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Abstract 

The rainy season in South China is divided into two phases, the pre- and postrainy seasons, according to the seasonal 
progression of the East Asian summer monsoon. The precipitation prediction skills for the two rainy seasons are 
investigated using subseasonal-to-seasonal (S2S) hindcast data from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) for 2001–2019. The precipitation prediction skills and biases differ between the two rainy seasons, 
although some similar characteristics exist regarding circulation patterns and their influence on precipitation. During 
the two rainy seasons, the prediction ability of circulation at 850 hPa in key areas is relatively high, and the influ-
ence of circulation on precipitation is well captured; additionally, the relationship between circulation in key areas 
at 500 hPa and precipitation is less accurately constrained. Moreover, the precipitation prediction skill in the prerainy 
season is higher than that in the postrainy season. The main bias is that the 200 hPa westerly winds provide favorable 
divergence conditions for prerainy season precipitation (preprecipitation), while the postrainy season precipitation 
(postprecipitation) displays almost no correlation with the circulation in the reanalysis product; however, the simu-
lated circulation at 200 hPa is closely connected to the precipitation in both rainy seasons; therefore, the lower 
prediction skill in the postrainy season is likely associated with overestimation of the complex physical mechanism 
of the upper-level circulation in the model.
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Introduction
Huanan refers to the area south of 28°N in China and 
east of the Yunnan-Guizhou Plateau. The rainy season in 
South China (Huanan) occurs from April to September 
(Ramage 1952), and both hourly and longer-scale heavy 
rainfall occur frequently (Luo et  al. 2016; Zheng et  al. 
2016), resulting in high flash flood and urban waterlog-
ging risks in South China (Hallegatte et  al. 2013; Luo 
2017). With the seasonal progression of the East Asian 

summer monsoon circulation and precipitation, the 
rainy season in the Huanan area is often divided into two 
phases: the pre- and postrainy seasons (Li et  al. 2011; 
Yuan et  al. 2010). The prerainy season in South China 
(April-June) is affected by large-scale systems, which 
account for approximately half of the total annual pre-
cipitation in China (Peng et  al. 2006), and the overall 
trend is decreasing. In contrast, the postrainy season in 
South China (July–September) is mostly affected by com-
plex tropical weather systems, such as tropical cyclones 
and the intertropical convergence zone (ITCZ), which 
are comparatively unpredictable. Thus, the predictabil-
ity of the two rainy seasons may differ. Extreme precipi-
tation events, such as floods and droughts during the 
pre- and postrainy seasons in South China have severely 
affected economic development and people’s safety in 
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China; therefore, studying the possible reasons for the 
differences in predictability between the two rainy sea-
sons and making accurate forecasts are vital for disaster 
prevention.

Previous studies have investigated the atmospheric cir-
culations that account for the interannual variations in 
the pre- and postrainy seasons in South China. Precipita-
tion anomalies during the pre- and postrainy seasons in 
South China are associated with the East Asian summer 
monsoon, which includes the western Pacific subtropical 
high (WPSH), upper-tropospheric subtropical East Asian 
jet stream, South Asian high (SAH) and cross-equato-
rial flow in Somalia and Australia (Ding et  al. 2007; Liu 
and Ding 2020; Zhang et al. 2003; Zhang and Tao 1998). 
The interannual variations in the two rainy seasons can 
be linked to external atmospheric forcings, such as the 
Eurasian teleconnection and thermal conditions in the 
Western Pacific (Ding and Wang 2005; Nitta and Hu 
1996; Shi and Zhu 1993; Wu et al. 2009; Zhang and Wu 
2011). Both rainy seasons are affected by the complex 
East Asian summer monsoon, which includes low-level 
and mid-to-high-level circulations (Chen et  al. 2019). 
Due to differences in geographical location and mon-
soon stage, there are also differences in the contributions 
of low-latitude and mid-to-high-latitude circulations. 
Generally, low-latitude circulations are more predictable 
than mid-to-high-latitude circulations (Ren et  al. 2017; 
Wu et al. 2017). Consequently, it is necessary to further 
understand the predictability of precipitation in the two 
different rainy seasons.

