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Abstract Accurate subseasonal prediction of heavy rainfall is helpful for disaster mitigation but
challenging. The land thermal condition of Tibetan Plateau (TP), usually with climate memory ranging from
weeks to seasons, has been seen as a potential predictability source for subseasonal prediction. Aiming at 2020
record-breaking Mei-yu rainfall, this study attempts to investigate whether and how the influence of initial TP
surface thermal condition near late June influences the July rainfall prediction over the Middle and Lower
Yangtze River Region (MLYR), based on two contrasting prediction experiments using a global climate
ensemble prediction system. The results show that the most distinguishable change in the downstream
prediction in July is the anomalous low-tropospheric cyclone and the associated increased rainfall over MLYR
corresponding to the warmer initial condition of surface TP. Influenced by the invasion of the positive potential
vorticity (PV) center that generated over TP and propagated eastward, this low-level cyclone anomaly over
MLYR is formed within the first week of prediction, and persists for the next 3 weeks maintained by the positive
feedback between the low-level cyclone and middle-tropospheric latent heating over MLYR in the prediction.
This study confirmed the significant effect of TP initial thermal condition on downstream prediction ahead of
3 weeks during the Mei-yu season (peak summer) with strong land—atmosphere coupling over TP.

Plain Language Summary Based on two contrasting prediction experiments using a global climate
ensemble prediction system, this study exhibits that changing the initial thermal condition over Tibetan Plateau
(TP) surface can significantly influence the subseasonal prediction of rainfall over Middle and Lower Yangtze
River Region (MLYR) in Mei-yu season. After the TP land surface warming at the initial time of prediction, a
low-level cyclonic and increased rainfall appears within the first week of prediction and persists for the next
3 weeks maintained by the positive feedback between the low-level cyclone and middle-tropospheric latent
heating over MLYR. This study confirmed the effect of initial land thermal condition over TP on the MLYR
prediction ahead of 3 weeks during Mei-yu season (peak summer) with strong land-atmosphere coupling
over TP.

1. Introduction

In recent years, the frequency of extreme precipitation events has increased significantly (O'Gorman, 2015;
IPCC, 2021; Zhou & Qian, 2021), which has caused huge losses in human life and economies (Fu et al., 2022;
Lesk et al., 2016; Wei et al., 2020). Accurate subseasonal prediction for heavy rainfall is increasingly important
for both early warning systems and risk mitigation (White et al., 2015). However, subseasonal prediction has
lower prediction skill compared to weather forecast (shorter than 7 days) and climate prediction (longer than
2 months) (Robertson et al., 2015). The barriers for increasing subseasonal prediction skill are not only the
uncertain predictability sources on this time scale but also the unclarified effects from the near-surface boundary
condition as well as the initial conditions (Liang & Lin, 2018; Qi & Yang, 2019; Vitart et al., 2017). Therefore,
recognizing the effect of initial meteorological conditions on the subseasonal prediction is crucial but challenging
for improving the subseasonal prediction.
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Earth surface condition serves as one of the important initial conditions for subseasonal prediction, which usually
contains longer climate “memory” than atmosphere (Mariotti et al., 2018). Based on observational diagnosis and
numerical simulations, previous studies have demonstrated that compared with sea ice, snow and ocean whose
memories concentrate on the seasonal-to-annual time scale (He et al., 2018; Sobolowski et al., 2010; Wu &
Francis, 2019), the memory of land surface condition is more distinguishable in subseasonal time scale from
weeks to season (Dirmeyer et al., 2019; Seneviratne et al., 2010). For example, by taking numerical experiments
of general circulation model, Yeh et al. (1984) addressed that the soil moisture anomalies associated with irri-
gation can persist for at least 2 months in the latitude zones that are initially saturated with moisture. Based on the
top 2-m soil depth data sets, Amenu et al. (2005) found that the memory of land subsurface temperature/moisture
is about 53 days/3 months measured by the e-folding time of the soil temperature/moisture anomalies. Liu
etal. (2020) demonstrated that the land surface and subsurface temperature anomaly over the Tibetan Plateau (TP)
during spring exhibit a memory of 1-3 months by calculating the autocorrelation of the anomalous time series
based on observational data.

