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Abstract
The prediction skill for precipitation anomalies in late spring and summer months—a significant component of extreme 
climate events—has remained stubbornly low for years. This paper presents a new idea that utilizes information on boreal 
spring land surface temperature/subsurface temperature (LST/SUBT) anomalies over the Tibetan Plateau (TP) to improve 
prediction of subsequent summer droughts/floods over several regions over the world, East Asia and North America in 
particular. The work was performed in the framework of the GEWEX/LS4P Phase I (LS4P-I) experiment, which focused 
on whether the TP LST/SUBT provides an additional source for subseasonal-to-seasonal (S2S) predictability. The summer 
2003, when there were severe drought/flood over the southern/northern part of the Yangtze River basin, respectively, has 
been selected as the focus case. With the newly developed LST/SUBT initialization method, the observed surface tem-
perature anomaly over the TP has been partially produced by the LS4P-I model ensemble mean, and 8 hotspot regions in 
the world were identified where June precipitation is significantly associated with anomalies of May TP land temperature. 
Consideration of the TP LST/SUBT effect has produced about 25–50% of observed precipitation anomalies in most hotspot 
regions. The multiple models have shown more consistency in the hotspot regions along the Tibetan Plateau-Rocky Moun-
tain Circumglobal (TRC) wave train. The mechanisms for the LST/SUBT effect on the 2003 drought over the southern part 
of the Yangtze River Basin are discussed. For comparison, the global SST effect has also been tested and 6 regions with 
significant SST effects were identified in the 2003 case, explaining about 25–50% of precipitation anomalies over most of 
these regions. This study suggests that the TP LST/SUBT effect is a first-order source of S2S precipitation predictability, 
and hence it is comparable to that of the SST effect. With the completion of the LS4P-I, the LS4P-II has been launched and 
the LS4P-II protocol is briefly presented.

1 Introduction

Despite impressive progress in weather forecasting during 
recent decades (Bauer et al. 2015), subseasonal-to-seasonal 
(S2S) precipitation prediction in late spring and summer 

months, which contains a significant amount of extreme 
hydroclimate events such as droughts and floods, has 
remained poor to date. Supported by expanded predictive 
capabilities, a joint S2S Prediction Project of the World Cli-
mate Research Programme (WCRP) and the World Weather 
Research Programme (WWRP) of the World Meteorologi-
cal Organization (WMO) has been tackling the so-called 

Extended author information available on the last page of the article

http://orcid.org/0000-0002-6169-9631
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-023-06905-5&domain=pdf


 Y. Xue et al.

1 3

weather–climate prediction desert ranging from 2 weeks to 
3 months, “aiming to underpin new WMO operations on 
those time scales” (Vitart et al. 2017; Robertson et al. 2018; 
Merryfield et al. 2020). The activities include “understand-
ing and adequately representing in model’s processes that 
give rise to predictability in the Earth system”, and “cor-
recting for and reducing imperfections in models that may 
systematically degrade forecast quality” (Merryfield et al. 
2020). In terms of the S2S predictability, the organization of 
tropical convection by the Madden–Julian oscillation (MJO) 
has been considered as a major source (Vitart et al. 2017; 
Woolnough 2019). Atmosphere–ocean interactions have 
also long been recognized as providing predictive value at 
different scales. For example, information on tropical sea 
surface temperature (SST) anomalies associated with the El 
Niño–Southern Oscillation (ENSO) have improved S2S pre-
diction skill for precipitation and temperature over certain 
land areas including the contiguous United States (Hudson 
et al. 2011; Li and Robertson 2015; DelSole et al. 2017; 
Mariotti et al. 2018). Extratropical SST anomalies, such 
as in the midlatitude North Pacific, can also impact rain-
fall S2S prediction skill (McKinnon et al. 2016; Xue et al. 
2012, 2016b, 2018; Diallo et al. 2019). However, studies 
have consistently shown that the SST only partially explains 
predictability (Mo et al. 2009; Scaife et al. 2009; Rui and 
Wang 2011; Pu et al. 2016; Xue et al. 2016a, b; Orth and 
Seneviratne 2017).

The land’s role in the climate system at various spatial 
and temporal scales has been the subject of much research 
since the 1970s. The effects/mechanisms of a number of 
attributes of the land surface, such as albedo, soil moisture, 
vegetation, and snow, in land–atmosphere interactions have 
been extensively investigated (Charney et al. 1977; Shukla 
and Mintz 1982; Sud et al. 1988; Yasunari et al. 1991; Zeng 
et al. 1999; Koster et al. 2004; Xue et al. 2004, 2010; Senevi-
ratne et al. 2010; Materia et al. 2022). The lack of observa-
tional data has presented a crucial limitation to progress. 
Land–atmosphere interaction studies have largely focused on 
the local feedbacks between land and atmosphere. However, 
how the land surface process can be applied for better S2S 
prediction of precipitation anomalies, especially droughts 
and floods, has not been highlighted in most previous land/
atmosphere interaction studies.

It is only recently that the role of land surface processes 
in S2S predictability has been investigated. Studies using 
one Earth System Model (ESM) have shown that cold/
warm spring land surface temperature (LST) and subsur-
face temperature (SUBT) in the Tibetan Plateau (TP) and 
Rocky Mountain areas would cause drought/flood in respec-
tive downstream regions (Xue et al. 2012, 2016b, 2018). 
Inspired by these results, the Global Energy and Water 
Exchanges (GEWEX) program launched in 2018 the initia-
tive, “Impact of Initialized Land Temperature and Snowpack 

on Sub-seasonal to Seasonal Prediction” (LS4P, https:// ls4p. 
geog. ucla. edu; Xue et al. 2019a, b, 2021). This community 
effort aimed to assess the impact of initializing LST and 
SUBT in high mountain regions on S2S prediction with 
multi-ESMs. Climate scientists, especially climate model-
ers, from more than 40 institutions worldwide, including 
major climate research and prediction centers, participated 
in the project.

The WCRP and WWRP joint S2S project has listed the 
study of land initialization and configuration as one of their 
major activities (Merryfield et al. 2020). The first LS4P 
paper (Xue et  al. 2021) presented the LS4P objectives, 
the methodology to improve the LST/SUBT initialization 
in high mountain areas, and the first-phase experimental 
protocol (LS4P-I). The LS4P-I experiments focused on the 
remote effect of the LST/SUBT in the TP. This region was 
selected for several reasons: (1) the high elevation, (2) large 
geographical coverage, (3) special geographical location, 
(4) much stronger downward shortwave radiation than other 
areas resulting in very strong diurnal and seasonal changes 
of the surface energy components and other meteorological 
variables, such as surface temperature and the convective 
atmospheric boundary layer (Xue et al. 2017), and (5) avail-
ability of comprehensive and long-term near surface, sub-
surface, and planetary boundary layer measurements. The 
year 2003 was selected as a case study because an extreme 
summer drought/flood occurred to the south/north of the 
Yangtze River, respectively (Fig. 1a), after a very cold spring 
in the TP (Fig. 1c). The causes of the severe drought in the 
southern part of the Yangtze River Basin (SYRB) have not 
yet been identified. As such, the LS4P complements but 
is different from other international projects that focus on 
operational S2S prediction (Kirtman et al. 2014; Pegion 
et al. 2019).

The highlights of the LS4P-I results were presented in 
Xue et al. (2022). This paper elucidated new developments 
in the S2S prediction and provided a new and potentially 
far-reaching perspective to spark the community’s interest 
in further exploration of the new approaches. The present 
paper is a follow-up of Xue et al. (2022) and aims to com-
prehensively analyze the LS4P Phase I results and assess its 
effects on S2S precipitation prediction. The TP LST/SUBT’s 
effect is also compared with the SST effect here. Section 2 
gives general background for the development of increased 
understanding of the LST/SUBT effect in the S2S predic-
tion. Sections 3 and 4 present preliminary assessments of the 
LS4P-I ESMs’ performance in the 2003 summer case and 
the LS4P Phase I’s experimental design, as well as assess 
the effect of the TP LST/SUBT anomaly on the global S2S 
precipitation prediction, respectively. Section 5 explores 
the relevant mechanism with a main focus on how the TP 
LST/SUBT affects the East Asian summer monsoon. The 
mechanism at work for the TP LST/SUBT’s effect on the 

https://ls4p.geog.ucla.edu
https://ls4p.geog.ucla.edu
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global atmospheric circulation through teleconnection will 
be discussed in a separate paper. Section 6 compares the 
LST/SUBT and SST effects. Section 7 provides the sum-
mary along with further discussion.