The development of dynamic models has contributed 
to important advances in subseasonal to seasonal pre-
dictions (Saha et al. 2006, 2014; Vitart et al. 2017). Sev-
eral models have shown reasonable skill in predicting 
the interannual variability in Asian monsoon intensity 
(Jiang et al. 2013; Liu et al. 2014, 2015; Zhu and Shukla 
2013). Nevertheless, due to model errors, predicting 
regional precipitation across China remains a great chal-
lenge for dynamical models (Liang et al. 2019; Liu et al. 
2013, 2019), and the low prediction skill of these climate 
models is mainly associated with the fact that they can-
not effectively simulate physical mechanisms. The sub-
seasonal prediction skill of summer precipitation over 
eastern China is low, partly because the regional circu-
lation cannot be well simulated or predicted in climate 
models (Zeng et  al. 2012). In addition, some physical 
mechanisms in the model exhibit discrepancies, and the 
impacts of some key circulations on precipitation exhibit 
notable deviations (Liu et al. 2021). Thus, understanding 
the differences in prediction skills and the corresponding 
causes is important for improving predictions.

In this study, the difference in extended-range of the 
10–30 day predictive skill between the pre- and postrainy 

seasons in South China is analyzed. The ability of the 
model (the S2S dataset produced by the ECMWF) to pre-
dict the key circulation systems that affect precipitation 
in the two seasons and the corresponding relationships 
with precipitation are assessed. The possible reasons for 
the differences in the prediction skills between the two 
seasons are discussed. Specifically, the data and meth-
ods used in this study are described in ‘‘Data and meth-
ods Sect.’’ ‘‘Skill in precipitation predictions between the 
pre- and postrainy seasons in South China Sect. ’’ com-
pares the precipitation predictions between the pre- and 
postrainy seasons in South China. In Prediction of gen-
eral circulation associated with precipitation during the 
pre- and postrainy seasons in South China’’ Sect.  , the 
ability of the model to simulate the general circulations 
associated with precipitation is evaluated. The sources 
of prediction bias in the two rainy seasons are discussed 
in ‘‘Sources of prediction bias between the pre-and pos-
trainy seasons in South China’’ Sect. A summary and dis-
cussion are given in ‘‘Conclusions and discussion’’Sect.

Data and methods
Datasets
The subseasonal to seasonal prediction (S2S) database 
from 11 operational centers is useful for assessing predic-
tions in the S2S time range. Considering the better fore-
casting ability of the ECMWF product (Lin 2019), in the 
present analysis, we use ensemble forecasting data from 
the ECMWF. These data are obtained with the Integrated 
Forecasting System (IFS) version CY46R1. Operationally, 
the S2S dataset produced by the ECMWF is generated on 
the fly twice a week (Thursday and Monday). The system 
provides daily ensemble forecasts for a wide variety of 
atmospheric variables (total precipitation, geopotential 
height, wind field, etc.) with a 46 day lead time. The rea-
nalysis forecasts are used to calibrate the real-time fore-
casts by running an 11-member ensemble for the same 
start date as the 33-member real-time forecast but over 
the last 19 years from 2001 to 2019, and the ERA-Interim 
product is used to establish the initial conditions. Addi-
tional details are available at https:// confl uence. ecmwf. 
int/ displ ay/ S2S/ ECMWF+ Model. The reanalysis data 
used for model evaluation are the ERA-Interim daily pre-
cipitation and atmospheric variable data. The cumulative 
precipitation reanalysis product is produced in meters 
(m) at a 12 h temporal step and is converted to millim-
eters (mm). More details are available at https:// apps. 
ecmwf. int/ datas ets/ data/ inter im- full- daily/ levty pe= sfc/.

Precipitation with a horizontal resolution of 1.0° × 1.0° 
was used in both the model and reanalysis datasets, and 
the 500 hPa geopotential height with a horizontal resolu-
tion of 2.5° × 2.5° was used.

https://confluence.ecmwf.int/display/S2S/ECMWF+Model
https://confluence.ecmwf.int/display/S2S/ECMWF+Model
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
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Durations and areas of the two types of seasons
With the seasonal progression of the East Asian summer 
monsoon circulation and precipitation, the rainy season 
in South China is often divided into two phases: the pre- 
and postrainy seasons; thus, the first month (5/21–6/20) 
after the South China Sea monsoon breaks is chosen as 
the study period for the pre-rainy season in South China 
(Jiang et al. 2003; Li et al. 2021; Wang et al. 2005; Zheng 
et al. 2009a, b). Following the relevant monitoring regula-
tions of the China Meteorological Administration (QX/T 
395–2017) and taking a comparative analysis of pre- and 
postrainyl seasons into account, the duration (7/13–8/12) 
is selected for the postrainy period. Moreover, these two 
sectors (5/21–6/20 and 7/13–8/12) can guarantee fore-
casts with different lead times (0, 3, and 7  days ahead, 
Fig. 1).