In addition, the initialization of land surface condition has been found to have a significant influence on the
subseasonal prediction. For instance, by comparing the differences of precipitation prediction skill between the
results with and without realistic land initialization, Koster et al. (2004, 2010) demonstrated that precise land
initialization can improve the prediction skill of precipitation and air temperature out to a 30-day lead over North
America. Calculating the year-to-year correlation coefficients between predictions and observations, Yamada and
Pokhrel (2019) showed that improved land initialization, incorporating more accurate simulations of global
irrigation and groundwater withdrawals, can enhance the 40-day lead air temperature prediction skill for the
majority of regions in the United States in boreal summer. However, the accuracy and realism of land surface
conditions in current weather and climate prediction systems are limited (Vitart et al., 2017). This limitation
primarily stems from the quality of land surface reanalysis/assimilation data sets used to provide the land initial
conditions for most dynamical models (Xue et al., 2021), which are still at a low level compared with the at-
mosphere and ocean surface reanalysis data sets (Li et al., 2024). What's more, due to the fast damping and chaotic
nature of atmospheric dynamics in climate dynamical models (Du et al., 2023), it is still unclear how long the
initial land conditions can influence the subseasonal prediction.

In particular, the land surface condition on the TP, which is one of the regions with the most active land—
atmosphere interaction, can strongly influence the TP local and global weather/climate across different time-
scales (Qiu, 2008; Wu et al., 2015; Xue et al., 2022). To examine the influence of land thermal condition over TP
on the subseasonal prediction during boreal summer, several numerical studies have been taken in previous
studies, which can be generally classified into two categories. One type of studies concentrates on how the TP
land thermal condition, as lower boundary conditions, affect local and downstream extreme meteorological
events at subseasonal timescale. These experiments are conducted by imposing land surface and subsurface
variable perturbation/anomaly (e.g., anomalies of soil temperature from Qi et al., 2022; perturbation of key
parameters that influence surface water and energy from Zhang, Sun, et al., 2024) over TP throughout the entire
period of numerical simulation, which emphasized the effect of land surface condition as a lower boundary layer
rather than the initial condition. The other type focuses on reporting the influence of land thermal initial condition
over TP on subseasonal timescale. These studies demonstrated the role of TP initial land surface condition on
regulating the downstream subseasonal prediction by carrying out numerical experiments/predictions by
imposing AT (land surface and subsurface temperature perturbation) at the first-time step of the model inte-
gration, based on the following three kinds of models. The first is regional modeling which are driven by
reanalysis data as lateral boundary conditions rather than real-time predictions (e.g., Xu et al., 2022; Xue
et al., 2018). The second is AMIP-type (Atmospheric Model Intercomparison Project) global atmospheric
modeling, which utilized observed daily sea surface temperature (SST) and sea ice data as lower boundary
condition throughout the model integration (e.g., Diallo et al., 2022; Qin et al., 2023), so that cannot represent the
actual influence of land initial condition in real-time operational prediction owing to the chaotic influence of
lower boundary condition. The third use fully coupled land—atmosphere—ocean models to make real-time
operational prediction experiments under a recent research project named Impact of Initialized land surface
temperature (LST) and Snowpack on Subseasonal to Seasonal Prediction (LS4P) (e.g., Ardilouze & Boone, 2023;
Xue et al., 2023; Zhang, Pan, et al., 2024), but merely analyzed the case of June 2003 and reported the effect of TP
land condition in late spring—early summer (pre-Mei-yu season). To this end, it has not been answered yet that
whether and how long the TP initial land surface condition can influence the subseasonal rainfall prediction in
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peak summer (Mei-yu season), during which the extreme precipitation events frequently occur and cause severe
disasters. Meanwhile, these previous studies have not concentrated on how the TP land initial thermal condition
influence the evolution process of extreme rainfall.