2  Background: evidence of land memory 
and its effect on prediction

It is well known that skillful forecasting more than 30 days 
ahead requires information on the slow-varying compo-
nents of the climate system, of which the SSTs are a prime 
example. The ocean surface conditions with low frequency 
variability interact with the atmosphere to affect the vari-
ability and development of the atmospheric circulation with 
some degree of predictability (Mariotti et al. 2018). The land 
memory effect due to land temperature on S2S prediction, 
however, has long been overlooked. Questions have been 
raised regarding whether land surface temperature anomalies 
that interact with the atmosphere can be sustained for sev-
eral weeks to months to provide a stable boundary forcing 
that could enhance the S2S predictability. That said, dem-
onstrating the existence of land memory from observations 
is the key aspect in support of applying the land temperature 
memory for S2S prediction studies.

In most parts of the world, large-scale soil layer meas-
urements only reach 50 cm below the surface, which is not 

sufficient to provide comprehensive information on land 
memory. Fortunately, decadal field measurements by the 
Third Pole Environment (Ma et al. 2008; Li et al. 2020), the 
Tibetan Plateau Atmospheric Scientific Experiment (TIPEX, 
Xu et al., 2008; Zhao et al. 2018) and other related projects 
have made available large-scale surface plus subsurface data 
at deeper levels. Based on the observed data of the China 
Meteorological Administration (CMA, https:// data. cma. cn, 
Zhao et al. 2007) from 80 ground stations over the TP, of 
which 14 have soil temperature measurements to a depth 
of 320 cm covering the period from 1981 to 2005, it has 
been found (Liu et al. 2020a, b) that in the TP anomalies 
in 2-m air temperature above the land surface (T2m), LST, 
SUBT, snow, and surface albedo exhibit long persistence. 
Anomalies in LST are highly correlated to those in snow, 
surface albedo, and SUBT in current and preceding months. 
Anomalies in surface albedo and SUBT have a memory of 
1–3 months. The duration of the anomalies is significantly 
longer in winter and spring than in other seasons (see Fig-
ures 1 and 2 in Liu et al. 2020a). Meanwhile, based on 
observed T2m data during the period 1981–2010 from CMA 
and Climate Anomaly Monitory System (CAMS, Fan and 
Van den Dool 2008), analyses show that the T2m anomaly 
in the TP and the Western U.S., mainly over the Rocky 
Mountain area, could persist for several months, especially 
during boreal spring (see Figure 1 in Xue et al. 2021). As 
such, there is a potential for the LST/SUBT to provide land 

Fig. 1   a Observed precipitation anomalies (mm  day−1) for June 2003. b As in a except for LS4P-I multi-model ensemble simulation biases. c 
As in a except for T2m (°C) for May 2003. d As in b, except for T2m (°C) for May 2003

https://data.cma.cn
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memory at the S2S time scale. In the following, all seasons 
refer to the Northern Hemisphere.

Maximum covariance analysis (Von Storch and Zwiers 
1999; Xue et al. 2018) using observed T2m and precipitation 
data has been carried out to explore the relationship between 
spring T2m anomalies in high mountain regions, mainly in 
the TP and the Rocky Mountains, and summer precipitation 
in their respective downstream regions. The results showed 
a significant correlation between these two variables and 
revealed possible non-local effects of large-scale spring T2m 
and LST/SUBT anomalies over high mountains in geograph-
ical regions, upstream of areas that experience late spring 
or summer drought/flood. Specifically, warm/cold spring in 
the TP or the Western U.S. contributes to downstream late 
spring–summer flood/drought. Such a statistical lag relation-
ship has been further confirmed as representing a causal 
relationship by one ESM and one regional climate model 
(RCM) in a series of prototype studies with drought/flood 
scenarios in various regions over different years (Xue et al. 
2012, 2016a, b, 2018; Diallo et al. 2019). For example, for 
the May 2015 flooding in the Southern Great Plains and June 
2003 drought in the SYRB, the May LST/SUBT anomalies 
in the Rocky Mountains and the TP produced 29% and 34% 
of the rainfall anomalies, respectively, while the SST effect 
produced 34% and 38% of rainfall anomalies, respectively.

Moreover, statistical analyses and regression testing 
based on observational data have revealed that the signifi-
cant lag relationship between May T2m anomaly over the 
TP and June precipitation anomaly downstream not only 
exists over East Asia, but also over many parts of the world 
(Figures 1 and S2 in Xue et al. 2022). Figure 1 in Xue et al. 
(2022) shows the observed June precipitation difference 
between the 5 coldest and 5 warmest Mays in the TP dur-
ing the period 1981–2015. These years were selected based 
on the Tibetan Plateau Index (TPI, Xue et al. 2022) which 
is defined as the averaged T2m anomaly over the region 
bounded by 29° N–37° N and 86° E–98° E. The figure shows 
that, in addition to the statistically significant dry SYRB, 
there was a dipole anomaly in North America, mainly over 
the Great Plains. Meanwhile, significant June precipitation 
anomalies are evident in other regions, such as northern 
South America, the Sahel region, Indonesia, Western and 
Northern Europe, etc. Further study indicates that such an 
influence is underscored by Tibetan Plateau-Rocky Moun-
tain Circumglobal (TRC) wave train. The present paper uses 
multiple ESMs to examine whether such lag relationships 
indeed suggest a causality.

Furthermore, in recent years, additional modeling studies 
with ESMs and RCMs as well as data analyses have investi-
gated the linkage between S2S predictability and LST/SUBT 
effect (Yang et al. 2019, 2021, 2022; Shukla et al. 2019; 
Diallo et al. 2022; Qi et al. 2022; Qiu, et al. 2022; Sugimoto 
et al. 2022; Xu et al. 2022; Saha et al. 2023), some of which 

are published in this special issue. The prelude of this spe-
cial issue presents a brief overview of these results. The 
presents paper mainly concentrates on the LS4P-I ensemble 
mean results.

3  Preliminary assessment and experimental 
design

3.1  Preliminary assessment of control experiment

As discussed in the Introduction, the initial LS4P-I goal was 
to assess whether the results produced by one ESM (Xue 
et al. 2018) could be reproduced by other ESMs, with a 
focus on the remote effect of the TP on S2S precipitation 
predictability over East Asia. The time period selected for 
the LS4P-I was May–June 2003. The summer of 2003 was 
characterized by a severe drought over the SYRB, with an 
average anomalous precipitation rate of − 1.40 mm  day−1 
within 112–121° E and 24–30° N. To the north of the Yang-
tze River basin, there was above-normal precipitation caus-
ing pluvial flooding, with anomaly rates of 1.32 mm  day−1 
over the area within 112–121° E and 30–36° N (Fig. 1a). In 
2003, the observations show a cold spring over the TP, dur-
ing which the T2m in May above 4000 m was 1.40 °C below 
the climatological average (Fig. 1c). In this study, we use the 
Climate Research Unit (CRU, Harris et al. 2014) data for 
precipitation, and CMA data (Han et al. 2019) within China, 
while CAMS data (Fan and Van den Dool 2008) were used 
elsewhere for the T2m.

In addition to East Asia, Fig. 1a shows substantial posi-
tive and negative precipitation anomalies over many parts 
of the world. It should be pointed out that in many of these 
regions, such as the Great Plains in North America, Sahel 
in West Africa, Indonesia, India, Japan, and Europe, the 
precipitation anomaly patterns in Fig. 1a also appeared in 
other years with observed cold Mays as shown in Figure 1 
of Xue et al. (2022). The present paper will address whether 
the observed precipitation anomalies over many parts of the 
world, as shown in Fig. 1a, are associated with the TP cold 
spring T2m anomaly using multiple ESMs. To the authors’ 
knowledge, this has not been a subject of any previous 
studies.

The LS4P-I designed a series of experiments to address 
the impact of a large-scale LST/SUBT anomaly in the TP 
in climate models on S2S predictability and to compare this 
effect with the ocean state in S2S predictions. A compre-
hensive discussion on the LS4P-I experimental designs is 
presented in Xue et al. (2021). The first experiment of the 
LS4P-I, referred to as Exp-CTRL (Table 1), aimed to evalu-
ate whether the current state-of-the-art ESMs can repro-
duce the observed May 2003 T2m anomaly over the TP as 
well as summer drought/pluvial flood conditions over East 
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Asia. The goal of this baseline experiment was to determine 
whether we need to improve the LST/SUBT initialization 
over the TP for better S2S prediction. The results from 16 
ESMs (Table 2)1 that completed the LS4P-I’s major experi-
ments are presented in this paper. Each ESM conducted an 
approximately 2-month long simulation from late April 
through June 2003 with their normal setting for a S2S 
prediction of atmospheric and land initial conditions and 
ocean surface boundary conditions. Except for the CNRM-
CM6-I-CMIP (hereafter referred to as CNRM CMIP) and 
the ECMWF-IFS, every ESM used daily reanalysis data to 
specify May and June 2003 SST and sea ice conditions. The 
CNRM-CMIP and the ECMWF-IFS specified ocean initial 
conditions at the beginning of the integration and ran the 
model in a fully coupled land–atmosphere–ocean configu-
ration. The LS4P-I protocol required at least six ensemble 
members, but most groups provided more than 10 ensemble 
members (Table 2).

