except for Antarc-
tica). For China, the monthly mean rainfall from the afore-
mentioned two products (CMA and CRU) presents a good 
agreement for interannual variability, intra-seasonal variabil-
ity, spatial distribution and annual cycle with a high correla-
tion between the two datasets (Zhao and Fu 2006; You et al. 
2015). For near surface temperature, we also used the second 
version of Global Historical Climatology Network and the 
Climate Anomaly Monitoring System (GHCN_CAMS, here-
after CAMS) gauge-based 2m-temperature (Fan and van den 
Dool 2008). With a regular horizontal resolution of 0.5° lon-
gitude × 0.5° latitude grids, CAMS provides monthly mean 
global coverage over land from 1948 to near present. Despite 
a good agreement for 2m-temperature spatial distribution 
and temporal evolution between CAMS and CMA over 
China, over the Tibetan Plateau (TP) the May near surface 
temperature climatology (1980–2013 average) for CAMS 
is about 1.8 °C cooler than CMA climatology (Xue et al. 
2021). But, compared with the CMA data, the mean absolute 

https://ls4p.geog.ucla.edu/
https://ls4p.geog.ucla.edu/
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html
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bias of CAMS/CRU 2m-temperature climatology over the 
TP for May is 0.1/0.8 °C warmer, respectively (not shown).

For the monthly atmospheric fields including air tempera-
ture, geopotential height and horizontal wind, we utilize the 
National Aeronautics and Space Administration (NASA) 
Modern-Era Retrospective Analysis for Research and Appli-
cation version 2 (MERRA-2; Gelaro et al. 2017) reanaly-
sis datasets. This datasets have a horizontal resolution of 
0.5° latitude × 0.625° longitude with 72 pressure levels, and 
cover the period from 1979 to the near present. Likewise, 
similar large-scale atmospheric circulation variables data-
sets derived from the National Centers for Environmental 
Prediction-National Center for Atmospheric Research rea-
nalysis (NCEP-NCAR; Kalnay et al. 1996) on a 2.5° longi-
tude × 2.5° latitude grid-point basis with 17 pressure lev-
els and covering the period from 1979 to near present, are 
also used. Similarly to Diallo et al. (2019), in this study the 
anomaly from observations and/or reanalysis refers to the 
departure relative to the climatology of 1981–2010.

2.2  Model description

In this study, we adopt the National Centre for Environmen-
tal Prediction—Global Forecast System (NCEP-GFS) from 
the version 2 of the NCEP Climate Forecast System (CFSv2) 
model (Kanamitsu et al. 2002; Saha et al. 2014). NCEP-
GFS is a state-of-the-art global atmospheric model used for 
seasonal and sub-seasonal monsoon prediction. We set the 
NCEP-GFS spectral discretization at T126 L64, which has a 
horizontal grid-spacing of about 100 × 100 km and 64 verti-
cal levels with most located in the troposphere. T126 cor-
responds to equally spaced grid points over 384 longitudes 
and 190 latitudes, with a horizontal resolution of about 1° 
latitude by 1° longitude grids at the equator. The NCEP-
GFS selected parameterizations and physics include: (1) a 
convective gravity wave drag based from the theory of Chun 
and Baik (1998), (2) a non-local scheme for the boundary 
layer vertical diffusion (Hong and Pan 1996), (3) a modi-
fied version of the Simplified Arakawa-Schubert (SAS) for 
the mass-flux shallow convection and cumulus convection 
(Arakawa and Schubert 1974; Pan and Wu 1995; Hong and 
Pan 1998), (4) the cloud microphysical processes (except for 
auto-conversion) of Zhao and Carr (1997) updated by Moor-
thi et al. (2001) to determine the prognostic cloud water 
and ice mixing ratios, and (5) the Rapid Radiative Transfert 
Models from Atmospheric and Environmental Research 
(Pincus et al. 2003; Mlawer et al. 1997; Clough et al. 2005) 
for shortwave and longwave radiation. The second genera-
tion of the Simplified Simple Biosphere biophysical model 
(SSiB2) is coupled with the NCEP-GFS as the land surface 
model for the representation of land surface processes (Xue 
et al. 1991; Zhan et al. 2003; Diallo et al. 2019; hereafter 
GFS/SSiB2). Further detailed description of the GFS/SSiB2 

parameterizations, along with its performances to simulate 
various aspects of the mean climate and associated large-
scale circulation characteristics can be found in Lee et al. 
(2019) and Diallo et al. (2019).

The SSiB2 is a state-of-the-art vegetation biophysical 
model including 13 vegetation-cover types, with one veg-
etation type per grid cell. It has one vegetation layer and 
three soil layers, whilst the vegetation type includes grass-
land, tropical forest, crop land, shrubs, mixed broadleaf 
and needleleaf tree (Xue et al. 2004). Dickinson’s (1988) 
revised force-restore method was employed to represent and/
or calculate the heat transfer between the surface and sub-
surface soil layers in SSiB2. At the atmosphere-land inter-
face, SSiB2 preserves energy, water, and momentum con-
servation, while considering explicitly the water and energy 
exchanges between the atmosphere and the land (Xue et al. 
1991; Sellers et al. 1996; Zhan et al. 2003).

2.3  Background: observed relationship

The significant relationship between springtime land sur-
face temperature (LST) and subsurface temperature (SUBT) 
anomalies over high mountain areas over the western North 
America/Tibetan Plateau and summer downstream precipita-
tion anomaly in North America/East Asia has been reported 
in recent research (Xue et al. 2012, 2016a, b, 2018; Diallo 
et al. 2019). In this section, we use CMA observations to 
further discuss the observational relationship between near 
surface temperature and precipitation in East Asia, as well 
as to underpin the experimental design in this study. For 
convenience, in this paper the regionally averaged 2m-tem-
perature for May over the TP where topography is higher 
than 4000 m is referred to as the TP-LST. Figure 1a displays 
the spatial distribution of the June climatological (here, we 
used the 1980–2013) mean precipitation in mainland China. 
Rainfall greater than 6 mm/day is located in the south of the 
Yangtze River Basin (YRB) region, with maximum amount 
exceeding 8 mm/day located along the southern coastal and 
southeastern areas of the East Asia. Overall, rainfall reduces 
gradually from the south toward the north and the northwest. 
Figure 1b displays the corresponding standard deviation of 
rainfall, showing in southeast China one significant core of 
rainfall variance, which suggests a strong interannual vari-
ability (i.e. year-to-year fluctuations) of the early East Asian 
summer monsoon rainfall. In contrast, little precipitation 
variability is observed in the Tibetan Plateau, westernmost, 
and northeastern China. The area bounded by 107° E–121° 
E and 22° N–31° N (for reference see blue box in Fig. 1a) 
shows the maximum rainfall climatology and variance. This 
domain is referred as the main region of the south of YRB 
area in this paper, to be later discussed. The year-to-year 
fluctuation can lead to severe/disastrous droughts/floods in 
the south of the YRB area, such as the worst (severe) flood 
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(drought) event in 1998 (2003), that substantially affect the 
social, and the population wellbeing as well as the economic 
development of the region (Wang 2006; Yasunari and Miwa 
2006; Seol and Hong 2009; Wang et al. 2014; Xue et al. 
2018).