That is, forecasts beginning at each start time are run 
for precipitation or circulation variables during the same 
pre- (May 21 to June 20) or postrainy (July 13 to August 
12) periods in South China. For example, forecasts for 
the prerainy period in South China with a 0-day lead date 
represent the means of precipitation or circulation vari-
ables from May 21 to June 20 initialized on May 21. Simi-
larly, 3  days lead forecasts represent the same pre-rainy 
period but initialized on May 18, and 7  days lead fore-
casts are similar but initialized on May 14; forecasts for 
the postrainy period in South China with 0-day lead rep-
resent the means of precipitation or circulation variables 
from July 13 to August 12 initialized on July 13. Moreo-
ver, the studied area is located between 105°− 117°E and 
18°–27°N, and the forecast targets are both one-month 
average values.

Methods
The percentage anomaly between the reanalysis and pre-
dicted variables is defined as the departure from the mul-
tiyear mean climatologies for the two rainy seasons (2001 
to 2019) and is calculated as follows:

where F is the ensemble forecast value and X is the aver-
aged reanalysis value.

(1)DIFF(%) =
F − X

X
× 100

The forecasting skill of the model is assessed based on 
the anomaly correlation coefficient (ACC), temporal cor-
relation coefficient (TCC) and root-mean-square error 
(RMSE) (Wu et al. 2023; Yue et al. 2022; Zhi et al. 2018).

where xi,j and yi,j represent the reanalysis field and pre-
diction field, respectively; i = 1, 2, 3, etc.; M represents 
the grid number in the study region; and j = 1, 2, 3, etc. N 
represents the time series. Additionally, xi = 1

N

∑j=N
j=1 xi,j , 

yi =
1
N

∑j=N
j=1 yi,j , �xi,j=xi,j − xi , and �yi,j=yi,j − yi.

The definition of a blocking high is determined 
according to the regulations of the NCC for the real-
time monitoring of blocking highs in the Northern 
Hemisphere; this definition is based on the height field 
gradient difference approach and was improved upon 
by Tibaldi and Molteni (Zhao 2000). A certain longi-
tude index can be calculated as follows:

where Z is the geopotential height; ϕ1 and ϕ2 are the lati-
tudinal angle; ϕ1 = 60 + δ; and ϕ2=40 + δ. In this case, δ 
can be − 5, 0, or 5. The blocking pressure in a certain key 
area is the average blocking pressure within the longitu-
dinal interval of the key area.

The Eurasian teleconnection (EU) index can be 
defined as follows:

whereZ′ = Z − Z,Z∗
= Z′sin45◦/sinϕ , Z is the 500  hPa 

geopotential height, Z is the climatological mean of 
the 500  hPa geopotential height, and ϕ is the latitude 
(Wallace and Gutzler 1981, inversed to represent the 
increased postprecipitation).

Regression analysis is used to assess the relationship 
between an outcome variable and one or more factors 
or confounding variables, and correlation analysis is 
used to test the significance of the relationship.

(2)

ACCj =

∑i=M
i=1

(

�xi,j −�xj
)

×

(

�yi,j −�yj

)

√

∑i=M
i=1

(

�xi,j −�xj
)2

×
∑i=M

i=1

(

�yi,j −�yj
)2

(3)

TCCi =

∑j=N
j=1

(

xi,j − xi
)

×
(

yi,j − yi
)

√

∑j=N
j=1

(

xi,j − xi
)2

×
∑j=N

j=1

(

yi,j − yi
)2

(4)
RMSEi =

√

√

√

√

∑j=N
j=1

(

xi,j − yi,j

)2

N

(5)GHG =
Z(ϕ1)− Z(ϕ2)

ϕ1 − ϕ2

(6)
I = 0.25Z∗

(60◦N,20◦E) − 0.5Z∗

(62.5◦N,60◦E) + 0.25Z∗

(60◦N,110◦E)

Fig. 1 The forecast configuration for the pre- and postrainy seasons 
in South China with lead times of 0, 3 and 7 days
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Results
Skill in precipitation predictions between the pre‑ 
and postrainy seasons in South China
The skill of precipitation predictions between the pre- 
and postrainy seasons in South China was compared, 
and Fig. 2 shows the ACC distributions for the ERA data 
and ECMWF predictions for different lead times and 

ensemble-averaged forecasts. By comparing forecasts 
with different lead times (0, 3, 7 and 10 days ahead), it is 
found that the precipitation forecasting ability is better 
for the prerainy season than for the postrainy season for 
lead times of 0, 3, and 7 days (Fig. 2a), both passing the 
90% significance level. The ACC is the best for the 0 day 
lead time, and the multiyear average ACC for the prerainy 