In general, the current state-of-the-art LS4P-I ESMs 
can produce reasonable global scale climate features. Fig-
ure S1 in the supplement displays the spatial distribution 
of global June precipitation from each ESM, the ESM 
ensemble mean, and the observation. Major features in the 
global spatial distribution of June 2003 precipitation are 
well simulated, such as the Intertropical Convergence Zone 
(ITCZ), the northern summer monsoons, the second rain-
fall maximum in mid-latitudes, etc. Table 3 lists the statis-
tics for bias, root-mean-squared error (RMSE), and global 
spatial correlation coefficients with June 2003 precipitation 
observations for each model and the ensemble mean. At the 
global scale, the spatial correlations, bias, and RMSE of 
most ESMs range between 0.7–0.8, − 0.2 to 0.4 mm  day−1, 
and 1.7–2.4 mm  day−1, respectively. The spatial correlations 

are particularly high for every model, which is consistent 
with the spatial patterns displayed in Fig. S1. The ensemble 
mean has the lowest RMSE: 1.6 mm  day−1. Due to the lim-
ited scope of this paper, the following discussion will focus 
on the ensemble mean. A future paper will be dedicated 
to discussing characteristics of responses and spread of the 
ESM ensemble members to the LST/SUBT initialization.

At the regional scale, however, several model errors are 
apparent. None of the LS4P-I ESMs can produce observed 
May 2003 TP T2m cold anomaly properly: most of the mod-
els have large biases (Table 3). For example, there are 12 
LS4P-I ESMs with a warm bias over the TP ranging from 
about 0.38 to 2.86 °C with a mean bias of + 1.54 °C and 
remaining models with a cold bias ranging from about 
− 0.35  °C to − 2.35  °C with a mean bias of − 1.07  °C. 
For comparison, the observed T2m inter-annual standard 
deviation over the TP is only about 0.7 °C. Because the 
warm biases are dominant among the LS4P-I models, the 
ensemble mean also displayed a strong warm bias (Fig. 1d), 
+ 1.02 °C. Furthermore, the LS4P-I ESMs produce large 
biases for June precipitation not only over East Asia but 
over many other parts of the world (Fig. 1b, Table 3). For 
instance, for the SYRB, the ensemble mean shows a wet 
bias of 1.10  mm   day−1 versus the observed drought of 
− 1.39 mm  day−1. Most models produce large wet biases. 
Only a few models have a small bias but with a large RMSE, 
suggesting the small mean biases are just the artifact of the 
cancellation between positive and negative biases in the 
region. In addition, Table 3 lists large errors in the simula-
tion over the Southern Great Plains, which will be further 
discussed later.

A comparison of Fig. 1a, b reveals consistent spatial pat-
terns with opposite signs over many parts of the world, such 
as North America, northern South America, the Sahel, the 
Eurasian continent, etc. The ensemble mean has a negative 
bias in the regions with an observed positive anomaly and 
vice versa. The global spatial correlation coefficient between 
Fig. 1a, b is − 0.55. According to Fig. 1c, d, the May TP 
observed anomaly and model bias also show generally 

Table 1  Summary of different experiments under the LS4P-I framework

HR high resolution, LR low resolution

Experiment name LST/SUBT ini-
tialization (imposing 
mask)

SST Note

Exp-CTRL No May–June 2003 SST Default run from the Earth System Model with starting date around late 
April 2003 to 30 June 2003

Exp-LST/SUBT Yes May–June 2003 SST Same as Exp-CTRL, but with the mask imposed over the Tibetan Plateau 
at the 1st time-step of the ESM integration

Exp-SST No May–June Climatologi-
cal SST (1981–2010 
mean)

Same as Exp-CTRL, but with the 2003 SST replaced by the climatological 
SST

1 The LS4P-I has a total of 18 ESM simulations as shown in Table 2. 
However, we received the last two ESM (CIESM, BESM) results 
after we have completed all of the analyses. Thus, their results will 
not be presented in the ensemble means as discussed throughout the 
paper.
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opposite signs. As discussed earlier, the analyses based on 
observational data suggest a lag relationship between the 
May T2m anomaly over the TP and the June precipitation 
anomaly over many parts of the world, many of which are 
coincident with the areas with large bias and large anomalies 
as shown in Fig. 1. The observed lag relationship between 
May T2m over the TP and June precipitation in many areas 
over the world and the models’ T2m bias over the TP and 
precipitation biases over many parts of the world that were 
noticed during the LS4P-I activity have provided a strong 
motivation for evaluating the LS4P-I results beyond East 
Asia to a much larger spatial scale.

3.2  Experimental design

The LS4P hypothesis is that if the May land temperature 
anomaly in the TP contributes to the June precipitation 
anomaly, then by reducing the May land temperature bias 
in the TP through initialization, the ESMs should produce 
better prediction of the June precipitation anomaly. To test 
the LS4P hypothesis, the second experiment, referred to as 
Exp-LST/SUBT, was designed to reduce the ESMs’ May TP 
T2m bias in order to generate the observed cold TP spring 
anomaly, then to examine its impact on June precipitation. 
An innovative approach for initializing the TP LST/SUBT to 
produce an adequate May TP T2m anomaly was developed, 
which is comprehensively discussed in Xue et al. (2021). 
Note that LST and SUBT are prognostic variables which 
need to be initialized in a model simulation, while T2m is a 
diagnostic variable with no need for initialization. However, 
we use the observed T2m as a proxy for initializing LST and 
SUBT because T2m and LST are very close in magnitude 
and variability, and LST and SUBT are highly correlated. 
Moreover, the memory in the soil subsurface is one of the 
major sources for producing surface temperature anomalies 
(Liu et al. 2020a). As such, if the deep soil is not initialized, 
the imposed initial soil surface temperature anomaly and 
corresponding T2m anomaly would disappear after a couple 
of days of model integration.

The new surface temperature initialization proposed by 
the LS4P remedies the inability of the LS4P global models 
to realistically generate observed May 2003 TP T2m anoma-
lies. Our preliminary research suggests that adjusting both 
LST and SUBT initial conditions based on the observed 
T2m anomaly and model bias is an efficient way for the 
LS4P ESMs to produce the observed May monthly mean 
T2m anomalies. In Exp-LST/SUBT, the model simulations 
were conducted using the new LST/SUBT initial condi-
tion over the TP, with all of the other initial and boundary 
conditions identical to Exp-CTRL. As such, the differences 
between Exp-LST/SUBT and Exp-CTRL show the effect of 
the LST/SUBT initialization and the influence of a different Ta
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TP surface temperature (with/without LST/SUBT initializa-
tion) on prediction.

However, as discussed earlier, the LS4P models have 
either warm (12 models) or cold (4 models2) biases. The 
LST/SUBT initialization procedure for models with warm/
cold biases is delineated in the red/blue box, respectively, 
shown in the schematic diagram presented in Fig. 2. The 
'mask' for each model was calculated using the spatial pat-
terns of the climate anomaly and the model bias over the 
plateau. The basic concept of the mask is shown in Fig. 2. 
Further details of the mask determination can be found in 
Eq. (1) and in Figures 2 and 3 in Xue et al. (2021). The mask 
was 'imposed' on both the LST and SUBT at the first time-
step of the Exp-LST/SUBT. Figure 2 demonstrates that for 
ESMs with warm/cold bias, the initialization would make 
the initial LST and SUBT cooler/warmer in Exp-LST/SUBT, 
respectively, to reduce the model bias. After these masks 
have been imposed on all of the LS4P-I models, we obtain 
a set of model ensembles having reasonable observed T2m 
anomaly on average.

The primary LS4P-I objective was to examine whether 
the observed cold May 2003 TP causes the observed June 
precipitation anomalies. For this purpose, we defined the 
experimental run with a cold/warm initial condition over the 
TP as the cold case/warm case, respectively, regardless of 
whether the run belongs to Exp-CTRL or Exp-LST/SUBT 

or whether the model has a warm or cold bias (Fig. 2). The 
differences between the 16 ESM ensemble means of the cold 
cases and warm cases are used in the following discussion 
to examine the simulated effect of cold May TP LST/SUBT 
on the June 2003 precipitation and other fields.

Exp-SST tests the SST effect on the June 2003 precipita-
tion (Table 1). There were two approaches for this test. For 
most modeling groups, in Exp-SST, the specified 2003 daily 
SST conditions were replaced by the climatological daily 
SST. For CNRM CMIP, the 2003 initial condition used in 
Exp-CTRL was replaced by the climatological initial con-
dition. Therefore, the difference between Exp-CNTL and 
Exp-SST represents the effect of the 2003 SST anomaly on 
precipitation. The year 2003 was an ENSO year. The CNRM 
CMIP checked their models’ SST simulations to be sure that 
their models produced realistic SST conditions along the 
western coast of South America and eastern Pacific. SST 
conditions in these regions are difficult to simulate (Mechoso 
et al. 1995). The precipitation difference between the Exp-
CTRL (with the 2003 ocean state) and the Exp-SST run 
(with the climatological ocean state) are compared with the 
observed anomaly in 2003 to assess the global ocean state 
effect on precipitation, then it is compared with the LST/
SUBT effect from the Exp-LST/SUBT results. These three 
experiments are listed in Table 1.