In June—July 2020, the Yangtze River basin, Huaihe River basin, and parts of the Yellow River basin experienced
a record-breaking Mei-yu rainfall (Liu & Ding, 2020). The accumulated precipitation amounts in 2020 Mei-yu
season broke the historical record since 1961, causing numerous flood victims and huge economic losses
(Gan, 2020). Previous studies have found that the record-breaking Mei-yu is primarily associated with the strong
and westward extending Western Pacific Subtropical High (WPSH) (Ding et al., 2021), which is mainly aroused
by the abnormal Indian Ocean warming (Tang et al., 2021) and the SST anomaly in the central and eastern Pacific
(Pan et al., 2021). In addition, TP has also been found to play an important role in the development of the 2020
record-breaking Mei-yu rainfall. Zha and Wu (2022) found that a positive anomaly of snow cover over TP,
associated with TP thermal forcing, persisted from winter to early summer in 2020. This positive anomaly can
influence the Mei-yu rainfall in 2020 by intensifying the cold vortex over Northeast China as well as promoting
the westward development of the WPSH. The activity of high potential vorticity system during the Mei-yu season
in 2020, triggered by the abundant water vapor supply from the abnormal anticyclone over the northern Bay of
Bengal, also played an important role in the extreme precipitation in that year (Ma et al., 2022).

Thus, aiming at the 2020 record-breaking Mei-yu rainfall, this study will investigate the effect of initial TP land
thermal condition on the downstream subseasonal prediction, primarily based on the sensitive experiments of
global climate ensemble prediction system FGOALS-f2. The remainder of this paper is organized as follows.
Section 2 describes data sets, method and the prediction designs. An overview of extreme rainfall in July 2020 and
associated TP thermal condition from observation are given in Section 3. Section 4 introduces the performance of
1-month lead prediction for 2020 Mei-yu in the operational prediction system. Section 5 proposes that how the
initial TP thermal conditions influence the 2020 Mei-yu rainfall and associated mechanism based on prediction
experiments. Finally, the conclusion and discussion will be given in Section 6.

2. Model Description, Data Sets and Methods
2.1. Observational Data and Methods

The observational 2479 in situ daily precipitation and surface temperature data, covering the period 1961-2020 in
the mainland of China, were derived from the National Meteorological Information Center of the China Mete-
orological Administration. The daily atmospheric circulation fields in 1991-2020 were retrieved from the ERAS
data set provided by the European Center for Medium Range Weather Forecasts (ECMWF), with a 0.25° hori-
zontal resolution and 32 pressure levels. In addition, the daily-mean land thermal fields over the TP region for the
period of 1991-2020, including LST, subsurface temperature (SUBT), surface sensible heat flux (SHF) and
surface latent heat flux, were also extracted from the ERAS data set with a 0.25° horizontal resolution. The SUBT,
generally corresponds to about 1-2 m soil thickness (Sellers et al., 1996), is represented by the soil temperature in
ERAS in this study that has four layers in the vertical direction with a top-down thickness of 0.07, 0.21, 0.72, and
1.89 m, respectively. The LST we used to choose the LST perturbation amount in Section 2.2 were extracted from
4 commonly used land assimilation/reanalysis data sets, including China Meteorological Administration Land
Data Assimilation System products (CLDAS) (Shi et al., 2011), Global Land Data Assimilation System products
(GLDAS) (Rodell et al., 2004), China Meteorological Administration (CRA40) (Liang et al., 2020), and ERAS.
The potential vorticity (PV) budget is diagnosed in the isobaric coordinate system as follows in this study
(Ertel, 1942; Hoskins et al., 1985):

PV = g +f)j—‘j (1)

where ({ + f) represents the absolute vorticity ¢ and f are the relative vorticity and geostrophic vorticity
respectively), € is potential temperature. The climatology of the observation and model data are calculated from
1991 to 2020 based on the 2479 in-situ daily precipitation data sets, ERAS5 data set, and FGOALS-f2 prediction
data, respectively.
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2.2. Model Configurations and Experimental Design