To identify the spatial distribution of June rainfall 
anomalies associated with the TP-LST, temporal corre-
lation analysis was conducted for the period 1980–2013 
(Fig. 1c). The East Asian lowland plain shows a dipole 
pattern, as shown in previous studies (Xue et al. 2018, 
2021). Significant and positives (negatives) correlations 
prevail over the south (north) of the YRB area, i.e. the 
correlation map exhibits a south-wetter-north-drier pat-
tern. In addition, negative correlations but not signifi-
cant appear over the western of the Tibetan Plateau and 
the northwestern China (Fig. 1c). The correlations are 

significant and relatively higher in south and north of the 
YRB region, indicating stronger linkage/relationship to 
the TP late spring 2m-temperature. In agreement with Xue 
et al. (2018), our result implies that when the spring land 
surface temperature over the TP is above (below) normal, a 
significant positive (negative) rainfall anomaly appears in 
the south (north) of YRB region, while in the north (south) 
of the YRB region occurs a significant negative (positive) 
rainfall anomaly. To quantitatively clarify this relation-
ship, we display in Fig. 1d the interannual variability of 
the June rainfall regionally averaged over the south of 
YRB region and May TP-LST for the period 1980–2013. 
In 1998 (2003) the spring land surface temperature over 
TP is obviously warmer (cooler) than the climatology, 
while the June rainfall over south of YRB region is wetter 
(drier) than the climatology.

Fig. 1  a Spatial pattern of mean mainland China monsoon rainfall 
(unit: mm/day) in June during 1980–2013. b The corresponding vari-
ances (units:  mm2/day2). c Interannual spatial correlation coefficient 
between May 2m-temperature averaged over the Tibetan Plateau 
above 4000 m  and June China monsoon rainfall during 1980–2013. 
d Normalized interannual time series of 2m-temeprature averaged 
over the TP above 4000 m and June rainfall averaged over the south 

of Yangtze River region. The dotted regions in c denote the statistical 
significance at the α < 0.05 level of two-tailed t-test values. Box in a 
shows the south of Yangtze River region used for the rainfall regional 
averages. Blue (red) horizontal dashed line in d denotes + 1/− 1 
(+ 0.6/− 0.6) standard deviation boundaries for June (May) precipita-
tion (2m-temperature)
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Overall, we note a strong co-variability between the May 
TP-LST and the June rainfall over the south of YRB region 
with a temporal correlation coefficient of 0.47. This corre-
lation is statistically significant at α < 0.05 confidence level 
by two-tailed student’s T-test and is in the same range with 
the correlation previously published (Xue et al. 2018) but 
based on a different method. These statistical results confirm 
the substantial relationship between the spring land surface 
temperature anomaly over the TP and the summer rainfall 
anomaly over the downstream region. Here, we intend to 
conduct various numerical experiments to further investigate 
and confirm this relationship, as well as to examine and elu-
cidate possible mechanisms that underline such causal rela-
tionship. Overall, our observational results, combined with 
previous modeling results of the effect of LST and SUBT 
on the East Asian summer drought, impelled us to investi-
gate whether this causal relationship has existed during 1998 
when disastrous south of YRB flood occurred with record-
warm late springtime (May) 2m-temperature to the TP. It is 
worth pointing out that early study (Xue et al. 2018) mainly 
focused on the LST and SUBT effect on downstream East 
Asian summer rainfall, whilst in this paper we will explore 
and isolate the possible mechanisms of the LST and SUBT 
effect in East Asia. To reach this goal numerical modeling 
study is fundamental.

2.4  Experimental design

To test the potential contribution of the record-warm TP 
spring LST to the disastrous flood event in June 1998 over 
the south of YRB region, we utilize the GFS/SSiB2 model 
to perform two sets of ensemble scenarios simulations under 
similar initial atmospheric and land surface conditions, sea 
surface temperature (SST), and sea-ice forcing. In all scenar-
ios cases, the 1998 atmospheric and land surface conditions 
data from the NCEP Climate Forecast System reanalysis 
(CFSR; Saha et al. 2010) as well as 1998 observed sea-ice 

and 1998 global real time SST analysis from NCEP-R2 were 
used as initial and lower boundary conditions. Observational 
LST/SUBT measurements over high-elevation such as TP 
are vital for model validation and initialization of model 
surface conditions. However, to date we do not have a long-
period large-scale SUBT measurement over the TP, but sev-
eral studies using observational data revealed strong correla-
tion between LST (2m-temperature) and SUBT (Liu et al. 
2020; Hu and Feng 2004).

Table  1 summarizes the details about experimental 
designs as well as the experiments/cases acronyms. In the 
first scenario case, we imposed the specified warm LST and 
SUBT anomalies over the TP based on the CMA 2m-tem-
perature difference between May 1998 and the May clima-
tology (here we used the mean of 1981–2010) with some 
adjustment (Fig. 2a) and aimed to reproduce the observed 
warm (positive) May 2m-temperature anomaly over the TP. 
Xue et al. (2021) have presented the approach in initializing 
the TP LST/SUBT, for brevity the readers are redirected to 
that study for more details (e.g., equations, different steps, 
…etc.) about the method. Note, the warm anomalies are 
imposed only at the first time step of the model integra-
tion, and after the anomalies initial imposition both the 
LST and SUBT will be updated by the model based on its 
free integration. This scenario serves as control case and 
is referred to as “CTRL98”. Results from the CTRL98 are 
used to evaluate GFS/SSiB2 performance in simulating 1998 
southern Asian and East Asian early summer monsoon. We 
carried out a second GFS/SSiB2 scenario case, hereafter 
referred to as “noSUBT98”, in which no warm initial LST 
and SUBT anomalies are imposed, while all other settings, 
including physics parameterizations as well as surface and 
atmospheric initial conditions, are kept similar to CTRL98. 
Each ensemble scenario case has ten members of continuous 
simulations with no re-initialization of any fields for the dif-
ferent integrations. The ensemble members were initialized 
at 00z, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 30 April 1998 

Table 1  Experiment design, acronyms and definition of the different experiments/cases

Experiments Initial imposed LST and SUBT over TP for the 1st time step Descriptions

CTRL98 Imposed warm LST and SUBT anomaly (see Fig. 2a for the 
anomaly) at the 1st time step

Examines GFS/SSiB2 control performance for 1998 EASM

noSUBT98 No-imposed anomaly at the 1st time step Estimates effects of warm late spring LST anomaly over the TP 
on 1998 EASM

CTRL03 Imposed cold LST and SUBT anomaly (see Fig. 3a for the 
anomaly) at the 1st time step

Examines GFS/SSiB2 control performance for 2003 EASM

noSUBT03 No-imposed anomaly at the 1st time step Estimate effects of cold late spring LST anomaly over the TP on 
2003 EASM

Case 1998 Difference between CTRL98 and noSUBT98 (CTRL98 minus 
noSUBT98)

Shows differences due to warm LST and SUBT effect for the 
warm year (year 1998)

Case 2003 Difference between CTRL03 and noSUBT03 (CTRL03 minus 
noSUBT03)

Shows differences due to cold LST and SUBT effect for the cold 
year (year 2003)
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and ended at 00z 01 July 1998. Note that, all the simula-
tion results presented in this study are based from the multi-
member ensemble mean.