Table 3  Mean bias, root-
mean-square error (RMSE), 
and spatial correlation (SC) of 
May 2003 T2m and June 2003 
precipitation in Exp-CTRL 
relative to observation

*CNRM has two runs as shown in Table 2. However, there is only one control simulation

Precipitation (mm  day−1) T2m (°C)

Global South of Yang-
tze River Basin

Southern Great 
Plains

Tibetan Plateau above 
4000 m

Bias SC RMSE Bias RMSE Bias RMSE Bias SC RMSE

ACCESS-S2 0.33 0.79 2.01 0.83 2.63 − 1.87 2.40 1.30 0.60 3.61
AFES-HU 0.43 0.68 2.32 − 1.67 3.11 − 0.34 1.58 − 0.53 0.39 5.08
CAS-ESM − 0.03 0.73 2.16 0.12 2.87 − 1.59 2.41 0.59 0.51 3.93
FGOALS-f2 − 0.59 0.67 2.45 − 0.69 3.01 − 2.83 3.19 0.95 0.51 3.77
CFS/SSiB2 0.36 0.72 2.28 1.59 3.98 − 2.05 2.40 2.15 0.48 3.98
CMCC-SPS3 0.14 0.77 2.06 1.35 2.73 − 1.45 2.06 2.64 0.51 4.48
CNRM-CMIP* 0.12 0.76 2.15 2.35 4.70 − 2.18 2.43 − 0.35 0.53 4.20
ECMWF 0.11 0.85 1.65 1.59 2.71 − 1.91 2.32 − 2.35 0.61 4.21
E3SM 0.14 0.78 2.01 0.95 2.47 0.60 1.95 0.42 0.50 4.01
GRAPES − 0.09 0.61 2.17 2.35 4.57 − 2.30 2.76 0.38 0.54 3.26
IITM CFS 0.03 0.71 2.22 − 0.58 3.30 − 1.45 2.12 1.95 0.55 3.98
JMA CPS2 0.10 0.78 1.93 − 0.22 2.77 − 0.89 1.81 1.38 0.46 4.47
KIM HR − 0.18 0.67 2.34 2.92 5.00 − 3.05 3.47 2.86 0.43 5.80
KIM LR − 0.24 0.76 2.03 2.49 4.30 − 2.50 2.95 1.64 0.43 5.47
NASA GEOS5 0.42 0.81 2.07 1.86 3.09 − 1.90 2.41 2.27 0.52 3.96
Ensemble Mean 0.13 0.78 1.59 1.10 2.84 − 1.67 2.17 1.02 0.50 4.30

2 CNRM-CMIP and CNRM-AMIP have the same EXP-CTRL.
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4  TP LST/SUBT effect

4.1  TP T2m simulation

To assess the effect of spring TP LST/SUBT on the S2S 
precipitation prediction using the ESM, the first step is to 
reproduce the observed May 2003 TP T2m anomaly that 
affects the exchange of heat and momentum fluxes between 
the TP surface and atmosphere. Because current ESMs used 
within LS4P have deficiencies in adequately producing the 
TP T2m anomaly as discussed in Sect. 3.1, an initialization 
method has been developed to overcome this shortcoming. 

This new land temperature initialization approach imposes 
a temperature mask (∆T) on every grid point over the TP 
based on the observed T2m anomaly and model’s bias over 
the region (Xue et al. 2021). This section examines the effect 
of this T2m initialization.

Figure 3 shows that after imposing the LST/SUBT mask 
over the TP at the 1st time step of the model integration, 
the ensemble mean difference between the cold and warm 
cases has produced a cold TP in May and June, but not as 
cold as the observed anomaly, especially in May. To exhibit 
the effect of the mask on the T2m simulation, we display its 
values over the TP on May 1st in Fig. 3a. The LS4P-I models 
have various starting dates and different ensemble members, 

Fig. 2  Schematic diagram of model initialization using masks for 
models with cold/warm biases over the Tibetan Plateau. Notes: (1) 
The LST/SUBT initialization procedure in Exp-LST/SUBT for mod-
els with warm/cold biases are delineated in the red/blue box, respec-
tively. (2) Exp-CTRL (or control run) has no LST/SUBT initializa-
tion; Exp-LST/SUBT (or sensitivity run) is similar to Exp-CTRL, 

except that an LST/SUBT initialization was used in the first time-step 
using a mask over the Tibetan Plateau to minimize the model bias. (3) 
We refer to the runs with a cold/warm Tibetan Plateau initial condi-
tion as the cold case/warm case, respectively, regardless of whether 
the model runs originally were from Exp-CTRL or Exp-LST/SUBT

Fig. 3  Simulated differences between cold cases and warm cases. 
a Ensemble mean T2m difference on May 1st over the TP; b Time 
series of TP T2m difference from the ensemble mean (black line), 
observed 2003 T2m anomaly (blue line), and observed anomaly of 8 
cold years mean (dark cyan line); c Time series of TP soil surface 
temperature from ensemble mean over the TP. Notes: (1) The light 

red shading in b and dark shading in c show the standard deviation 
between ensemble members, and the light cyan shading shows the 
standard deviation in 8 cold years. (2) The selection of 8 cold Mays in 
b is based on half standard deviation of the observational data during 
1991–2015 when the daily data are available
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each of which may also have different starting times. May 1st 
is the first day of the model’s May–June integration required 
in the experimental design; therefore, every run contains 
this date in their model outputs; this date is also close to 
the dates when the initial LST/SUBT mask was imposed. 
Figure 3a shows that by May 1st, the ensemble mean has a 
cold T2m spatial distribution over the TP of about − 1 °C 
on average, which is comparable to but not as cold as the 
observed May TP anomaly of − 1.4 °C. We will discuss this 
issue further in the next paragraph and in Sect. 7. Figure 3b 
displays the daily time series of the 15-day running mean 
difference of the T2m ensemble means between the cold and 
warm cases. For comparison, the observed 15-day running 
mean of daily May 2003 T2m anomaly is also displayed in 
the figure. The results in Fig. 3b show that the ensemble 
mean difference produces a persistent cold anomaly during 
May: the daily T2m difference starts from about − 1.0 °C 
on May 1st and is about − 0.5 °C by the end of May. On 
average, the ensemble mean produced − 0.82 °C difference 
over the TP (Table 4, Fig. 3b), which is about 60% of the 
observed May anomaly. The May T2m difference for each 
ESM’s is listed in Table 4. Ten out of 16 models generated 
60–100% of the observed anomaly.

The results discussed above revealed that the LS4P mod-
els are still unable to fully produce the observed anomalies 
after imposing the mask. Xue et al. (2021) has identified two 
possible reasons which cause this problem: (1) deficiencies 

in land models, such as too shallow soil depths and/or sim-
plified parameterizations for heat transfer in soil layers, and 
(2) large discrepancies between the initial atmospheric con-
ditions from reanalysis data and observed anomalies of TP 
LST. As discussed in Xue et al. (2021), for weather forecast 
and S2S prediction, a “shock adjustment” methodology has 
been implemented in many prediction centers to avoid an 
inconsistency between the atmosphere, land, and ocean ini-
tial conditions due to their different sources, and the belief 
that the atmospheric component is considered to be rela-
tively the most reliable. In the current study for LS4P-I, our 
intention is to initialize the LST/SUBT in order to influ-
ence the lower atmosphere since the corresponding initial 
condition from reanalysis also has inherent errors. Since 
our approach is still in the early development stage, before 
another type of “shock adjustment” is developed (using the 
land condition to adjust lower atmosphere), a number of 
modeling groups started the model simulation earlier, for 
instance, on 1 April, to have sufficient time for the lower 
atmosphere to spin up and to be consistent with the within-
mask imposed soil surface conditions. Further improvement 
in LST initialization is necessary.

The May monthly mean differences in some models are 
not that high due to their weakness in preserving soil mem-
ory. Nevertheless, in the early part of May the models can 
produce suitable heating changes to perturb the atmospheric 
circulation. Such a situation also occurs during tropical 

Table 4  Observed/simulated May 2003 T2m and June 2003 precipitation anomalies/differences due to LST/ SUBT effects

May 2003 T2m (°C) June 2003 precipitation (mm  day−1)

TP above 4000 m South of Yangtze River Basin Southern Great Plains

Obs. anomaly/simu-
lated difference

% of Obs. Obs. anomaly/simu-
lated difference

% of Obs. Obs. anomaly/simu-
lated difference

% of Obs.