Fig. 2 ACCs between the ERA-Interim and ECMWF predictions in the pre- and postrainy seasons in South China: a with lead times of 0, 3, 7 
and 10 days; b time series for 2001–2019
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Fig. 3 DIFFs (%), RMSEs, and TCCs derived between the ERA-Interim and ECMWF predictions during the a–c prerainy season in South China 
and d–f postrainy season for 2001–2019. The dots represent significance at the 95% confidence level in (c) and (f)
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season is 0.26, which is significant at the 99% significance 
level, and 0.08 for the postrainy season is not significant. 
A decrease in the ACC is associated with an increase in 
lead time, although the rate of decrease varies for each 
season. Based on the ensemble forecasts of 33 members 
with lead times of 0, 3, and 7 days (for similar skill in the 
prerainy season of 10 day lead time), obvious interannual 
differences are observed in the precipitation forecasting 
skill in the two seasons (Fig. 2b). The precipitation fore-
casting ability during the prerainy season from 2001 to 
2019 is generally better than that during the postrainy 
season. According to the multiyear averages, the ACC 
of the ensemble forecast is 0.30 during the prerainy sea-
son and 0.09 during the postrainy season. That is, there 
are obvious differences between the two rainy seasons in 
terms of the skill of ensemble precipitation forecasts.

For leads of 0, 3, and 7  days, the predictions skill in 
prerainy season is obviously better than in postrainy 
season, in order to find the possible cause for the 

difference that the rainy season predictions with leads 
of 0, 3, and 7  days are used in the following analysis. 
considering the samples more comprehensive, the rainy 
season predictions for 33 members with leads of 0, 3, 
and 7  days (the same 11 members at each lead time) 
initialized with slightly different initial atmospheric 
conditions are used in the following analysis.

Diff (Fig.  3a and d) is defined as the difference 
between the modeled and reanalysis precipitation 
values in the two rainy seasons. During the prerainy 
season, precipitation was 20–40% greater in the cen-
tral and northern parts of Huanan, 20–60% greater 
in southwestern coastal China, and 10–20% lower in 
southernmost China than in the postrainy season. In 
the postrainy season, precipitation is 20–40% lower 
in most areas than it was during the prerainy season. 
The RMSE of total precipitation in the two rainy sea-
sons (Fig.  3b and e) is comparatively greater in the 
prerainy season (reaching 150  mm in the center) and 

Fig. 4 The mean circulation a–c and synoptic model d large-scale circulations during the prerainy season in South China. a The 
500 hPa geopotential height field (contours, unit: dagpm) and wind field (vector, unit: m/s); b the 850 hPa wind field (wind bar, 4 m/s) 
and pseudo-equivalent potential temperature (contours unit: K); c Sea-level pressure field (contours, unit: hPa). The shading indicates the terrain 
height (unit: m)
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smaller in most areas in the postrainy season (gener-
ally 100–120  mm). This difference is likely related to 
the greater precipitation in the prerainy season than in 
the postrainy season. From the TCC between the rea-
nalysis and model-predicted precipitation values in the 
two rainy seasons (Fig. 3c and f ), there are obvious dif-
ferences in different areas in the prerainy season. Spe-
cifically, the forecasting ability is best in southernmost 
China and adjacent areas, and in most areas with TCCs 
between 0.4 and 0.6, the forecasts are significantly 
accurate at the 95% confidence level. In general, the 
TCC is low in the postrainy season, with weak TCCs 
of 0.1–0.3 in most areas, and the forecasts in almost all 
areas are not significant at the 95% significance level.

Prediction of general circulation associated 
with precipitation during the pre‑ and postrainy seasons 
in South China
The prerainy season in South China
Figure 4 shows the mean circulation (a-c) and conceptual 
map (d) of large-scale climatological circulations during 
the prerainy season in South China, and the circulation 
concept map is summarized based on the analysis of the 
high, low-level and surface circulation characteristics of 

the prerainy process (Fig.  4d). At 500  hPa (Fig.  4a), the 
Lake Baikal high is blocked, and the stable East Asian low 
trough extends from the south of the blocking high to 
the middle latitudes; these systems are advantageous for 
bringing cold air north of the Huanan area and for pro-
moting interactions with the East Asian summer mon-
soon (Ding et  al. 2020), while the WPSH is distributed 
zonally above the ocean to the east of Taiwan and south 
of Japan. Huanan is located at the bottom of the East 
Asian trough and northwest of the WPSH, where it forms 
a favorable situation of “high in the east and low in the 
west” at 850  hPa, and southwesterly winds prevail over 
South China (Fig.  4b). Moreover, a low-pressure zone 
from South China to Northeast China is found in the sea 
level pressure level field (Fig.  4c); the cold air gradually 
moves south from the back of the low, and the front sys-
tem moves south after the rainy season begins. Moreo-
ver, the 200 hPa SAH moves to the Indo-China Peninsula 
with the upper-level westerlies covering Huanan, thus 
providing upper-level divergent conditions for heavy 
rainfall during the prerainy season.