Figure 2a displays the initial (first time step) SUBT differ-
ence between CTRL98 and noSUBT98, which show warm 
SUBT over the whole TP with maximum located toward cen-
tral TP. Despite the larger anomalous magnitude, the SUBT 
difference shown in Fig. 2a is consistent with the observed 
1998 May 2m-temperature anomaly over the TP. Figure 2b 
presents the evolution of area-average 2m-temperature over 
TP above 4000 m from the two scenarios experiments. The 
imposed LST and SUBT lead to a warmer 2m-temperature in 
CTRL98 which, indeed persisted during the entire integra-
tion period, although the warmer anomaly becomes weaker 
after the third week of May (see Fig. 2b). Note the evolution 
of 2m-temperature over TP above 4000 m from CTRL98 
compares better with the CMA observation (not shown).

To confirm and verify the robustness of the results 
obtained from the 1998 scenarios study, we conducted 
another two sets of ensemble scenarios experiments for 
the year 2003 characterized by a severe/disastrous sum-
mer drought/flood over the south/north of the YRB region 
and cold (below normal) May TP 2m-temperature anomaly 
(see Fig. 1d). Although this case has been studied in Xue 
et al. (2018), to compare with the 1998 case, we have rerun 
the case using similar starting dates with same ensemble 
member size to the 1998 case, which are more than the 
ones in Xue et al. (2018). The model initial conditions, 
parameterization and physics settings used for the 2003 
ensemble scenarios experiment are the same as for 1998. 
In the control scenario case, referred to as “CTRL03”, 
we imposed at the first time step of the model integra-
tion the cold LST and SUBT over the TP based on the 
May 2003 CMA 2m-temperature anomaly, while for the 

“noSUBT03” experiment scenario (second experiment) 
no anomalies were imposed over the TP during the entire 
integration period. Again, each of the ensemble scenario 
case has ten member ensembles of continuous simula-
tions without re-initialization of any fields for the differ-
ent period of integrations. The ensemble members were 
initialized at 00z, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 
30 April 2003 and ended at 00z 01 July 2003. The initial 
SUBT difference between CTRL03 and noSUBT shows 
cold (negative) SUBT mainly over the TP (Fig. 3a). The 
imposed anomaly can last more than 40 days (May to early 
June) and also affects both the sensible heat flux and latent 
heat flux (Fig. 3b).

Since the difference between CTRL98 (CTRL03) and 
noSUBT98 (noSUBT03) are mainly attributed to the 
imposed warm (cold) initial LST/SUBT anomaly at the first 
time-step (see Table 1 for details), the difference between 
CTRL98 (CTRL03) and noSUBT98 (noSUBT03) enables 
us to isolate the potential effect of the LST/SUBT on the 
June 1998 (2003) extreme flood (severe drought) event 
over the south of the YRB region. For convenience, here 
the difference between CTRL98 and noSUBT98 (CTRL98 
minus noSUBT98) will henceforth be referred to as Case 
1998, while the corresponding difference for the year 2003 
(CTRL03 minus noSUBT03) will also be labeled hence-
forth as Case 2003 (see Table 1). We evaluate the simulated 
effect of LST/SUBT on rainfall and 2m-temperature from 
the two cases against observations (CMA/CRU and CMA/
CAMS, respectively) anomaly. The CMA, CRU and CAMS 
anomalies refer in this study to the departures relative to the 
1981–2010 climatology periods. Hereinafter “OBS” for the 
2m-temperature (precipitation) represents the utilization of 
CMA (CMA) over mainland China and CAMS (CRU) else-
where unless specified otherwise.

Fig. 2  a Imposed sub-surface 
temperature (SUBT) difference 
over the Tibetan Plateau at the 
first time-step of the model 
simulation between CTRL98 
and noSUBT98. b Time-series 
of area-averaged of 2m-temper-
ature (T2m) averaged over the 
Tibetan Plateau above 4000 m 
from CTRL98 and noSUBT98. 
Unit: °C
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3  Results and discussion

3.1  Evaluation of CTRL98

The simulation of the Asian Summer Monsoon system, par-
ticularly its precipitation and associated large-scale charac-
teristics remain a great challenge for Global Atmospheric 
Models (Lin et al. 2016; Lee et al. 2019; Lee and Lee 2020; 
Song and Zhou 2014; among others). In this section, we 
first evaluate the performance of CTRL98 in simulating the 
2m-temperature, precipitation and associated large-scale 
circulation features for June 1998, before examining the 
potential impact of the LST and SUBT initialization on the 
southern Asian and Eastern Asian monsoon. It is worth to 
note that the simulation for the year of 2003, i.e. CTRL03 
has been assessed in Xue et al. (2018) and for brevity will 
not be presented here, though the two experiments do not 
have same starting dates and number of member size. Note 
before computing any statistics, CTRL98 outputs and obser-
vations/reanalysis were interpolated to a common 0.5° × 0.5° 
latitude–longitude grid (i.e., CMA grid) using conservative 
remapping method (e.g., Diallo et al. 2015, 2018; Anwar 
and Diallo 2021).

The May 1998 2m-temperature distribution from the 
OBS and the CTRL98 as well as their corresponding bias 
distributions are presented in Fig. 4a–c. The OBS shows 
that the central eastern of the Tibetan Plateau has the low-
est temperature (< − 3 °C) and the India the highest one 
(> 33 °C). In China, high 2m-temperature (> 18 °C) can be 
found in the mid and lower reaches of the Yangtze River 
valley, Norwest China and South East China, while cold 
temperature (< 18 °C) are observed in the North West China, 
Korea, and Japan. CTRL98 reproduces faithfully the overall 
observed spatial pattern with some discrepancies. In the TP 

and over the south East China, CTRL98 overestimates the 
2m-temperature by about 1 °C, whilst cold biases prevail 
over both India and the north-eastern Indo China Peninsula 
(Fig. 4c). To further assess the model performance, different 
metrics including mean biases (MBs), spatial pattern cor-
relation (PCC), and root mean-square-errors (RMSE) are 
computed for the TP where topography is higher than both 
3000 m and 4000 m (Table 2). 2m-temperature biases with 
respect to CMA (CAMS) over the TP ranges from 0.64 to 
0.87 °C (0.80–1.2 °C) and in most cases spatial correlations 
exceeds 0.7. Despite some biases/weaknesses, Table 2 and 
Fig. 4c exhibit that CTRL98 can adequately reproduce the 
observed 2m-temperature spatial pattern with performance 
in line with previous application of the GFS/SSiB2 (e.g. Xue 
et al. 2016a, b, 2018; Lee et al. 2019).