Observation − 1.40 100 − 1.39 100 0.87 100
ACCESS-S2 − 0.85 60.71 − 0.76 54.68 0.11 12.64
AFES-HU − 1.13 80.71 0.09 − 6.47 0.01 1.15
CAS-ESM − 0.57 40.71 − 0.22 15.82 0.34 39.08
FGOALS-f2 − 1.49 106.42 0.12 − 8.63 0.59 67.82
CFS/SSiB2 − 1.46 104.28 − 1.32 94.97 0.60 69.00
CMCC-SPS3 − 0.39 27.86 0.54 − 38.85 0.39 44.83
CNRMAMIP − 0.96 68.57 − 0.86 61.90 − 0.04 − 4.60
CNRMCMIP − 1.07 76.43 − 1.45 104.32 − 0.05 − 5.75
ECMWF − 0.35 25.71 − 0.37 26.62 0.74 85.06
E3SM − 0.84 60.00 − 2.36 169.78 1.01 116.01
GRAPES − 1.11 78.28 − 0.31 22.30 1.76 202.30
IITMCFS − 0.25 17.86 0.20 − 14.39 0.46 52.87
JMA CPS2 − 0.99 70.71 − 0.61 43.88 − 0.04 − 4.60
KIM HR − 0.12 8.60 − 0.65 46.76 0.68 78.16
KIM LR − 0.50 35.71 − 0.84 60.43 − 0.36 − 41.38
NASAGEOS5 − 1.00 71.43 − 0.43 31.00 − 0.13 − 14.94
Ensemble mean − 0.82 58.57 − 0.58 41.73 0.38 43.68
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ocean heating events. An examination of the midlatitude 
response to localized equatorial ocean heating events that 
last for only a couple of days finds that upper-tropospheric 
structure of response to short pulses is remarkably similar to 
that to steady tropical heating (Branstator 2014).

The variability in the observation for May 2003 is larger 
than in the simulation (blue and black lines in Fig. 3b, 
respectively). The simulated TP T2m is not as cold as the 
observed during most of the period (Fig. 3b). The persistent 
and substantial cold anomaly, however, has been produced in 
the model simulation. The variability of the ensemble mean 
T2m difference seems to be more consistent with that of the 
simulated soil surface temperature (Fig. 3c), for which soil 
initial temperature condition was imposed and every model 
provides output for this soil layer. In addition to the similar 
variability between soil surface temperature and T2m, the 
TP soil temperature during May (Fig. 3c and Fig. S2) is 
colder than T2m (Figs. 3b and 4b). This feature suggests 
that soil temperature and memory likely contribute to the 
cold T2m. We further select 8 cold years from 1991 to 2015, 
which are 1992, 1993, 1997, 2001, 2002, 2003, 2005, and 
2009, for analysis. The daily T2m data are available only 

after 1990. The light red and cyan shadings in Fig. 3b rep-
resent the regions bounded by plus and minus the standard 
deviations from the ensemble members and 8-year observa-
tion, respectively. During most periods, the ESMs’ standard 
deviations are generally within the ranges of that in observed 
cold TP years, suggesting that overall, the LS4P-I-produced 
T2m is consistent with observed cold May in the TP.

In principle, the T2m is more controlled by the local 
energy balance at the terrestrial surface, i.e., by the local dif-
ference between net radiation and heat fluxes. However, T2m 
anomalies over certain areas have been shown to have a pos-
sible relationship with the TP T2m anomaly. To explore the 
relationship between TP T2m and T2m in other parts of the 
world, Fig. 4a shows the T2m differences between 12 cold 
and 12 warm TP Mays from 1981–2015.3 Figure 4b displays 
T2m differences in May 2003 between the ensemble means 

Fig. 4  Observed and simulated 
May T2m differences (°C). a 
Observed May T2m differ-
ence between 12 cold Mays 
and warm Mays, b May T2m 
ensemble mean difference due 
to LST/SUBT effects, and c 
same as b except for the SST 
effects. Note: There are 12 cold 
and 12 warm Mays selected 
during 1981–2015 based on 
monthly mean observational 
data

3 Warm Mays: 1981, 1984, 1989, 1991, 1994, 1995, 1996, 1998, 
1999, 2000, 2007, 2008.
 cold Mays: 1982, 1983, 1986, 1987, 1990, 1992, 1997, 2001, 2002, 
2003, 2005, 2009. The daily data are available only after 1991.
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of the cold and warm cases for that month. The anomaly 
patterns shown in Fig. 4a, b are generally similar, suggest-
ing that the global spatial distribution of the simulated T2m 
anomaly in May 2003 is largely consistent with the Mays 
having a cold TP. The most outstanding common features in 
these two figures are the anomalies with opposite signs in the 
Western U.S., mainly over the Rocky Mountains. Because 
of the close relationship between the T2m in the TP and in 
the Rocky Mountains, we define a Rocky Mountain Index 
(RMI) as the averaged T2m observed anomaly averaged over 
the region bounded by 32° N–45° N and 110° W–125° W 
(Xue et al. 2022). A Tibetan Plateau-Rocky Mountain Cir-
cumglobal (TRC) wave train modulated by the TP land tem-
perature perturbation from the TP through northeast Asia 
and the Bering Strait to the western part of North America 
has been identified (Figure 4b in Xue et al. 2022). The T2m 
anomaly patterns from the TP to the RMI area in Fig. 4a, b 
are generally consistent with the TRC wave train.

Figure 4a also exhibits a large negative anomaly in the 
Eastern U.S., which does not exist in Fig. 4b, suggesting 
that it is likely not associated with the TP T2m anomaly 
but probably with the anomaly in the Western U.S. Further-
more, both Fig. 4a, b show positive and negative anomalies 
in Southern Europe and central Europe/Middle East, respec-
tively. It is still unclear at this stage whether these anomalies 
are associated with those in the TP. Further investigation is 
necessary to gain more insight on this result.

4.2  TP LST/SUBT effects on precipitation

The important role of the TP in determining the large-
scale features of the atmospheric circulation has long been 
recognized. The view that the TP’s thermal, dynamic, and 
mechanical forcing drives the Asian monsoon has been 
widely reported in the literature. In addition to the TP’s 
topographic effect, studies based on observations and 
modeling have indicated that the TP is a huge, elevated 
heat source to the middle troposphere, and that the sen-
sible heat pump plays an important role in the regional 
climate, especially in the establishment, development, 
and variability of the South and East Asian monsoon 
(Ye 1981; Yanai et al. 1992; Wu et al. 2007; Wang et al. 
2008; Lau et al. 2010; Liu et al. 2020b; Xu et al. 2022). 
Furthermore, recent studies have tackled the TP effect in 
upstream regions, such as North Africa (Lu et al. 2018; 
Nan et al. 2019; Chen et al. 2021). The TP LST/SUBT’s 
role in global S2S precipitation prediction, however, has 
never been a subject in previous studies.

The LS4P-I experiment demonstrates that the spring TP 
LST/SUBT effects on June precipitation are not confined 
to the Yangtze River Basin that was found in a previous 
study (Xue et al. 2018), but it extends to many parts of the 
world. Figure 5 displays the difference between ensemble 

means of 16 ESMs for the cold and warm cases. The fig-
ure shows that the imposed LST/SUBT initial condition 
over the TP that leads to cold May T2m has produced 
differences in June precipitation over many parts of the 
world. We define hotspots as the areas with a significant 
June precipitation impact in the model simulations due 
to the May TP cold temperature (p < 0.10 in t-test, dots 
in Fig. 5), which are also consistent with the observed 
anomaly (Fig. 1a). Based on this definition, eight hotspot 
regions are identified: (1) the SYRB, (2) northeast Asia, 
(3) northwest North America, (4) Southern Great Plains 
(SGP), (5) Central America, (6) northern South America, 
(7) western Sahel, and (8) East Africa (Fig. 5). For these 
hotspots, the observed lag relations as discussed in Xue 
et al. (2022) represent cause and effect.

To obtain a quantitative assessment of the TP LST/SUBT 
effect and its uncertainty among the ESMs, we select sub-
regions defined by a latitude–longitude box covering each 
hotspot area based on the spatial distributions of maximum 
observed and simulated precipitation anomalies (see Fig. 5). 
The bar on each box represents the results in the sub-region 
of one selected ESM, the red bar is the observed anomaly, 
and the black bar corresponds to the ensemble mean dif-
ference. Among those hotspot regions, the ensemble mem-
bers show the most consensus on drought in the SYRB. 
The cause of this drought has not been identified so far. As 
shown in the SYRB box, 12 models produced drought, while 
another 4 models produced values with the opposite sign but 
with very small magnitude, only 0.1–0.2 mm  day−1. The 
ensemble mean predicted about 42% of the drought anomaly 
(Fig. 5, Table 4). The results of the LS4P models for another 
hotspot, the SGP (Table 4), exhibit surprising consistency. 
Eleven models produced the observed pluvial wet anomaly, 
while five models produced negative anomalies, albeit with a 
very small magnitude. The ensemble mean captured 44% of 
the observed anomaly (Fig. 5, Table 4). It should be pointed 
out that the original objective of the LS4P-I was merely to 
check whether the ability of one ESM to produce drought 
in SYRB for a cold TP LST/SUBT (Xue et al. 2018) could 
be reproduced by other ESMs. The TP LST/SUBT effect on 
other parts of the world was not the initial focus of the LS4P-
I modeling groups. As such, the consistency over the SGP 
is particularly impressive and reflects the current ability of 
state-of-the-art ESM to capture the most essential dynamic 
and physical processes.