The ECMWF prediction ability at the 500  hPa geo-
potential height is quite high, as shown in Fig.  5a, and 
the correlation coefficients between the ERA-Interim 
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and ECMWF data are almost significant at the 95% sig-
nificance level. Then, according to the synoptic model 
shown above, the responses of the circulations at differ-
ent levels to precipitation in the prerainy season were 
further analyzed. To key out the key areas of circula-
tion at 500  hPa that affect precipitation, the reanalysis 
(model-predicted) precipitation index is used to regress 
the reanalysis (model-predicted) 500  hPa geopotential 
height. The circulation variables in Fig. 5(e), (f ), and (g) 
are the ensemble means of the ECMWF forecasts with 
lead times of 0, 3, and 7  days, respectively, during the 
same prerainy period in South China (May 21 to June 20). 
The regressed reanalysis field (Fig. 5b) indicates that the 
positive areas are located in high-latitude regions, such as 
those near Lake Baikal, and the negative areas are located 

in middle-latitude areas from Mongolia to Inner Mongo-
lia, which highlights the positive influence of the active 
trough on precipitation. The regressed geopotential 
heights at high and middle latitudes are basically consist-
ent with those based on the reanalysis product (Fig. 5e), 
and the regressions are positive, negative and positive 
from high to low latitudes.

Furthermore, the reanalysis (modeled) precipitation 
index is used to regress the reanalysis (modeled) 850 hPa 
wind field. The regressed reanalysis field (Fig.  5c) indi-
cates that the areas that passed the significance level were 
mainly located in southernmost China (southwesterly) 
and northernmost China (southeasterly). However, the 
significant regression areas are distributed from high to 
low latitudes in the regressed model field (Fig.  5f ): the 
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Japan Sea, the Huaihe River Basin and the South China 
Sea line along the eastern coast of China, especially for a 
cyclone in South China and an anticyclone in the South 
China Sea that contributes to southwesterlies prevail-
ing over Huanan. Finally, the key areas of high-level cir-
culation during the prerainy season are analyzed, and 
the northern Huanan areas (westerlies) and low-latitude 
areas from the South China Sea to the tropical western 
Pacific (northeasterly) display significant circulations in 
the regressed reanalysis field (Fig.  5d). In the regressed 
model field (Fig.  5g), the circulations north of Huanan 
(westerly) are relatively significant, although small in 
size. Briefly, northern Huanan’s significant westerlies at 
200 hPa in both the reanalysis and modeled fields main-
tain upper-level divergence conditions for rainfall in 
South China.

Based on the above analysis, the low-, middle- and 
high-level circulation indices are obtained. First, the 
effects of two key circulation configurations (the high-
latitude blocking high pressure (BHP) and geopoten-
tial height anomaly over middle-latitude ocean areas 
at 500  hPa) on precipitation during the prerainy season 
are discussed. According to the reanalysis products and 
model performance, δ is set to -5 in formula 5 for the 
BHP index. The geopotential height difference between 
the two different latitudes in the longitude range from 
east of Lake Baikal to the Okhotsk Sea (110°–140° E; the 
area between the lines in Fig.  6a and c) was selected to 
represent the BHP in this key area. Figure 6a shows the 
500 hPa height anomaly field regressed from the BHP in 
the reanalysis product. In the central area, a single BHP 
can be observed. The model regression results also high-
lights key areas, and the “ +  − ” distribution in the high 
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and middle latitudes is significant (Fig. 6c). In the reanal-
ysis precipitation field regressed based on the BHP, a sig-
nificant positive center is found in the southern region, 
and a negative correlation is observed in a small part of 
the northern region (Fig. 6b). In the model precipitation 
field regressed based on the BHP, northern Huanan is the 
center of the positive area, and the magnitude gradually 
decreases from the center, although not significantly at 
the 95% significance level (Fig. 6d).