Figure 4d–f shows the June 1998 rainfall from OBS, 
CTRL98 and their corresponding biases, respectively. 
Table 2 also synthesizes MB, PCCs, and RMSE of rain-
fall averaged over the southeastern Asia and the south of 
the YRB (see boxes in Fig. 4d). OBS shows large amounts 
of June monsoon rainfall (> 12mm/day) in the South East 
China (particularly the south of the YRB) and Bangladesh-
Myanmar. The June monsoon rainfall in the CTRL98 has a 
spatial pattern consistent to that of OBS (Fig. 4e), although 
notable wet/dry biases are also present (Fig. 4f). The rainfall 
bias over the southeastern China and south of YRB region 
are − 1.26 and − 1.92mm/day respectively, while the spa-
tial correlations between CTRL98 and CRU/CMA over both 
regions exceed 0.67/0.55 (Table 2). The root-mean-square-
errors are 3.74 mm/day and 4.40 mm/day, respectively. Fur-
thermore, CTRL98 produces rainfall deficient in India, along 
the Yangtze River around 28° N, Vietnam and Myanmar, 
and excess rainfall in the Tibetan Plateau and the coastal of 
southern China. The largest deficiency over mainland China 

Fig. 3  a Imposed sub-surface 
temperature (SUBT, unit: °C) 
difference over the Tibetan 
Plateau at the first time-step of 
the model simulation between 
CTRL03 and noSUBT03. b 
Sensible heat flux (SHF, unit: 
W/m2) and Latent heat flux 
(LHF, unit: W/m2) area-
averaged time-series differ-
ence between CTRL03 and 
noSUBT03. The area-averages 
are performed over the Tibetan 
Plateau above 4000 m
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in CTRL98 is the significant overestimation (underestima-
tion) of rainfall over the TP (along the Yangtze River around 
28° N) (Fig. 4f). This could likely be due to the poor repre-
sentation of fine scale processes and surface heterogeneity in 
the GFS/SSiB2, owing to its coarse horizontal-resolution. It 
should be acknowledged that the reason for simulated rain-
fall bias may also result from other factors (e.g., imperfect 
large-scale initial conditions, convection parameterization, 

and cloud microphysics parameterization) which cannot 
be improved through imposing the LST and SUBT. Lee 
and Lee (2019) found that the Community Earth System 
Model version 1.0.4 shows a larger and significant dry bias 
over south East Asia. However, using the ECHAM6 model, 
Hertwig et al (2015) show that increasing of their model 
horizontal resolution results to a reduction of the bias of the 
simulated mean climate.

Fig. 4  Mean 2m-temperature for May 1998 (a, b) and mean biases 
(c). e, f Same as a–c but for June 1998 rainfall. a and d Observations 
(OBS), b and e are GFS/SSiB2 simulations (CTRL98), c and f are 
CTRL98 mean biases with respect to observations. Black (red) box 

in d denotes the south of Yangtze River Basin (southeastern China) 
used for the rainfall regional averages. 2m-temperature (rainfall) unit: 
°C (mm/day)

Table 2  Mean bias (MB, °C or mm/day), root-mean-square-errors (RMSE, °C or mm/day) and spatial correlation coefficient (PCC) from 
CTRL98 for 2m-temperature and precipitation in May and June 1998, respectively

2m-Temperature metrics are obtained with respect to CMA (CAMS), while those for precipitation are obtained with respect to CMA (CRU)

Metrics Tibetan Plateau above 3000 m Tibetan Plateau above 4000 m

MB RMSE PCC MB RMSE PCC

2m-Temperature 0.64 (0.80) 2.75 (2.84) 0.72 (0.72) 0.88 (1.20) 2.43 (2.53) 0.71 (0.70)

South of the Yangtze River (107–122° E and 22–31° N, see 
black box in Fig. 4d)

Southeastern China (SC, 105–123° E and 22–35° N, 
see red box in Fig. 4d)

MB RMSE PCC MB RMSE PCC

Precipitation − 1.92 (− 1.06) 6.78 (4.40) 0.56 (0.68) − 1.26 (− 0.74) 5.46 (3.74) 0.61 (0.70)
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Westerly jet streams and subtropical highs play a primary 
role in the Asian summer monsoon rainfall. Figures 5a–c 
compare the 200 hPa upper-level mean wind and westerly 
jet from the NCEP-R2 reanalysis, MERRA2 reanalysis, and 
CTRL98 for June 1998. The spatial patterns for the upper-
level westerly jet in NCEP-R2 and MERRA-2 exhibit a very 
similar and consistent result with spatial correlation exceed-
ing 0.96 (see Table 3). But with the MERRA-2 reanalysis 
the core of the westerly jet is stronger and located toward the 
north. The upper-level wind pattern from both reanalysis and 
the CTRL98 simulation (Fig. 5a–c) have a remarkable simi-
larity, with the domain spatial correlation coefficients with 
respect to NCEP-R2/MERRA2 being 0.97/0.95. Although, 
CTRL98 underestimates the intensity of the westerly jet 
with the center of the jet slightly shifted toward the east, 
CTRL98 reproduces reasonably the South Asian high (SAH) 
as shown and displayed in the 200 hPa anti-cyclonic feature 
over South Asia and TP.

Figure 5d–f illustrate the 850 hPa lower-level wind vec-
tor and air-temperature (shaded) from the two reanalysis 
datasets and CTRL98, respectively. In South and East 
Asia, southerly and southwesterly flow prevailed in early 
summer, i.e. June 1998. CTRL98 replicates realistically 

the pattern and magnitude of both the low-level wind and 
air-temperature. However, cold biases are found toward 
northwest China. Meanwhile, the low-level southwesterly 
flow passing through eastern China is weaker than in the 
reanalysis datasets, indicating that CTRL98 simulates 
lower atmospheric moisture transport. This is consist-
ent with the simulated dry biases over the south of YRB 
region and southeastern Asia (Fig. 4d–f and Table 3).

In summary, it is found that while CTRL98 simulates 
warmer bias in May over the Tibetan Plateau, CTRL98 is 
able to realistically capture the June 1998 southern Asian 
and east Asian monsoon rainfall band with reasonable 

Fig. 5  a–c Mean June 1998 of 200  hPa wind vectors (m/s) and the 
westerly jet (grey shading, m/s) from: a NCEP-R2, b MERRA-2, and 
c CTRL98. d–f same as a–c, but for 850 hPa temperature (shading, 

°C) and low-level wind vectors circulation (m/s). The grey shaded 
areas in d–f denote/highlight the Tibetan Plateau

Table 3  Mean bias (MB, units: °C or m/s), root-mean-square-errors 
(RMSE, units: °C or m/s) and spatial correlation coefficient (PCC) in 
CTRL98 compared to NCEP-R2 (MERRA2) reanalysis for 200 hPa 
U-wind and 850 hPa air-temperature in June 1998 over East Asia (60° 
E–160° E and 5° N–60° N)

MB RMSE PCC

U-Wind at 200 hPa 3.11 (1.14) 5.27 (4.88) 0.97 (0.96)
Air-temperature at 

850 hPa
− 1.40 (− 1.12) 2.26 (2.08) 0.95 (0.94)
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upper- and low-level large-scale monsoon circulation. These 
results, indeed, demonstrates that the CTRL98 can simulate 
the large-scale circulation characteristics, 2m-temperature 
and rainfall in Asian summer monsoon regions and provides 
a reasonable basis against which to explore and estimate 
the potential role of the Tibetan Plateau spring LST and 
SUBT anomalies on 1998 disastrous early summer floods 
over East Asia.