A higher consensus was found in other hotspot regions, 
such as Northeast Asia, Northwest U.S./Southwest Canada, 
Central America, and northern South America. Similar to 
the SYRB and SGP, only 4 or 5 models produced an anom-
aly with a different sign than that in the observation, albeit 
with small magnitudes (Fig. 5, Table S1). Model uncertain-
ties are relatively large only in two African hotspots: 7 mod-
els had opposite signs to that in the observations. Except for 
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northern South America and western Sahel, ensemble means 
predict about a quarter to one half of the observed precipi-
tation anomaly. In northern South America, the consensus 
among models is high. The magnitude of the observed 
anomaly in the region was quite large, however, and the TP 
effect seems to contribute little in the 2003 case. In the west-
ern Sahel, model uncertainty is relatively large, resulting in 
a weak anomaly in the ensemble mean (Table 5).

Five hotspot regions are located along the TRC wave 
train, and one is in its extension. Using reanalysis data of 
the May 200-hPa geopotential height (GHT) and observed 
T2m data from 1981 to 2015, a regression analysis 

identified that the wave flux pattern progresses from the 
TP through northeast Asia and the Bering Strait to the 
western part of North America, which is referred to as the 
TRC wave train (Xue et al. 2022). The dashed arrows in 
Fig. 5 illustrate the TRC path. The heating change over 
the high mountain TP region modifies the phase, strength, 
and shape of this wave train, which may intrinsically exist 
in the midlatitude atmosphere along with the westerly jet 
probably due to the two high-elevation mountains, affect-
ing the atmospheric circulation in its downstream region 
such as the west coast of North America. As a matter of 
fact, tropical–extratropical teleconnections that are caused 
by fluctuations large-scale heat sources and sinks in the 
Indo-Pacific region, such as El Niño in boreal summer, 
have been investigated in a number of studies (Lau and 
Weng 2002; Ding et al. 2011). Ding et al. (2011) identi-
fied two global teleconnection patterns: “the circumglobal 
teleconnection pattern, which is mainly a zonally oriented 
wave train along the westerly waveguide, and the western 
Pacific–North America pattern, which is a wave train ema-
nating from the western Pacific monsoon trough”, which is 
a wave train closely linked to the variations of Asian mon-
soon anticyclone. It is not clear how the unique features 
of TRC wave train interact/modify the aforementioned 
wave trains. In this content, the out-of-phase relation 
between TPI and RMI needs to be further investigated. It 

Fig. 5  LS4P-I ensemble mean June precipitation anomaly 
(mm  day−1) due to TP May LST/SUBT effects. Note: Each model is 
represented by a color bar. Red and black represent the observation 

anomaly and ensemble mean difference  over the hotspot regions as 
defined in Table  5, respectively. The value in black shows the per-
centage of observed anomaly simulated by the ensemble mean

Table 5  Domain coordinates for statistics (LST/SUBT effects)

Sub-region Coordinates for statistics

Southern Yangtze River Basin 112° E–121° E and 24° N–30° N
Northeast Asia 120° E–135° E and 40° N–52.8° N
East Africa 27° E–37° E and 3° S–8° N
Western Sahel 12° W–10° E and 10.5° N–18° N
Southern Great Plains 105° W–90° W and 30° N–40° N
Central America 110° W–87° W and 13° N–29.5° N
Northern South America 80° W–51° W and 4° N–12.5° N
Northwest North America 124° W–105° W and 45° N–55° N
North Hemisphere 180° W–180° E and 5° N–60° N
Global Land 180° W–180° E and 60° S–60° N
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is interesting to notice that the consensus among ESMs is 
higher in the six identified hotspot regions along the TRC 
wave train path. The tropical northern South America is 
on the extension of the TRC path. The possible telecon-
nection between TP and northern South America has been 
detected in a paleo-climate study (Thompson et al. 2018), 
which identified two distinctive trans-Pacific events in the 
mid-fourteenth and late-eighteenth centuries in both loca-
tions from elevated aerosol concentrations in ice cores 
from the Peruvian Andes and the Tibetan Himalayas 
(Table 6).

In addition to the six hotspots already mentioned, 
another two are identified in the western Sahel and East 
Africa. The linkage between Northern African precipita-
tion and TP topographic and thermal forcing have been 
investigated in a few recent studies (Lu et al. 2018; Nan 

et al. 2019; Chen et al. 2021). By analyzing the summer-
time Tibetan tropospheric temperature (TTT) using reanal-
ysis data, it was found that the TTT affects the zonal-verti-
cal circulation between the western TP and Mediterranean 
Sea and meridional-vertical circulation over the Mediter-
ranean Sea–Africa region, then precipitation in the central-
eastern Sahel (Nan et al. 2019). Another study with various 
specified surface albedos over the TP found that various 
local anomalies in surface heating affected the South Asian 
high and generated a Rossby Wave response to impact 
upstream regions, such as North Africa (Lu et al. 2018). 
As mentioned earlier, due to limitations in the scope of this 
paper, mechanisms of TP effect on some of the global S2S 
precipitation will be discussed in a separate paper. In the 
next section of this paper, we focus on how the LST/SUBT 
affects the East Asian monsoon precipitation.

5  Mechanisms of the LST/SUBT effects 
on East Asian monsoon

The LST/SUBT impact as shown in Fig. 5 is the result of 
the cold TP May temperatures. Figure 6 displays the rela-
tionship between differences in May TP T2m and those in 
several other variables between the ensemble means of the 
cold and warm cases. The correlation coefficients of the 
linear regression and statistical significance between these 

Table 6  Domain coordinates for statistics (SST effects)

Sub-region Coordinates for statistics

Horn of Africa 30° E–43° E and 6° N–13.5° N
North Europe 20° E–41° E and 57° N–68° N
Northern Yangtze River Basin 103° E–120° E and 29° N–37.5° N
US Midwest 103° W–86.5° W and 

32.5° N–41.5° N
West Australia 114° E–130° E and 34° S–18° S
West Amazon Basin 76° W–69° W and 8° S–4° N

Fig. 6  Scatter plots T2m difference for May 2003 over the TP ver-
sus other variable differences due to LST/SUBT effects. a Sensible 
heat flux (W   m−2). b TP May Bowen ratio over the TP for May, c 

Net radiation (W   m−2) over the TP for May, and d Precipitation 
(mm  day−1) over the southern Yangtze River Basin (103° E–119.5° E 
and 26.5° N–32° N) for June. Each dot represents an individual model
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two differences are also listed in each panel of the figure. 
Figure 6d demonstrates that there is a significant linear cor-
relation between simulated May T2m differences over the 
TP and June precipitation differences over the SYRB, sug-
gesting the model’s TP T2m simulation impacts the model’s 
performance in predicting precipitation anomalies over that 
region. We have not found such a simple linear relationship 
for the other hotspot regions. Apparently, more factors con-
tribute to the remote effect discussed here.

In reference to the relationships among TP T2m with 
other variables over the TP, the differences of the sensible 
heat flux and T2m have the highest correlation with highest 
significance compared with other variables (Fig. 6a). This 
is because the T2m influences the temperature gradient 
between land surface and atmosphere as well as the stability 
conditions in the surface layer, which directly influence the 
sensible heat flux. The T2m and the Bowen Ratio (i.e., the 
ratio of sensible to latent heat fluxes at the surface) also have 
significant but weaker correlation coefficient (Fig. 6b). In 
addition, T2m influences the long wave radiation exchange 
between surface and atmosphere. The influence is not that 
significant for the total net radiation (i.e., the sum of net 
shortwave and net longwave radiation) (Fig. 6c).

Cold May T2m and lower sensible heat from the surface 
over the TP (Figs. 3b and 7a) generates cold temperatures 
in the atmospheric column over the region, as displayed 
in Fig. 7b for 300 hPa. The cold May T2m persisted until 
June, although it weakened in time (Fig. 3b). The lowest 
values in the cold temperature band in May are located 
along about 32° N (Fig. 7a), which generated a nega-
tive meridional temperature gradient to the south of and 
a positive gradient to the north of that latitude. On the 
basis of the thermodynamics of atmospheric circulation, 
a negative meridional temperature gradient will generate 
westerly thermal wind. As such, the westerly zonal wind 
at 200 hPa becomes stronger/weaker to the south/north of 

around 32° N, respectively, indicating a shift of westerly 
jet to the south in May and June (Fig. 8a, b). Following 
the zonal wind change as shown in Fig. 8a, b, a strong 
positive vorticity band was created between ~ 30–40° N 
in Fig. 8c, d, which is consistent with the relation in the 
relative vorticity equation. Meanwhile, a negative vorti-
city band was induced to the north of that band. Further-
more, the geopotential height difference at 200 hPa also 
made corresponding change as shown in Fig. 8e, f, due 
to the quasi-geostrophic relationship between wind and 
geopotential height in midlatitudes. An eastward shift of 
a strong positive vorticity and negative geopotential height 
center from the TP to the east during May and June is 
apparent in Fig. 8c–f.