To discuss the effect of the low-level 850  hPa wind 
anomaly on precipitation during the prerainy season, 
the significant positive area is selected from the most 
obvious southwesterly area (15°–20°N, 100°–110°E) in 
Fig. 5c, f. The 850 hPa wind index (U850) is the average 
zonal wind anomaly within the study area (black box in 

Fig.  7a and c). Figure  7a and c show the 850  hPa wind 
distributions regressed based on U850 in the reanaly-
sis and model sets, respectively. Both indices effectively 
highlight the key areas with anomalous southwester-
lies in South China. In the reanalysis precipitation field 
regressed with U850 (Fig.  7b), significant positive areas 
can be seen across all of Huanan and the adjacent sea. 
In the regression field of modeled precipitation based on 
U850 (Fig. 7d), the overall distribution of precipitation is 
similar to that in the reanalysis regression field. However, 
the results are significant in comparatively fewer regions.

Ding et  al. (2011) and Du and Chen (2019) suggested 
that the interaction between the upper-level westerly 
jet and the low-level southwesterly jet during the pre-
rainy season in South China is significant and can be 
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conducive to coupling upper- and low-level jets to facili-
tate the occurrence of heavy rain. Combined with the sig-
nificant response areas in Fig. 5d and g, the 200 hPa wind 
index (U200) is constructed as the average 200 hPa zonal 
wind anomaly in the region (22.5°–30°N, 110°–120°E, 
black box in Fig. 8a and c) and is standardized to regress 
the 200 hPa wind anomaly field (Fig. 8a), which displays 
an eastern-western-eastern zonal wind distribution at 
high (40°N), middle (30°N), and low (10°N) latitudes. The 
regression field of the model displays a similar distribu-
tion along the high (45°N), middle (35°N) and low (15°N) 
latitudinal belts, with values passing the 95% confidence 
test in both cases (Fig. 8c). In the reanalysis precipitation 
field regressed based on U200, there is a significant posi-
tive center in the western part of the region (Fig. 8b). In 
the regressed field of modeled precipitation, the positive 
significant center is along the northwestern boundary of 
Huanan (Fig. 8d), and the values in relatively few regions 
passed the significance test.

The postrainy season in South China
Previous studies have shown that the zonal “ −  +  − ” 
wave train structure in the Ural Mountains of Eurasia, 
the area between Lake Balkhash and Lake Baikal, and the 
Sea of Okhotsk is conducive to decreased precipitation 
in South China and vice versa (Wang and He 2015; Wei 
et al. 2003; Zhang et al. 2003; Zou et al. 2013). To analyze 

the key areas of circulation affecting precipitation dur-
ing the postrainy season in South China, the reanalysis 
(model-predicted) precipitation index is used to regress 
the reanalysis (model-predicted) 500  hPa height field. 
The regressed field (Fig. 9a) indicates that the regressions 
over the Nordic continent and in the Ural Mountains, the 
Baikal region, and the Sea of Okhotsk display “ +  −  +  −  ” 
wave trains, similar to the EU pattern. In the regressed 
model field (Fig. 9d), similar “  −   +   −  ” wave train distri-
butions can be observed in the Ural Mountains, North-
east China and the Sea of Okhotsk, but the positive 
center above the Nordic continent nearly disappears.

Combined with the significant response areas in 
Fig.  9a, the EU index is constructed (Formula 6) and 
standardized to regress the reanalysis (model-pre-
dicted) 500  hPa height anomaly field (Fig.  9b and e). 
The comparable high-latitude fields show similar anom-
alous negative distributions above the Ural Mountains 
and the Sea of Okhotsk and positive distributions from 
Lake Baikal to the Siberian Plain; these distributions 
resemble the distributions of key areas in the 500  hPa 
height field regressed based on the precipitation index, 
but both pass the 95% confidence test. At middle lati-
tudes, the negative areas are both nonsignificant. In the 
reanalysis precipitation field regressed based on the EU 
product, there is a positive anomaly in most areas that 
is significant (Fig. 9c), and significant positive areas are 
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uncommon in the regressed field of model precipitation 
(Fig.  9f ). There is a difference between the reanalysis 
and model results in terms of the significant relation-
ship between EU and postprecipitation.