The global climate ensemble prediction system used in this study is CAS-FGOALS-f2-V1.3. It was developed by
the State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics
(LASG) at the Institute of Atmospheric Physics (IAP), a part of the Chinese Academy of Sciences (CAS) (Bao
et al., 2019; Fan et al., 2023; Li et al., 2021; Liu et al., 2023), and has been participated in the S2S Prediction
Project Phase II. The horizontal resolution of FGOALS-f2 is about 100 km. FGOALS-f2 consists of four
components: atmosphere, ocean, land surface, and sea ice. The atmospheric component is FAMIL2, which uses a
finite-volume method (Lin, 2004) that discretized on a cube-sphere grid system (Putman & Lin, 2007). The key
parameterization in FAMIL2 is a Convection Resolving Precipitation scheme (RCP), which is used to calculate
the microphysics processes in the cumulus processes for both deep and shallow convection (Bao & Li, 2020). The
oceanic and land surface component used in FGOALS-f2 are the Parallel Ocean Program, version 2 (POP2)
(Kerbyson & Jones, 2005) and the Community Land Model, version 4 (CLM4.0) (Oleson et al., 2010),
respectively. The sea ice component is the Los Alamos Sea Ice Model, version 4.0 (CICE4.0) (Hunke & Lips-
comb, 2010). These four components are coupled by the coupler version 7 in the Community Earth System Model
(Craig et al., 2012).

To test the contribution of initial land warming over TP to the downstream heavy rainfall in July 2020 in sub-
seasonal timescale, we conducted one group of free run prediction experiment and two groups of sensitive
prediction experiments with initial perturbation of LST and SUBT over TP. Each of these three prediction ex-
periments comprises 16 ensemble members, which were generated for the hindcast based on a time-lag pertur-
bation method. To generate the initial condition (27 June 2020) for numerical real-time prediction in this study,
we use Newtonian nudging technique (Jeuken et al., 1996) to take reanalysis nudging from 1 January 1976 to the
prediction start time (27 June 2020) with a 6-hr frequency, based on the CRA40 and Optimal Interpolation SST
(OISST). After the initial field generation, we stopped the reanalysis nudging and initiate the free run of the model
for the next 36 days, ending at 31 July 2020, to obtain a real prediction of July 2020. The only difference between
the three experiments is the LST and SUBT over TP at the initial time of prediction. To emphasize the TP surface
warming, we impose a negative LST and SUBT perturbation (—2°C) in one sensible prediction experiment
(hereafter the “TP_C” run) and a positive one (+2°C) in the other (the “TP_W” run) at the start time (00Oh 27th
June 2020) (Figure S1 in Supporting Information S1). The perturbation amount (£2°C) in the sensitive experi-
ments are chosen due to the following two aspects. The first is the amplitude for the year-to-year variation of TP
LST, which is nearly 2°C measured by the standard deviation of LST over TP region during the past 20 years
(2001-2020) (Figure S2 in Supporting Information S1). The second is the departure among different land
assimilation/reanalysis data sets of TP LST, which are usually used to provide the land initial condition for most
prediction systems (Xue et al., 2021). As shown in Figure S3 in Supporting Information S1, the deviation among
four commonly used land assimilation/reanalysis data sets can reach up to 4°C during the initial dates of this
prediction, which could represent the possible biases of initial surface temperature condition. The model
climatology is computed from running the prediction system with the same starting day (27th June) following the
setup described above during the 1991-2020 period.

3. Overview of Record-Breaking Mei-Yu in July 2020 and Associated TP Thermal
Condition

The 2020 Mei-yu season with long duration (62 days) has a heavy accumulated precipitation (759.2 mm) over
Yangtze-Huaihe River valley, which broke the historical record since 1961 (Ding et al., 2021). This record-
breaking Mei-yu was comprised of multiple heavy precipitation processes which primarily occurred in July
over the Middle and Lower Yangtze River Region (MLYR) (Chen et al., 2020). Based on observational pre-
cipitation data, the total rainfall over MLYR in July 2020 ranks the first since 1961 with 396.55 mm domain
average accumulated precipitation (Figure 1a). Moreover, the domain averaged percentage of precipitation
anomaly against the 1991—2020 climatology reached 100.6% in MLYR (Figure 1b).