To examine the effect of imposed LST/SUBT anomaly 
over the TP on the characteristics of eastward propagat-
ing wave energy, which can further affect the downstream 
East Asian Summer Monsoon (Lee et al. 2013; Ren et al. 
2021), we look at the eddy kinetic energy (EKE) of tran-
sient eddies. Transient eddy activities play a principal role 
in transporting heat, momentum, and moisture in midlati-
tudes (Hoskins and Hodges 2002; Ren et al. 2010; Diallo 
et al. 2022).

The EKE is defined as follows (Wallace et al. 1988; 
Hoskins and Valdes 1990):

where u� and v� represent the transient disturbance of the 
zonal and meridional wind, respectively, and over-bar 
denotes monthly means. Disturbances are calculated from 
the daily u (v) by subtracting their monthly mean values. 
Figure 9a, b display temporal-zonal cross-section of EKE 
and vorticity at 200 hPa averaged over the latitude band from 
27° N to 40° N which covers the TP. After producing the 

EKE =
u
�2 + v

�2

2

Fig. 7  May 2003 ensemble mean difference due to LST/SUBT effects. a Surface sensible heat flux (W  m−2); b air temperature (°C) at 300 hPa
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LST/SUBT anomaly over the TP, the positive (i.e., stronger 
than average) transient eddy anomalies on a synoptic time-
scale and bi-weekly time scale from TP move eastward. 
In particular, wave energy propagates eastward during the 
late part of May (Fig. 9a), which can cause the circulation 
anomalies over the downward east Asian region by atmos-
pheric internal dynamic processes (Ren et al 2015; Wang 
et al 2019; Zhu et al 2022; Zhao et al 2022). Our simulation 
demonstrated that the LST/SUBT can lead to the adjust-
ment of waves in the westerlies and provide energy for the 

upper-level vorticity (Fig. 9b) and geopotential height anom-
alies to move eastward during that period.

As a result of such circulation changes, the divergence 
and convergence also change. In view of the baroclinic-
ity vertical structure, the horizontal wind divergence and 
convergence in the lower and upper troposphere have oppo-
site signs over the eastern Asian lowland plains (Li et al. 
2014; Ren et al. 2015; Lee et al. 2021; Diallo et al. 2022). 
The positive vorticity and lower geopotential height shown 
in Fig. 8c–f are associated with convergence in the upper 

Fig. 8  a Ensemble mean differences at 200 hPa of zonal wind speed 
(m   s−1) for May 2003 due to the LST/SUBT effects. b Same as a, 
except for June 2003. c, d Same as a and b, except for the vorticity 

difference (×  10−6  s−1), respectively. e, f Same as a and b, except for 
the geopotential height difference (gpm), respectively
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troposphere (not shown). In the lower troposphere, there 
would be a divergence, which is clearly demonstrated in 
Fig. 10. The southwestward wind vectors at 850 hPa in 
June in the SYRB exhibit an anticyclonic structure that 
weakens the summer monsoon flow from the Bay of Ben-
gal and South China Sea (Fig. 10b). The reduced vertically 
integrated moisture flux convergence, to which the lower 
troposphere moisture makes the major contribution, over the 
SYRB is consistent with drought in that area.

6  SST effect of precipitation

The SST’s role in climate and weather prediction has been 
investigated in numerous studies. The purpose of present-
ing the results of the SST’s effect on the May and June pre-
cipitation herein is to compare its effect with the TP LST/

SUBT effect using the same state-of-the-art ESMs. The 
year 2003 was a moderate El Niño year. By May and June 
2003, although the southern oceans were still very warm, 
the SST in the eastern and northern Pacific was relatively 
cold (Fig. S3). In Exp-SST, the daily May and June 2003 
SST was replaced by the daily climatological SST. Thir-
teen LS4P-I ESMs submitted Exp-SST results. Only one 
ESM (CNRM CMIP) among these 13 models predicts the 
ocean temperature. Nevertheless, the SST differences of 
the 13-ESM ensemble mean between Exp-CTRL and Exp-
SST have very similar SST anomaly patterns as observed 
(Fig. 11).

The differences between Exp-CTRL and Exp-SST illus-
trate the SST effect (Figs. 4c and 12). There is speculation 
that the T2m anomaly in the TP is merely a product of the 
SST effect. The differences between T2m in Exp. CTRL 
and Exp. SST are shown in Fig. 4c. The SST anomalies in 

Fig. 9  Time-longitude cross-section of differences of a Eddy kinetic energy  (m2  s−2) and b vorticity (×  10−6   s−1) due to LST/SUBT effects at 
200 hPa during May 2003 averaged over latitude 27° N–40° N

Fig. 10  Vertical integrated moisture flux convergence (mm  day−1) difference due to LST/SUBT effects superimposed with 850 hPa wind vector. 
a May; b June
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2003 are associated with a warm TP, which is opposite in 
sign to the observed TP T2m anomaly. As expected, the 
SST has significant impacts on the S2S precipitation pre-
diction. Similar to the definition of LST/SUBT hotspots, 
six regions are identified where the SST anomalies produce 
significant precipitation differences which are also consist-
ent with the observed June 2003 precipitation anomalies. 
These six regions are (1) the U.S. Midwest, (2) west Amazon 
Basin, (3) Horn of Africa, (4) Western Australia, (5) North-
ern Yangtze River Basin, and (6) Northern Europe (Fig. 12). 
The former three of these regions partially overlap with the 

TP LST/SUBT hotspots, indicating that both LST/SUBT and 
SST play roles in precipitation anomalies with the same sign 
in these areas, i.e., the forcings work in the same direction. 
In the Northern Yangtze River Basin, Central America, 
northwestern North America, and northeastern Asia, both 
forcings produce the same sign of anomalies, but only one of 
them produces statistically significant results. At this stage, 
it is unclear whether these non-significant results from one 
forcing are due to model deficiencies or whether the second 
forcing really plays a secondary role. For the regions men-
tioned above, the two effects may be hard to distinguish. In 

Fig. 11  LS4P-I model ensemble mean SST difference (℃) between Exp-CTRL and Exp-SST for a May and b June 2003. Note: Over polar 
regions, the SST represents the sea ice temperature

Fig. 12  Ensemble mean of June precipitation anomaly (mm   day−1) 
due to SST effects. Note: each model is represented by a color bar. 
Red and black represent the observation anomaly and ensemble mean 

difference over the regions defined by Table 6, respectively. The value 
in black shows the percentage of observed anomaly simulated by the 
ensemble mean
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Western Australia, Northern Europe, and the western Sahel, 
the SST and LST/SUBT produce anomalies with opposite 
signs, indicating that their effects interfere destructively. 
Again, we are unable to confirm if such an interference is 
due to model deficiencies or if it reflects the real nature of 
these forcings’ effect.

Except for the north Yangtze River Basin, only four or 
five ESMs among 13 have opposite signs compared with the 
ensemble mean. However, the magnitudes of these ESMs’ 
results with opposite anomalies are generally larger than the 
Exp-LST/SUBT. It seems the Exp-LST/SUBT exhibits less 
uncertainty compared with Exp-SST in the 2003 case. The 
SST also produced about 25–50% of the observed precipita-
tion anomaly in the northern Yangtze River Basin, Horn of 
Africa, North Europe and the U.S. Midwest. In the western 
Amazon and Western Australia, the observed anomaly is 
very large/small, and the ensemble mean produces relatively 
small/large anomalies, respectively. Exp-SST only involved 
13 ESMs (Table 2). We use the same 13 ESMs to draw a 
figure (Fig. S4) to show the TP LST/SUBT effect. Figure S4 
and Fig. 5 show generally consistent results. Overall, the 13 
ESMs selected produce better precipitation anomalies over 
the LST/SUBT hotspot regions. In particular, the northern 
Yangtze River Basin’s pluvial flood condition is well simu-
lated. In Sect. 4.2, based on 16 ESMs results, the Northern 
Yangtze River Basin had not been selected as a hotspot for 
the LST/SUBT effect.