Figure 10a shows the regression between the 850 hPa 
wind index (U850) nd the 850 hPa wind field anomaly 
in the reanalysis, which is the same as that in Fig. 10c 
but in the model; key areas with significant anomalous 
southwesterlies at 850  hPa can be observed over the 
South hina Sea in both figures; thus, one was induced 
by the cyclone in the northwest Pacific Ocean, and the 
other was induced by the interaction of the cyclone 
in the northwest Pacific Ocean and anticyclones in 
southeast China. That is, the influence of 850 winds on 

precipitation is well  captured; however, the simulation 
of the circulation system position needs to be further 
improved. Then, in the reanalysis precipitation field 
regressed based on U850 (Fig. 10b), a significant posi-
tive anomaly can be seen over Huanan, except for the 
northeastern region. In the modeled precipitation field 
regressed based on U850 (Fig.  10d), the overall distri-
bution of precipitation is similar to that obtained via 
reanalysis regression. However, the values were signifi-
cant in more regions.

The distribution of the regression between U200 and 
the corresponding wind field anomalies in the postrainy 
season in South China is shown in Fig. 11a and c. The 
regression field of the model (Fig.  11c) illustrates the 
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distribution of the latitudinal wind belts at high (40°N)-
middle (30°N)-low (10°N) latitudes, all passing the 95% 
confidence test, while no areas display significant val-
ues in the reanalysis regression field (Fig. 11a). Moreo-
ver, Huanan was influenced by the upper-level westerly 
divergence condition in the model, but there was no 
signal in the reanalysis product. In the modeled precip-
itation field regressed with U200 (Fig. 11d), the positive 
centers in the northwestern and southeastern coastal 
regions generally passed the significance test.

Based on the above analysis, there is a large differ-
ence between the reanalysis and model results regarding 
the relationship between the U200 and precipitation in 
the postrainy season in South China, revealing that the 

physical mechanisms of the upper-level wind and precip-
itation in the model are likely overestimated. To further 
study the relationship between upper-level circulation 
and precipitation during the postrainy season in South 
China, the precipitation index is used to regress the verti-
cal cross-section of the meridional wind field along 117°E 
(Fig.  12). The anomalous southerlies in central Huanan 
extend from the near-surface levels to the upper levels 
at 200  hPa and are significant at all levels in the mod-
eled vertical cross section of the wind field (Fig.  12b); 
additionally, significant southerly anomalies exist only 
at low levels in the reanalysis regression field (Fig. 12a), 
which further indicates that the physical mechanisms of 
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upper-level wind and precipitation in the model are dif-
ferent and overestimated.

Sources of prediction bias between the pre‑ and postrainy 
seasons in South China
The difference in circulation in the model will inevitably 
lead to different simulation effects when estimating the 
circulation indices in each key area. As shown in Table 1, 
the simulation effect of the BHP index at 500 hPa is the 
greatest, and the corresponding correlation coefficient 

with the reanalysis product is 0.63; additionally, the cor-
relation coefficient with U850 is 0.59, and the simula-
tion effect for U200 is comparatively worse (correlation 
coefficient of 0.41). Thus, the three indices at low, mid-
dle and high atmospheric levels, with correlation coeffi-
cients ranging from 0.4 to 0.6, are reasonable during the 
prerainy season. The simulation effect based on the U850 
index in the postrainy season is the best, with a correla-
tion coefficient of 0.76, and the EU simulation effect is 
good, with a coefficient of 0.59. Similar to those in the 
prerainy season, the key areas of the 500 hPa and 850 hPa 
circulation indices in the postrainy season are effectively 
simulated, with correlation coefficients of 0.6–0.8, and 
the coefficient for U200 is 0.2. Notably, the U200 index is 
constructed as the average 200 hPa zonal wind anomaly 
in the same area (black box in Fig. 8a and c) and is used 
to constrain the upper-level circulation conditions, even 
though there are no areas with significant values in the 
reanalysis dataset.

The relationships between the circulation indices in the 
two rainy seasons and precipitation in the key areas in the 
reanalysis product and model results are further analyzed 

(a) Regresstion of WV section onto P-ERA (b) Regresstion of WV section onto P -S2S

Fig. 12 Regression of the vertical cross section of the meridional wind anomaly field (v, − 100 w) along 117°E and the precipitation index 
during the postrainy season in South China based on the ERA-Interim product a. Panel b is the same as panel a but for the ECMWF predictions. The 
shaded areas represent areas with values that are significant at the 95% confidence level

Table 1 Correlations between indices for ERA-Interim and 
ECMWF predictions

The italics indicate that the correlations are significant at the 95% confidence 
level or higher, and the bolds indicate the 90% confidence level when the 
normal fonts indicate that the correlations are not significant

Prerainy season in South China Postrainy season in South 
China

BHP U850 U200 EU U850 U200

0.63 0.59 0.41 0.59 0.76 0.20

Table 2 Correlations between indices and precipitation for ERA-Interim and ECMWF predictions

The bolditalics indicate the 90% confidence level or higher when the normal fonts indicate nonsignificant results