3.2  LST and SUBT initialization effect on the 1998 
Flood in East Asia

Figure 6a and b displays the 2m-temperature anomalies in 
May 1998 from OBS and Case 1998, respectively. Note 
here, that the dots indicate the regions where the differences 
are statistically significant at α < 0.05 confidence levels, as 
determined by a two-tailed student’s t-test. As documented 
in Sect. 2.4, we imposed the warm LST and SUBT anoma-
lies at the first integration time of the model simulation over 
the Tibetan Plateau and aimed to reproduce the observed 
positive May 2m-temperature anomaly over the Tibetan 
Plateau (Fig. 6a). The OBS displays a positive May tem-
perature anomaly with a magnitude above 1.30 °C over the 
whole TP, and positive (negative) anomalies in the south 
(north) of the YRB region. Case 1998 simulates remark-
ably the extension and magnitude of the 2m-temperature 
anomaly over the Tibetan Plateau, but does not capture the 
cold/warm anomalies in the north/south of the Yangtze 
River valley. Although Case 1998 shows cold/warm bias 
over the south East China, previous studies have reported 
that only the 2m-temperature anomaly over high elevations 

(mountains) had a substantial impact on the extreme sum-
mer precipitation in downstream regions in East Asia (Xue 
et al. 2018) and North America (Xue et al. 2012, 2016a, 
b, 2018; Diallo et al. 2019). The average 2m-temperature 
anomalies in May over the TP where topography is higher 
than 3000/4000 m are 1.42/1.50 °C and 1.04/1.27 °C for 
OBS and Case 1998, respectively. Consistent with previous 
studies (Wan et al. 2017; Xue et al. 2021), our results show 
that from both OBS and simulation, the TP warming rate is 
larger at higher elevations than at lower elevation. After the 
Case 1998 reproduces reasonably the observed May 1998 
2m-temperature anomaly over the Tibetan Plateau, in the fol-
lowing section we will show that such warm anomaly is an 
important contributor to the East Asia, particularly southeast 
China June 1998 severe flood’s development.

Figure 6c displays the observed June 1998 rainfall anom-
aly (difference between June 1998 and the 1981–2010 cli-
matology). The observed precipitation dataset is from CMA 
over China, while outside mainland China it is from CRU. 
Note that the observed rainfall anomaly patterns shown in 
Fig. 6c bears an overall resemblance to the rainfall pattern 
projected as a consequence of the springtime TP land surface 
temperature anomaly (see Figs. 1c and 6d). The observed 
anomaly shows heavy rainfall in the region south of YRB 
and drought conditions to the north. In addition, wet condi-
tions are observed to the southeastern flank of the TP, while 
a slightly dry anomaly is located toward the central-west 
of the TP. Consistent to the observed anomaly, Case 1998 
showed that the Tibetan Plateau springtime warm LST and 
SUBT anomalies produced statistically significant wet June 
conditions in the area south of the YRB (Fig. 6d). While 

Fig. 6  Observed and simulated 
May 1998 2m-temperature 
anomalies (°C). a Observed 
May 2m-T difference between 
1998 and the climatology 
reference (1981–2010); b GFS/
SSiB2 simulated 2m-T differ-
ence due to LST and SUBT 
effect. c, d same as a, b but for 
June 1998 precipitation anoma-
lies (mm/day). Black (red) 
box in c denotes the south of 
Yangtze River Basin (southeast-
ern China) used for the rainfall 
regional averages. The dotted 
regions denote the statistical 
significance at the α < 0.05 level 
of two-tailed t-test values
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there are clear differences in terms of numerical experiment 
framework between this study and any of the earlier stud-
ies except Xue et al. (2018), yet, the simulated downstream 
East Asian summer rainfall results present some commonali-
ties. Specifically, there were several conceptual studies that 
imposed (changed) artificially sensible heat flux (soil mois-
ture/albedo/snow cover) over the TP land surface to explore 
the possible atmospheric response across East Asia. Wan 
et al. (2017) investigate the impact of the TP land surface 
heating by changing soil moisture initialization over the TP 
in the Weather Research and Forecasting (WRF; Skamarock 
et al. 2008; Diallo et al. 2019; Yu et al. 2021) Model on 10 
extreme precipitation events in southeast China. They con-
cluded that a greater heating over the TP surface increases 
total and extreme rainfall in southeast China, including the 
south of YRB. Likewise, Wang et al. (2008) reported that 
an increase by more than 2 °C of TP surface air temperature 
enhance summer rainfall along the mid-lower reach of the 
Yangtze River valley. Overall, the rainfall anomaly spatial 
pattern over the region south of the YRB and neighboring 
region is indeed consistent with those due to the changes in 
the Tibetan Plateau surface heating (Liu et al. 2012; Wang 
et al. 2008; Wan et al. 2017; Ge et al. 2019) and the Tibetan 
Plateau springtime sensible heat flux (Wang et al. 2014; Wu 
and Liu 2016), although some notable differences on mag-
nitudes and extensions are evident.

It shall be noted that, the wet rainfall area along the 
eastern flank of the Tibetan Plateau from the Case 1998 is 
inconsistent with the observed dry conditions there, addi-
tionally; the area with positive rainfall anomaly along the 
north of YRB region is smaller than observed (Fig. 6c, d). 
The rainfall increase to the eastern flank of the TP is likely 
due to the intensification of convection induced by the sur-
face heating of the Tibetan Plateau, which is in agreement 

with previous studies (Wang et al. 2008; Chow et al. 2008; 
Wan et al. 2017). Table 4 summarizes the Case 1998 results 
for rainfall anomalies averaged regionally over the southern 
Yangtze River and the southeastern China. The LST and 
SUBT effect produced over the southern Yangtze River and 
southeastern China about 57% and 64% of observed above-
normal rainfall condition, respectively (Table 4), which is 
consistent with the 62% contribution to the 2003 south of 
YRB drought reported by Xue et al. (2018). Using the WRF 
modeling results, Xue et al. (2018) found that the warm 
(cold) spring LST and SUBT in western North America 
contributes to about 29% (31%) to observed 2011 (2015) 
rainfall drought (flood) over the U.S. South Great Plain. 
In addition to the Yangtze River valley as well as south-
eastern China, our results suggest that the Tibetan Plateau 
spring land surface temperature anomaly effect on summer 
rainfall anomaly is not only limited to the Yangtze River 
valley and southeastern China but to a much larger remote 
regions (Fig. 6c, d). We further identify different hot spots 
over different Asian regions and/or countries. Those regions/
countries include: North Eastern region of India, North East 
China, Bangladesh, Myanmar, Vietnam, Malaysia, Indone-
sia, North Korea, South Korea and Japan. These hot spots 
are consistent with those found in Xue et al. (2021), who 
hypothesized a possible effect of spring Tibetan Plateau’s 
land surface temperature on global summer precipitation 
over more hot spots.

In summary, our findings suggest that the warm spring-
time TP LST and SUBT anomaly has played an important 
role for the persistence and development in June 1998 (early 
summer) severe flood disasters in the region south of YRB. 
However, it is worth mentioning that in addition to the LST 
and SUBT factors, various factors such as Arctic sea-ice 
(Zhao et al. 2004; Shen et al. 2019), vegetation (Xue et al. 