In Sect. 5, we have shown the TP LST/SUBT influence 
on East Asian summer precipitation through its influence on 
atmospheric circulation and moisture flux convergence. Both 
TP LST/SUBT and SST produce remote impacts through 
their influence on the large-scale atmospheric circula-
tion. Figure 13 shows the vertical integrated moisture flux 

convergence (MFC) for both the LST/SUBT and SST effects. 
The differential equation used to calculate the moisture flux 
convergence is sensitive to temporal resolution, sample size, 
etc., and required high horizontal resolutions (Berbery and 
Rasmusson 1999). The global models’ horizontal and ver-
tical resolutions would cause large computational errors. 
We used the difference between monthly precipitation and 
evaporation to quantitatively represent vertically integrated 
Moisture flux convergence [as done in other studies (Xue 
et al. 2010)] Furthermore, Oshima et al. (2015) shows that 
this representation is quite accurate. The patterns of the dif-
ferences in integrated moisture flux convergence/divergence 
in Fig. 13 are very consistent with those in precipitation dif-
ferences shown in Figs. 5 and 12, respectively. The changes 
in moisture convergence/divergence by the atmospheric cir-
culation change modulated by the surface heating change in 
the TP or SST play a dominant role in this study.

7  Discussion and summary

Due to the importance of S2S precipitation prediction in 
weather/climate research and applications—as well as to 
the well-known fact that S2S prediction skill has remained 
stubbornly low for years—the WCRP/WRRP has listed S2S 
prediction as a “weather–climate prediction desert” with a 
high priority (Robertson et al. 2018; Merryfield et al. 2020). 
The GEWEX/LS4P community effort aims to explore an 
innovative approach to tackle this issue using high moun-
tain temperature as a new source for S2S predictability. The 
observational data, especially from the TP, have provided 
useful information to support this approach, especially the 
discovery of an out-of-phase relationship between the TPI 

Fig. 13  a Ensemble mean of 
June 2003 Vertical Integrated 
Moisture Flux Convergence dif-
ference (mm  day−1) due to TP 
LST/SUBT effects and b same 
as a but due to SST effects
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and RMI and a TRC wave train from the TP to the western 
part of North America. The global teleconnection patterns 
in Northern summer through barotropic instability and a 
wave train associated with the westerly jet stream have been 
extensively investigated (Simmons et al. 1983; Lau and Peng 
1991; Ding and Wang 2005), including the linking of sum-
mertime precipitation variability over East Asia and North 
America (Lau and Weng 2002; Lau et al. 2004). In these 
studies, the teleconnection signals stemmed from Rossby 
wave dispersion associated with fluctuations of large-scale 
heat sources and sinks in the oceans, such as El Nino. In 
this study, the TRC wave train identifies specific "mountain 
sources" as key in enhancing the S2S prediction around the 
globe. The high mountain heating sources over the Tibetan 
Plateau and the Rocky Mountain in early summer are key 
drivers of S2S predictability around the globe, through baro-
tropic instability and excitation of Rossby wave dispersion 
phase-locked to the seasonal variation of the East Asian jet. 
A TRC wave train identified in this study is likely to play a 
fundamental role. In addition to forcing by SST anomalies, 
the surface heating over high mountains also plays an impor-
tant role in generating circum-global teleconnections. The 
special mechanisms at work for the teleconnections need to 
be further investigated in LS4P Phase II (LS4P-II).

The LS4P-I designed several experiments to test whether 
the high mountain LST/SUBT provides an additional source 
for the S2S prediction. The present paper reports some key 
discoveries resulting from more than 3 years of community 
effort. With the LS4P-I initialization method (Xue et al. 
2021), the observed TP surface temperature anomaly has 
been partially produced and 8 hotspot regions in the world 
have been identified where June precipitation is related in 
a statistically significant manner to anomalies of TP May 
T2m. The TP LST/SUBT effect has produced about 25–50% 
of the observed precipitation anomaly in most of the hot-
spot regions. Also, the ESMs have shown more consistency 
in the hotspot regions along the TRC wave train path. The 
modification/shift in the westerly jet and other circulation 
characteristics in the upper troposphere over the TP induced 
by the TP surface heating generate eastward propagating 
wave energy. Due to the baroclinicity vertical structure in 
the troposphere above the East Asian lowland plains, the 
anticyclone and moisture divergence at low levels created 
the conditions for the 2003 drought in the SYRB. For com-
parison, the global SST effect in the 2003 case had sig-
nificant impacts in 6 regions, explaining about 25–50% of 
observed precipitation anomalies over most of these regions. 
These findings suggest that the TP LST/SUBT is a first order 
source of the S2S predictability, which is comparable to the 
ocean conditions.

Many issues must be further addressed in order to realize 
the full potential of the novel developments presented in this 
paper. In the following we list a few major ones.

(1) The land parameterization and reanalysis data that is 
used for the ESM’s initial and boundary conditions 
have been considered as the main causes for the LS4P-
I models’ inability to produce the observed anomalies 
(Xue et al. 2021). This study shows that even with 
improved initialization, the LS4P-I ensemble mean 
is still unable to fully produce the observed TP T2m 
anomaly. The initialization is based on the observed 
May T2m anomaly (− 1.4 °C) and model bias. Since 
most models have positive biases, the absolute value 
of imposed mask (∆T) on average will be larger than 
1.4 °C. However, Fig. 3b shows that by May 1, which is 
only a few days after initialization, the ensemble mean 
difference is only − 1 °C. With such quick loss of initial 
soil temperature anomaly, the inconsistency in reanaly-
sis data probably plays a dominant role. Our analysis 
(Xue et al. 2021) has revealed the weakness of reanaly-
sis data over the TP, where very little station data are 
available for reanalysis. The nudging approach (Tang 
et al. 2019) has shown promise in improving atmos-
phere initial conditions over high mountain areas and 
is worth further investigations to improve both atmos-
phere and land initial conditions.

(2) In some regions, such as in the Eurasian continent and 
India, the statistical analysis revealed significant lag 
correlations between precipitation and TP T2m (Xue 
et al. 2022). The LS4P-I ensemble mean, however, 
fails to produce such relationships. This issue deserves 
further investigation, such as that done by Saha et al. 
(2023). Furthermore, the simulated TP LST/SUBT dif-
ference of the LS4P-I ensemble mean produces sig-
nificant June precipitation anomalies in some regions, 
such as coastal West Africa, southeast TP, and West-
ern Europe, but with an opposite sign compared to the 
observations. These regions are not defined as hotspots 
in this study. It is unclear whether the issues raised 
above are due to model deficiencies, including a failure 
in producing the full TP May T2m anomaly, or if some 
other processes involved which are more important 
than the TP LST/SUBT effect. It would be interest-
ing to perform sensitivity simulations (e.g., with ini-
tial perturbations in the atmospheric and/or land states) 
with large ensemble members using individual models 
and assess how robust the multi-model ensemble mean 
results are in the hotspot regions versus in the above 
regions.

(3) The land–atmosphere interaction studies performed so 
far have been focused on the local land surface/atmos-
phere feedbacks with a substantial number of publi-
cations and large amount of experience. In the LS4P 
research, we explore the remote effect of land surface 
conditions. There is a need to further study the com-
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bined remote and local effect due to snow, soil mois-
ture, vegetation, etc.

With the completion of the LS4P-I, the LS4P-II has 
been launched in 2023 to further explore outstanding S2S 
prediction issues associated with the high mountain LST/
SUBT effect. The LS4P-II will focus on the Western U.S. 
(mainly the Rocky Mountains region), and the effects of 
its land temperature on precipitation over North and Cen-
tral America and elsewhere, particularly the atmospheric 
teleconnections between North America and East Asia. 
For the LS4P Phase II, the year 1998 has been selected 
because it features a very cold spring in the Western U.S., 
severe summer drought in Texas and Oklahoma (Hong and 
Kalnay 2002), very warm spring over the TP, and severe 
summer flooding in the Yangtze River Basin (Diallo et al. 
2022). More information on the Phase II experiments, 
including its protocol, can be found on the LS4P website 
(http:// ls4p. geog. ucla. edu).

Up until now, land–atmosphere interaction studies have 
largely focused on the local feedbacks between land and 
atmosphere. A lack of observational data has presented a 
crucial limitation. In the LS4P experiment, the T2m, which 
has the highest quality among measured land variables and 
the longest meteorological observational record with global 
coverage and dense measurements, has been applied as a ref-
erence to explore the possible remote effects of large-scale 
spring LST/SUBT anomaly over high mountains on summer 
precipitation anomalies. Our preliminary studies have stimu-
lated research on the remote effect of land processes in other 
regions and seasons (Shukla et al. 2019; Yang et al. 2021, 
2022; Qiu et al. 2022; Xu et al. 2022; Saha et al. 2023). 
The LS4P approach proposes a new front in S2S prediction 
to complement other existing approaches to substantially 
improve S2S prediction. We hope LS4P-I activities can raise 
further scientific questions and open a new gateway for more 
research with various approaches for a better understanding 
of the roles and mechanisms of land surface processes in 
weather/climate prediction, S2S predictability in particular.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00382- 023- 06905-5.
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