Simultaneously, an evident land surface warming appeared over TP before the 2020 Mei-yu. It is found that The
TP regional mean anomaly of sensible heat flux changes from —4.23 (W m™2 ) in March to +1.93 (W m™? ) in
June in 2020, denoting an increase of upward surface sensible heat flux in early summer (Figure 1c). Corre-
spondingly, the surface temperature over TP evidently increased in early summer of 2020. As shown in Figure 1d,
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Figure 1. (a) Observational accumulated rainfall from 1961 to 2020 in July in the Middle and Lower Yangtze River Region (MLYR) (blue bars, mm) derived from CMA
in-situ daily precipitation data. (b) Observational rainfall anomaly percentage in July 2020 (shading, %) derived from CMA in-situ daily data. (c) The temporal evolution
of domain monthly mean sensible heat flux anomaly over TP from February to July in 2020 (line, W m ™2, the positive value means the upward direction) derived from
ERAS. (d) The temporal evolution of surface temperature anomaly over TP from April to July in 2020 (line, °C) derived from CMA in situ daily surface temperature
data. The red bar and number in panel (a) denote the observational accumulated rainfall in 2020. The red rectangle in panel (b) represents the MLYR (111°-122°E, 28°-
33°N). The numbers at the bottom left in panel (b) denote the MLYR domain-averaged percentage of precipitation anomaly.

the regional mean surface temperature anomaly over TP remained below 0°C in late spring and early summer, but
shifted to a warm phase in June-July (—0.97°C in April vs. +0.55°C in July).

Considering the precursory anomalous land surface thermal condition over TP as described above, we subse-
quently conducted numerical experiments by modifying the surface temperature over TP in an operational pre-
diction system depicted in the following sections.

4. One-Month Lead Prediction for 2020 Mei-Yu Rainfall in FGOALS-f2 Operational
Prediction System

In order to examine the effect of initial surface thermal condition over TP on the prediction of Mei-yu rainfall in
the following month (July 2020), three groups of prediction experiments with different initial thermal conditions
over TP were employed. We first examine the performance of the 1-month lead prediction in the prediction
experiment without initial LST and SUBT perturbation (called CTRL hereafter). Figures 2a and 2b have shown
the percentage anomalies of precipitation in July 2020 derived from observation and CTRL, respectively.
Compared with observation, the CTRL can roughly capture the location of main rain belt over MLYR in July
2020. However, the area-averaged percentage anomaly of rainfall is underestimated (100.6% in observation vs.
65.2% in prediction), and the maximum centers are mainly located over the north of Yangtze River in the CTRL
rather than the south of Yangtze River in the observation. Consistent with the rainfall anomalies, the WPSH is
enhanced and extended westward, and the associated low-level southwesterly anomaly can increase the
conveying of water vapor into the MLYR region (Figures 2c and 2e). Meanwhile, the northeasterly anomalies,
embedded in an anomalous cyclone over Northeast of China, increases the convergence over MLYR and
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(a) Observational rainfall anomaly percentage (b) Rainfall anomaly percentage in FGOALS-f2
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Figure 2. Rainfall anomaly percentage (shading, %) in July 2020 derived from panel (a) observation and (b) FGOALS-f2. Anomaly of 500 hPa geopotential height
(shading, gpm) in July 2020 derived from panel (c) ERA5 and (d) FGOALS-f2. Anomaly of 850 hPa winds (vectors, m s~ ') in July 2020 derived from panel (¢) ERAS
and (f) FGOALS-f2. The red rectangle in panel (a) represents the MLYR.

enhances the upward motion through the invasion of cold air (Figures 2c and 2e). In comparison, the enhanced
WPSH appears in CTRL but extends further northward. Accordingly, the anomalous cyclone does not occur over
Northeast of China in CTRL (Figures 2d and 2f).