Correlation Index

Prerainy season in South China Postrainy season in South China

BHP U850 U200 EU U850 U200

Index.ERA and P.ERA 0.61 0.85 0.54 0.51 0.63 0.20

Index.S2S and P.S2S 0.35 0.78 0.45 0.30 0.56 0.58
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(Table 2). The correlation coefficient values between the 
BHP index and precipitation at 500 hPa during the pre-
rainy season reach 0.61 and 0.35 for the ERA-Interim and 
ECMWF predictions, respectively. The correlation coef-
ficients between the U850 index and precipitation are 
the highest (0.85 and 0.78), and values of 0.54 and 0.45 
are obtained between the U200 index and precipitation. 
The relationships between the indices and precipitation 
in the reanalysis and model sets are consistent. In the 
postrainy season, the relationships between precipitation 
and the EU index at 500 hPa are 0.51 and 0.30, and the 
coefficients between the U850 index and precipitation 
are 0.63 and 0.56, respectively. For the reanalysis product, 
the correlation coefficient between the U200 index and 
precipitation is 0.20 and not significant. However, the 
correlation coefficient reaches 0.58 for the model results. 
The physical mechanism at 200 hPa in the postrainy sea-
son is overestimated by the ECMWF model in key areas, 
but the role of the EU is also underestimated, resulting 
in a lower precipitation prediction skill for the postrainy 
season.

Conclusions and discussion
In this study, the interannual skill of precipitation pre-
diction in the pre- and postrainy seasons in South China 
is evaluated using reanalysis data (ERA-Interim) and 
ECMWF-S2S hindcast data for 2001–2019. In most 
years, the precipitation prediction ability is greater dur-
ing the prerainy season than during the postrainy season 
in South China. During the Huanan rainy season, the 
TCC in most of the region reaches between 0.4 and 0.7. 
However, the TCC in most of the central region is less 
than 0.2 during the postrainy season in South China.

The precipitation prediction ability and correspond-
ing bias differ between the two rainy seasons, and some 
similar characteristics exist in terms of the simulated 
circulations and their influence on precipitation. Dur-
ing the two rainy seasons, the circulation prediction 
ability at low levels (850 hPa) is high, and the relation-
ship between circulation and precipitation is well cap-
tured. However, the prediction ability for circulations at 
middle levels (500 hPa) in key areas is relatively good, 
although the relationships between circulations and 
precipitation in key areas are less skillful in the model 
during the two rainy seasons.

Model biases are observed in the circulation simula-
tion and influence precipitation at high levels (200 hPa). 
In the prerainy season in South China, the response to 
the upper-level westerlies in certain areas is strong, the 
200  hPa circulation is well simulated, and the response 
of precipitation to U200 is effectively reflected in the 
model. During the postrainy season in South China, the 

prediction of circulation at 200 hPa is not captured, but 
the response of postprecipitation to U200 is fairly strong 
in the model. The main bias is that the 200 hPa westerly 
provides favorable divergence conditions for the prerainy 
period, but circulations are not present for the postrainy 
period in the reanalysis product. During the two rainy 
seasons, the simulated 200 hPa westerlies are tightly con-
nected to the corresponding precipitation, and the lower 
prediction skill in the postrainy season is more likely due 
to the overestimation of the physical mechanism of the 
upper-level circulation in the model, while the underes-
timation of EU also result in lower prediction skills for 
postprecipitation.

Numerical models inevitably contain errors. It is 
becoming increasingly difficult to improve models to fur-
ther increase their forecasting ability (Feng et  al. 2013; 
Ren 2006; Saha 1992; Zheng et al. 2009a, b). Many stud-
ies have used statistical methods to improve the forecast-
ing ability of dynamic models (Feddersen and Andersen 
2005; Guo and Li 2012; Wei and Huang 2010), but the 
objective is to understand the sources of bias in these 
models. In this paper, the difference in precipitation 
predictability between the pre- and postrainy seasons in 
South China is discussed. The sources of bias in these two 
periods were analyzed, and the findings have important 
implications for the localized interpretation of models in 
the future. During the two rainy seasons, more attention 
should be given to the physical mechanisms associated 
with circulation and precipitation in key areas. Especially 
in the postrainy season, it is necessary to conduct sta-
tistical analyses of the upper-level circulation fields and 
surface precipitation in reanalysis products, and inappro-
priate physical effects should be removed. Therefore, it is 
necessary to explore the specific physical mechanisms of 
models for predicting precipitation in different rainy sea-
sons in future work.
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