Table 4  Observed anomalies and simulated anomalies highlighting the LST and SUBT effects for May 2m-temperature (Units: °C) and June 
precipitation (Units: mm/day) for year 1998 and year 2003

2m-temperature Precipitation

TP above 3000 m TP above 4000 m South of Yangtze River 
region (107° E–122° E and 
22° N–31° N, black box in Fig. 6c)

Southeastern 
Asia (105° E–122° E and 
22° N–35° N, see red box in 
Fig. 6c)

Observation Case 1998 Observation Case 1998 Observations Case 1998 Observations Case 1998

1.42 1.04 1.50 1.27 3.73 2.09 2.36 1.51

2m-temperature Precipitation

TP above 3000 m TP above 4000 m South of Yangtze River 
Basin (107° E–122° E and 
22° N–28° N, see blue box in 
Fig. 13c)

North of Yangtze River 
Basin (107° E–122° E and 
31° N–35° N, see black box in 
Fig. 13c)

Observation Case 2003 Observation Case 2003 Observations Case 2003 Observations Case 2003

− 1.22 − 1.14 − 1.52 − 1.42 − 1.52 − 1.18 1.73 1.03
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2010; Notaro et al. 2011; Bamba et al. 2018; Lee and Lee 
2019; Huang et al. 2020; Yu et al. 2021; among others), sea 
surface temperature (Wu et al. 2009; Zheng et al. 2016; Xue 
et al. 2016a, b, 2018; Diallo et al. 2019; Choi and Ahn 2019), 
atmospheric internal variability (Ding et al. 2010; Song and 
Zhou 2015), and soil moisture (Koster et al. 2004; Chow 
et al. 2008; Gao et al. 2020; Ullah et al 2021) may have also 
played important roles to the devastating floods in June 1998 
that occurred in the region south of YRB. Xue et al. (2018) 
have compared the effects of the LST/SUBT versus the SST 
on the severe June 2003 southern YRB region drought. They 
concluded that, unlike from the North America, the TP LST 
anomaly is a more important contributor to the East Asian 
rainfall anomaly compared to SST anomalies. However, the 
relative contribution of the SST to the extreme YRB flood-
ing of 1998 is beyond the scope of the current study and 
more cases studies are necessary to isolate the contribution 
of the aforementioned factors.

3.3  Mechanism analyses

In order to understand the downstream rainfall anomalies 
induced by the warm LST and SUBT initialization over 
the Tibetan Plateau, we analyze further the anomalous 
large-scale atmospheric circulation being responsible for 
rainfall changes. In June 1998, the imposed warming pro-
duces in the lower-level an anomalous cyclonic circula-
tion in southern China, while an anomalous anti-cyclonic 

circulation is formed in northern China (not shown). Such 
anomalous cyclone and anti-cyclone modulate directly the 
southern flood-northern drought. Figure 7a shows the Case 
1998 moisture flux convergence (shaded) and moisture flux 
transport (vectors). The moisture flux is integrated between 
1000 and 300 hPa. The Bay of Bengal and South China 
Sea convey most of the moisture supply over the East Asia. 
As a result of the enhanced southwesterly flow, excessive 
moisture converges into the southern Yangtze River Basin 
region. In addition to the moisture excess, there was a clear 
enhancement of vertical motion over the southern Yangtze 
River Basin region, which corresponds well to the location 
of the severe flooding (see Fig. 7c, d).

Figure 7b displays the 500 hPa temperature anomaly. 
In East Asia, the mid-tropospheric temperature exhibits 
a “northwest-cool-east-warm pattern” anomaly with the 
warming extending over the whole south of YRB region. In 
fact, over the western/eastern Tibetan plateau the imposed 
LST and SUBT is conductive to water vapor divergence/
convergence over the Tibetan Plateau in June 1998 due to 
the weaker/stronger warming (see Fig. 7b), corresponding 
to suppressed/enhanced local rainfall. Figure 7c, d presents 
the horizontal advection of temperature at 500 hPa and the 
mean vertical velocity (omega) at 500 hPa for Case 1998, 
respectively. Clearly, in the mid-troposphere, the warm air 
is transported from the Tibetan Plateau to the downstream 
(Fig. 7c), which is an important driver of the Meiyu-Baiu 
rainfall band (also known as changma in Korea and baiu in 

Fig. 7  Simulated June 1998 dif-
ferences due to LST and SUBT 
effect for: a Vertical integrated 
(1000–300 hPa) moisture flux 
transport (vector, kg/m/s) and 
the corresponding moisture flux 
convergence (shading, mm/day); 
b 500 hPa air-Temperature (°C); 
c 500 hPa horizontal advection 
of temperature (units:  10–5 K/s); 
d 500 hPa Vertical velocity 
(unit:  10–2 Pa/s). The dotted 
regions denote the statistical 
significance at the α < 0.05 level 
of two-tailed t-test values
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Japan) (Sampe and Xie 2010; Wang et al 2014). Consist-
ently, the regions of ascending (descending) motions follow 
closely the region of excess (deficit) rainfall (Figs. 6d and 
7d). Furthermore, the imposed warm LST and SUBT induce 
a prominent correspondence between the warm (cold) advec-
tion and rising (sinking) motions in the southern (northern) 
YRB (Fig. 7c, d). Subsequently, such close correspondence 
of the horizontal temperature advection with the vertical 
velocity indicates the crucial role of warm advection for the 
development of the early summer extreme precipitation in 
East Asia. More specifically, the warm advection anomaly 
enhances the upward motion over the southern Yangtze 
River areas, and as a consequence more rainfall occurs there. 
Overall, when the Tibetan Plateau late spring 2m-temperture 
anomaly is warm, both the atmospheric thermodynamic and 
large-scale dynamic conditions tend to enhance the down-
stream early summer monsoon rainfall in East Asia.

The consistent results between large-scale circulations 
and heavy precipitation in the Yangtze River Basin region 
are the products of the May warm anomaly in TP produced 
by the imposed warm LST/SUBT at the 1st time-step of the 
model’s integration. The warm anomaly started from the 
beginning of May and maintained during the whole May 
(Fig. 8a, b). This warm land surface temperature anomaly 
produces a positive sensible heat flux anomaly (i.e. an 
upward flux) and persists in whole May (Fig. 8c, d), which 
in turn induced a deepening of the planetary boundary 
layer and the development of a positive anomaly of geo-
potential height aloft (not shown). It also strengthens over 
the southern Yangtze River basin a high pressure system 
and enhances the transport of water vapor from the Bay of 

Bengal and South China Sea to southern east China (see 
Fig. 7a). Previous modeling studies have reported the sensi-
tivity of local and remote large scale atmospheric conditions 
to the Tibetan Plateau surface heating. For instance, in the 
lower troposphere, the Tibetan Plateau heating generates a 
cyclonic anomaly, which in turn promotes the intensification 
of southern China west Pacific subtropical high along with 
the enhancement of the low-level monsoon jet flow (Wang 
et al. 2008; Bao et al. 2010; Xiao and Duan 2016). Wan et al 
(2017) have demonstrated how heating at the TP surface 
generates a high pressure system downstream, and thereby 
promotes favorable circulation for heavy precipitation over 
the south of YRB region. The surface heating anomalies 
strengthen thermal effect of the Tibetan Plateau then lead to 
the change of lower atmospheric baroclinicity, which fur-
ther results in the change of upper atmospheric baroclinicity 
by the upward spread of baroclinicity wave. The transient 
eddy activities in the upper troposphere then were changed 
accordingly (Hoskins 1991; Hsu and Liu 2003; Wang et al. 
2008).