5. Initial Warming Over TP Increases the MLYR Rainfall in July 2020

According to the observational analysis in Section 3, a significant land surface warming appeared over TP in June
prior to the occurring of extreme precipitation in MLYR during the 2020 Mei-yu season. To what extent and how
the initial positive TP surface temperature anomaly influences the 2020 Mei-yu rainfall prediction in subseasonal
prediction is worthwhile to be investigated. Hence, we conducted two groups of sensitive prediction experiments
by imposing positive (+2°C) and negative (—2°C) initial LST and SUBT perturbations over TP (the “TP_W” and
“TP_C”), respectively. The detailed prediction experiment designs are introduced in Section 2.2. In this section,
we focus the differences between TP_W and TP_C from perspective of monthly mean, weekly mean, and day-by-
day within the first week, aiming to emphasize the effect of TP thermal initial condition on monthly mean state, to
identify how long the TP initial warming can impact the rainfall prediction, and to recognize the starting physical
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Figure 3. Monthly mean difference between TP_C and TP_W experiments in July 2020: (a) accumulated precipitation (shading, mm day™ 1, (b) 850 hPa winds (vectors,
ms™"), (c) longitudinal—pressure cross section of vertical velocity between 25° and 38°N (Pa s, the negative value means ascending motion) and (d) 850 hPa vapor
flux (vectors, 107> kg m™ s™' hPa™") and its convergence/divergence (shading, 1077 kg m~2 s~ hPa™"). The black dots in panels (a, ¢, d) and the shading in panel
(b) denote statistically significant at the 90% confidence level based on Student's r-test.

process that influence the downstream region, respectively. The statistical significance of the difference between
two prediction experiments is assessed by student’s-t test for paired samples. Here, the samples correspond to the
16 ensemble members of the prediction experiments. The null hypothesis is rejected for p-values exceeding 0.1,
indicating that the differences between the two experiments are statistically significant at the 90% confidence
level. And the results passing the student's-t test are considered as the statistically significant system that induced
by the TP initial warming at the 90% confidence level, which influence the one-month-lead prediction.

Firstly, we analyzed the difference in monthly mean predictions between TP_W and TP_C (TP_W monthly mean
minus TP_C monthly mean). As shown in Figure 3a, when the anomalous surface temperature over TP rises from
—2°C to +2°C at the initial time of prediction (27th June), the predicted rainfall in July will significantly increase
over MLYR (up to 3.2 mm day™") and the south of China (up to 2.4 mm day~"). Correspondingly, with warmer
initial condition over surface TP, a significant anomalous low-level cyclone emerges over eastern China in the
prediction for July monthly mean (Figure 3b), accompanied by southwesterlies which facilities the transportation
of warm water vapor from the Western Pacific and northern Indian Ocean into MLYR. Accordingly, significant
low-level water vapor convergence and ascending motion can be seen over MLYR in 1-month lead prediction of
TP_W compared with TP_C (Figures 3c and 3d), which are conducive to intensifying the downstream precipi-
tation amplitude in July.

To further identify how long the TP initial warming impact the MLYR rainfall prediction, we make a comparison
between the predictions in TP_W and TP_C week by week (TP_W weekly mean minus TP_C weekly mean). The
results show that the low-tropospheric cyclone over eastern China, which is the most remarkable difference
between two experiments in their 1-month lead predictions, has been already formed within the first week,
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Figure 4. Weekly mean difference between TP-C and TP-W experiments with FGOALS-f2 for weeks 1-3 in July 2020: (a) 850 hPa winds (vectors, m s~') and (b) the
Longitudinal—pressure cross section of vertical velocity between 25° and 38°N (Pa s™, the negative value means ascending motion). The shading in panel (a) and the
black dots in panel (b) denote statistically significant at the 90% confidence level based on Student's #-test.

accompanied with the southerlies that are responsible for conveying warm water vapor to MLYR (Figure 4a).
Consistently, a notable surge in upward motion can be seen over downstream in the 1-week prediction after the
initial warming (Figure 4b), with the increase of rainfall in MLYR accordingly (Figure 5). The condensation
latent heating released during the formation of precipitation can cause the positive feedback to support the
ascending motion and enhance low-level convergence over MLYR (Sampe & Xie, 2010; Shen et al., 1986;
Wang, 1987; Wu et al., 2020). Influenced by this positive feedback mechanism, the downstream cyclonic system
along with ascending motion is strengthened in the second week of prediction and maintained till the third week of
prediction (Figure 4a), indicating that the initial land warming over TP can impact the downstream rainfall
prediction for 3 weeks in this prediction experiments.
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Figure 5. Weekly mean difference of accumulated precipitation (shading,
mm) between TP_C and TP_W experiments with FGOALS-f2 for weeks 1-
3 in July 2020. The black dots denote statistically significant at the 90%
confidence level based on Student's #-test.

To further investigate how the downstream cyclone is generated within the
first week of prediction, we made a day-by-day analysis for the 1-week
prediction purposely borrowing potential vorticity (PV). PV is a synthetic
meteorological quantity that can better represent both dynamical and ther-
modynamical properties of the atmosphere (Hoskins et al., 1985), which has
been used widely in dynamic analysis of weather-climate systems (Hos-
kins, 1991). In particular, as the world's largest highland, TP is an evident PV
source during summer and many previous studies use the PV theory to un-
derstand the variation of circulation systems over both the local and down-
stream of TP (He et al., 2022; Wu et al., 2020).

Figure 6 presents the evolution for PV and zonal—vertical winds (u, —®) during
the period from the third day to sixth day (30th June to 3rd July) of prediction,
averaged between 29° and 38°N of the latitudes. As aresult, after imposing the
positive LST and SUBT perturbations over TP at the initial time, a positive PV
center associated with ascending motion is encountered over TP on the third
day of prediction (30th June), owing to the increase of potential temperature
vertical gradient between the land surface and the near-surface troposphere
(g—ﬁ). Under the westerly flow in middle troposphere (Figure 7), this positive PV

anomaly over TP gradually strengthening and eastward expanding on the 1st to
3rd July (Figures 6b—6d). Correspondingly, the noticeable positive PV along
with the strong ascending motion significantly appeared in the middle-lower
troposphere over downstream on the fourth day to sixth day of prediction
(Figures 6b—6d), which indicates an increase in downstream low-level
cyclonic vorticity and facilitates the development of low-level convergence.
Consistent with above-mentioned PV evolution, the downstream low-level
cyclone gradually develops in the first week of prediction (Figure 4a), which
subsequently intensifies the rainfall amplitude over MLYR.

6. Summary and Discussion

Using two contrasting prediction experiments of a global climate model
(FGOALS-f2), this work has demonstrated that changing the initial LST and
SUBT over TP surface can significantly influence the 1-month lead prediction
of rainfall over downstream Mei-yu rainfall in July 2020. As summarized in
Figure 8, the initial land surface warming on TP firstly generates a near
surface positive PV center over TP on the third day of prediction, which will
gradually expand and propagate eastward along the background westerly flow
in middle troposphere and amplified the low-level cyclonic vorticity over
MLYR on the fourth to sixth day of prediction. Consequently, a low-level
cyclone forms in the first week of prediction, with significant increase of
rainfall over MLYR. Meanwhile, the positive feedback between the low-level
cyclonic anomaly and the rainfall condensation latent heating facilitates the
maintenance of the low-level cyclone and rainfall over MLYR for next
3 weeks in the prediction. The findings have confirmed the significant effect
of TP initial thermal condition on downstream prediction ahead of 3 weeks
during the peak summer (Mei-yu season), which is distinguishable from the
previous studies that focus on the late spring—early summer (pre-Mei-yu
season) (e.g., Diallo et al., 2022; Xue et al., 2023).