The movement of the atmosphere includes zonal mean 
flow associated with atmospheric circulation and eddy activ-
ities. Here we used the eddy kinetic energy (EKE) as an indi-
cator of transient eddy activity energy to show the character-
istics of baroclinic wave energy propagation after imposing 
the warm LST and SUBT anomaly over the Tibetan Plateau. 
Positive EKE anomaly means stronger wave activities; while 
negative EKE anomaly indicates weaker wave activities. The 
formulation of EKE can be written as follow (Wallace et al. 
1988; Hoskins and Valdes 1990):

Fig. 8  Simulated 2m-temper-
ature difference (°C) due to 
LST and SUBT effect for: a 
May 1st–May 15th 1998; b 
May 16th–May 31st 1998. c, d 
Are the same as a, b but for the 
sensible heat flux (SHF,  
W/m2). The dotted regions 
denote the statistical signifi-
cance at the α < 0.05 level of 
two-tailed t-test values
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where the prime quantity (′) signifies a deviation from the 
time mean, u′

, v
′ are transient disturbance of zonal wind and 

meridional wind, respectively. The symbol over-bar (“—”) 
denotes the time average of relative variables. The EKE 
method has been widely used to investigate the eddy activ-
ity, storm tracks and wave flow interactions of the northern 
hemisphere (Deng and Sun 1994; Vallis and Gerber 2008).

Figure 9a displays the temporal-zonal cross-section of the 
EKE at 150 hPa averaged within the band 25° N and 35° N, 
which covers the latitude of the Tibetan Plateau. After the 
imposed warm anomaly over the Tibetan Plateau, the posi-
tive transient eddy anomalies moved eastward indicating the 
eastward propagation of wave energy during the period of 
May 1st to May 25th (see Fig. 9a), which in turn leads to the 
adjustment of waves in the westerlies and further provided 
energy for the upper-level South Asian high (SAH; also 
named the Tibetan High) to move eastward (Hoskins and 
Ambrizzi 1993). Consequently, the SAH shifted eastward 
during May 1st to May 25th (Fig. 9b). Likewise, the SAH 
shifted eastward from 90° E to 120° E in May and intensified 
in June (Fig. 10). The strong wave energy transportation is 
responsible for the strengthening and eastward movement of 
the SAH, which are crucial to the excessive heavy precipita-
tion in the south of the YRB. The SAH behavior due to LST 
and SUBT effect is consistent with the results of Ren et al. 
(2015a, b) and Ge et al. (2019). Figure 9b also shows that 
there is a discontinue around May 11th (see core of maxi-
mum). This fracture phenomenon commonly exists in the 
East Asia and North Pacific basin in storm track due to their 
double-center structure, which is probably associated with 
the complex location configuration between the westerlies 
and storm tracks (Deng and Sun 1994; Zhu and Sun 2000).

As a result, the upper level divergence and convergence 
also changed accordingly. In fact, from May to June, the 
divergence area extended from the Tibetan Plateau to 
the southeast China, while the convergence area moved 
southward and represented a north–south dipole anomaly 
(Fig. 11a–d). Due to the baroclinic instability of the vertical 
structure between upper and lower troposphere the diver-
gence and convergence of lower-atmosphere wind field 
was opposite to the upper troposphere (see Fig. 11 and Fig. 
S1). Accordingly, excess moisture convergence is devel-
oped and sustained in the south of YRB during weeks 3–4 
(days 16–30, i.e. May 15–30) and the whole month of June 
(Fig. 12), leading to extreme flooding along the south of 
the Yangtze River Basin region. Overall, the imposed warm 
LST and SUBT anomaly strengthens the Tibetan Plateau 
diabatic heating and trigger strong wave activities propa-
gating eastward along the upper-level westerly jet, resulting 
in the strengthening and eastward extension of the SAH, 

EKE =
u

�2 + v
�2

2

thereby interacting with the upward motion, affecting as a 
consequence the downstream summer East Asian monsoon 
rainfall variability.

3.4  LST and SUBT initialization effect on the 2003 
Drought in East Asia

In order to verify the robustness of our conclusions for our 
1998 case study, we also show some results from the 2003 
case and compare it with the 1998 case. The year of 2003 
was characterized by a cold spring 2m-temperature anomaly 
over the Tibetan Plateau and severe/disastrous drought/flood 
in the southern/northern of the Yangtze River Basin region 
in June. Figure 13a and b illustrates the 2m-temperature 
anomalies in May 2003 from OBS and Case 2003, respec-
tively. The observation exhibits a cold (negative) land sur-
face temperature anomaly with a magnitude in the range of 
− 0.80 to − 1.30 °C over the whole TP, while positive (nega-
tive) 2m-temperature anomalies are depicted in the south 
(north) of the YRB (Fig. 13a). Case 2003 simulates the spa-
tial extension and magnitude of the 2m-temperature anom-
aly over the Tibetan Plateau, but does not capture the cold 
anomalies in the south of the YRB and northwest of China 
(Fig. 13b). The average T-2m anomalies in May over the 
Tibetan Plateau above 3000/4000 m are − 1.22/− 1.42 °C 
and − 1.14/− 1.52 °C for OBS and Case 2003, respectively.

Figure  13c presents the observed rainfall anomaly 
between June 2003 and the climatology, while Table 4 also 
summarizes the area-averaged rainfall results over the south-
ern and northern Yangtze River basin. Note, to be consistent 
with the case of year 1998, the figures also include large 
parts of both southern Asia and eastern Asia. The observed 
rainfall anomaly shows a severe drought (a reduction of 
about 1.52mm/day) over the region south of the Yangtze 
River and wet condition to the north. Case 2003 simulates 
statistically significant drought/flood conditions over major 
areas to the south/north of the Yangtze River Basin region 
(Fig. 13d). However, the wet (dry) conditions to the west-
ern flank (central) of the Tibetan Plateau are inconsistent 
with the observed dry (wet) conditions there. This could 
likely be due to poor representation of fine-scale processes 
which are known to influence the skillful simulation of rain-
fall anomaly due to LST and SUBT effect, particularly over 
regions with complex topography (Xue et al. 2012; Diallo 
et al. 2019).

It shall be noted that, in addition to affecting the local 
and downstream summer climate as addressed in previous 
study (Xue et al. 2018), this study further identifies that the 
late springtime cold 2m-temperature anomaly has also a 
time-lagged impact on the early summer climate in remote 
regions (see Fig. 13c, d), which is consistent with our Case 
1998 study and also speculated in Xue et al. (2021). Con-
sistent to our Case 1998, the Case 2003 results confirm 
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a possible effect of spring TP’s LST on Asian continent 
summer rainfall with some hot spots identified. Those 
hot spots include: Japan, northern Indo-China-Peninsula 
(including Bangladesh, Burma, and northwest Thailand), 
and South-eastern Asia (see Fig. 13c, d). Nevertheless, it 
is worth to point out that the previous study focusing on 
year 2003 (Xue et al. 2018) do not investigate the possible 
mechanisms responsible for the relationship between the 
cold spring TP and the June 2003 south-drier-north-wetter 
pattern anomaly in East Asia. In the next section, we dis-
cuss and provide possible mechanisms by which the cold 
spring TP 2m-temperature impacts summer downstream 
precipitation in eastern China.