It should be noted that some previous works have shown that changing TP land
initial thermal condition do not have a significant impact on MLYR in Mei-yu

season, which is different with our findings. For example, by imposing TP land surface and subsurface temperature
perturbations around the initial time of simulation (22nd April-1st May, 2003), Xu et al. (2022) conducted four
groups of sensitive numerical experiments based on a regional climate model, and reported that the changes of
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Figure 6. The longitudinal-pressure cross section (between 25° and 33°N) from 30th June to 3rd July (day 3-6) in 2020. Shadings are the daily mean difference of PV
(PVU; 1PVU= 10K m?s™! kg_l) between TP-C and TP-W experiments with FGOALS-f2. Vectors are zonal—vertical circulations (zonal wind in m s~! and vertical
motion multiplied by —100 in Pa s™") in TP-W experiment.

rainfall, temperature, sensible and latent heat fluxes over MLYR are weak in July compared with in May, June and
August by comparing the simulation results month-by-month from May to August. This may partly because that
there exists a significant barrier in subseasonal forecast skill during the peak summer (Mei-yu season) for most
dynamical models, since the abrupt transitional position of the western North Pacific subtropical and the rainy belt
during this period (Yang et al., 2018). Intentionally, we investigated the differences of both the TP thermal surface
condition and land-atmospheric coupling between pre-Mei-yu season (late spring—early summer) and Mei-yu
season (peak summer). As shown Figure S4a in Supporting Information S1, the surface sensible heating over
TP in Mei-yu season (90.7 W m™) is stronger than that in pre-Mei-yu season (82.4 W m™2). Meanwhile, the
strength of the land—atmosphere coupling over TP, measured by the land-air coupling intensity index (Dir-
meyer, 2011), is increased by 50% from 2.2 in pre-Mei-yu season to 3.3 in Mei-yu season (Figure S4b in Supporting
Information S1). The results have demonstrated that the land surface heating and the land—atmosphere coupling are
much stronger in Mei-yu season than in pre-Mei-yu season. Moreover, it has been reported that the TP thermal
conditions play an important role in modulating the atmospheric circulation and rainfall over East Asian region
during the Mei-yu season, such as affecting the East Asia rainfall by arousing downstream low-level cyclonic
anomaly (Fujinami & Yasunari, 2009). Therefore, the role of TP surface thermal initial condition is worthwhile to
be concerned on the subseasonal prediction of East Asian climate during Mei-yu season.
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Figure 7. The 500 hPa PV and wind from 30th June to 3rd July (day 3-6) in 2020. The shadings are the daily mean difference
of PV (PVU; 1 PVU = 107 K m? s~' kg™") between TP-C and TP-W experiments with FGOALS-f2. Vectors are 500 hPa
zonal wind circulations (m s™') in TP-W experiment. The black dots denote statistically significant at the 90% confidence
level based on Student's #-test.

More studies need to be further investigated. First, the specific effect of land thermal condition would be verified
using more summers. Second, the influence from other surface initial conditions is necessary to be investigated
and compared among one another, including soil moisture (Wan et al., 2017) and snow cover (Li et al., 2018).
Third, it is necessary to examine whether and how improving the land thermal condition using real observation
combined with some specific assimilation method (e.g., nudging, Four-Dimensional Variation, Ensemble Kalman
Filter) are conductive to the regional subseasonal prediction.
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Figure 8. Schematic diagram for demonstrating how the surface initial warming over TP impact the rainfall prediction over
MLYR in July 2020 in subseasonal timescale. (a) Stage 1: The TP surface warming at the initial time of prediction (27th
June) generates a positive PV center over the TP surface atmosphere during the third day of prediction. (b) Stage 2: In the first
week of prediction, eastward moving positive vorticity amplifies the low-level cyclonic vorticity over downstream.
Consequently, a low-level cyclone forms over MLYR, with significant increase of rainfall. (c) Stage 3: Positive feedback
between the low-level cyclone and middle-tropospheric latent heating helps to maintain the low-level cyclone and rainfall
over MLYR for 3 weeks in the prediction.
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