Figure 14a displays the water vapor flux anomalies from 
Case 2003 integrated vertically from 1000 to 300 hPa in 
June 2003. We can see that the cold land surface temperature 
anomaly over the TP in May is conducive to water vapor 
divergence/convergence over the south/north of YRB, cor-
responding remarkably with vertical descending/ascending 
motion (Fig. 14a, b), which is consistent with the rainfall 
anomaly distribution. Figure 14c shows, as a function of 
latitude, the vertical cross section of differences for mean 
vertical motion. Since, we mainly focus on the rainfall over 
eastern China; the vertical cross-section is averaged from 
110° E to 121° E. It can be seen that anomalous descending 
and ascending motions occur throughout the entire tropo-
sphere around 21° N–30° N and 31° N–44° N, respectively. 
Overall, taken together, cold land surface temperature anom-
aly over the Tibetan Plateau in May is robustly linked to 
the water vapor flux divergence/convergence anomalies and 
anomalous descending (ascending) motion, which provides 
unfavorable (favorable) dynamics for the summer rainfall 
over southern (northern) of the YRB. These results provide 
further evidence of the great importance of the Tibetan Pla-
teau spring land surface temperature anomaly in regulating 

Fig. 9  a Simulated temporal-
zonal cross section of eddy 
kinectic energy (EKE) differ-
ence (unit:  m2/s2) due to LST 
and SUBT effect at 150 hPa and 
averaged over 25° N–35° N. b 
Is same as a but for geopotential 
height (unit:  m2/s2)

Fig. 10  Difference of geopotential height at 150 hPa (units:  m2/s2). a 
Day 1–15 (May 1st–May 15th 1998); b Day 16–30 (May 16st–May 
30th 1998); c Day 31–45 (May 31st–June 14th 1998); d Day 46–60 
(June 15th–June 29th 1998). The dotted regions denote the statistical 
significance at the α < 0.05 level of two-tailed t-test values
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summer extreme hydroclimatic events, such as droughts, 
floods, and heatwaves in East Asia and South Asia. After a 
deeper and comprehensive investigations for the 1998 case, 
the 2003 case shows a very consistent mechanisms with 
the 1998 case but with an opposite sign due to the cold TP 
spring LST and SUBT in 2003 (e.g., Figs. 7a, b vs. 14a, b).

4  Summary and conclusions

Recent observational and modeling studies have dem-
onstrated the significant influence of the Tibetan Pla-
teau springtime LST and SUBT on downstream summer 
droughts/floods events in East Asia, highlighting the poten-
tial application of LST and SUBT on sub-seasonal to sea-
sonal prediction. The East Asian summer monsoon rainfall 
has profound impacts on population wellbeing and agricul-
ture as well as the economy of the region. Using the GFS/
SSiB2, in this study, we investigated the potential impact 
of the spring land surface temperature anomaly over the 
Tibetan Plateau on summer rainfall flood/drought events 

in the East Asian continent with another case study: 1998 
flooding in the Yangtze River Basin. The June 1998 was 
characterized by a disastrous flood over the southern Yang-
tze River Basin area in East Asia and below normal rainfall 
to the north, whilst in spring was observed an above normal 
(warm) land surface temperature anomaly over the Tibetan 
Plateau.

Our modeling experiments indicate that the warm spring 
land surface temperature anomaly over the Tibetan Pla-
teau may contribute to the June 1998 downstream extreme 
flooding in the lowland plain in Eastern China. Results from 
both Cases 1998 and 2003 have shown that the warm/cold 
spring land surface temperature anomaly is able to explain 
an important amount of rainfall variance at seasonal and 
intra-seasonal variability, indicating the importance of 
land–atmosphere interactions across the Tibetan Plateau 
for more skillful S2S prediction across East Asia. Enlight-
ened by some preliminary evidence (Xue et al. 2021), we 
have demonstrated that the warm/cold springtime Tibetan 
Plateau 2m-temperature anomaly has a much larger scale 
remote effect on summer rainfall anomaly with different hot 
spots identified over the Asian continent (see Figs. 6c, d 
and 13c, d).

The imposed warm LST and SUBT anomaly strength-
ens the Tibetan Plateau diabatic heating and the perturba-
tion propagates eastward along the upper-level westerly 
jet, which in turn interact with the SAH and the upward 
motion, promoting an increase of the atmospheric baro-
clinic instability driving a stronger moisture flux conver-
gence over the south of YRB, thereby leading to heavy 
rainfall in the downstream region of East Asia. The simu-
lation results provide further evidence of the great impor-
tance of the Tibetan Plateau spring land surface tempera-
ture anomaly in regulating summer extreme hydroclimatic 
events, such as droughts, and floods in both East Asia and 
South Asia.

The results presented in this paper propose a new per-
spective for understanding the possible physical mecha-
nisms of LST and SUBT effects in East Asia. While our 
results are based on a single model and two cases (1998 
and 2003), more models and cases with different initial 
conditions should be considered. Thus we plan to use 
more models from the LS4P phase I (LS4P-I) simulations 
(Xue et al. 2021) to further assess the robustness of our 
conclusions. The potential impact of spin-up time on the 
relationship between spring TP LST/SUBT anomalies 
and downstream rainfall anomalies in South-East Asia 
will also be investigated. Likewise, LS4P-I multi-model 
inter-comparison project will provide valuable platforms 
to identify the SST possible contribution in these extreme 
events. It is important to note that previous LST and SUBT 
studies (Xue et al. 2012, 2016a, 2018; Diallo et al 2019) 
suggested that high-resolution state-of-the-art regional 

Fig. 11  Same as Fig. 10 but for 150 hPa wind divergence (units: 10–6 
/s)
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climate model, simulates better downstream rainfall 
anomaly and associated mechanisms of LST and SUBT 
effects in North America. Therefore, it is recommended to 

dynamically downscale LS4P-I models to quantify down-
stream rainfall anomalies uncertainties before investigat-
ing the physical mechanisms.

Fig. 12  Vertical integrated 
moisture flux convergence 
(VIMFC) (unit: mm/day) dif-
ference due to LST and SUBT 
effects. a Day 1–15 (May 1st–
May 15th 1998); b Day 16–30 
(May 16th–May 30th 1998); 
c Day 31–45 (May 31st–June 
14th 1998); d Day 46–60 (June 
15th–June 29th 1998). The 
dotted regions denote/highlight 
the statistical significance at the 
α < 0.05 level of two-tailed t-test 
values

Fig. 13  Observed and simulated 
May 2003 2m-temperature 
anomalies (°C). a Observed 
May 2m-temperature difference 
between 2003 and the climatol-
ogy reference (1981–2010); 
b GFS/SSiB2 simulated 
2m-temperature difference due 
to LST and SUBT effect. c, d 
Same as a, b but for June 2003 
rainfall anomalies (mm/day). 
Blue (black) box in c denotes 
the south (north) of Yangtze 
River Basin used for the rainfall 
regional averages. The dotted 
regions denote the statistical 
significance at the α < 0.05 level 
of two-tailed t-test values
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