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Abstract

The rainy season in the Yangtze River valley (called Meiyu ) and North China are the main stages with the
northward advance of the East Asian summer monsoon. This study investigates the precipitation
prediction skills between Meiyu and rainy season in North China using the S2S hindcast data from the
European Centre for Medium-Range Weather Forecast (ECMWF) during 2001-2019. The precipitation
forecast skill in the Meiyu rainy season is higher than in the rainy season in North China. Moreover, the
forecast skill in south of the Yangtze River is better during the Meiyu rainy season, while most areas show
negative performance in the rainy season in North China. In the Meiyu rainy season, the single-blocking
covering from east of the Lake Baikal to the Sea of Okhotsk in the Asian high latitude and the altitude
anomaly over the low latitude ocean area have a significant influence on the precipitation, however, the
model’s response to these two key areas is different. For the rainy season in North China, the 500 hPa
height anomaly over northeast China has a significant impact on the precipitation in the observation, but
this influence relationship disappeared in the model. The model biases are both in the circulation and its
influence on precipitation. The precipitation forecast skill and their biases in the two rainy seasons are
different. Specifically, during the Meiyu rainy season, the prediction skills of circulation in low latitudes
are high, and the relationship between circulation and precipitation is also well captured. However, the
prediction of circulation in high latitude circulation have less skillful. During the rainy season in North
China, the prediction skills of the circulation in the key areas are relatively high, but the relationship
between circulation in key areas and precipitation are not captured, or even the opposite. At the same
time, it is noted that there are biases in the response of some circulations to the El Nino state in the
previous spring at high latitudes in the model. To sum up, the decline in prediction skills with the
northward advance of the East Asian summer monsoon indicated that the predictability in high latitudes
play a key role.

1 Introduction

The monsoonal rainy season in eastern China has distinct regional and temporal characteristics (Ding,
1994; Ding and Chan, 2005; Wang and Ding, 2008). Every year, with the northward advance and
southward retreat of the East Asian summer monsoon, southern China, the Yangtze River Basin, and
northern China successively enter a period of concentrated precipitation (Wang and Ding, 2008). With the
first northward jump of the Western Pacific subtropical high, the East Asian summer monsoon pushes the
rain belt toward the Yangtze and Huai River basins in June and July to form plum rains (also called
Meiyu) (Qian et al., 2009). Extreme precipitation events such as floods and droughts during the Meiyu
rainy season have severely affected the economic development and the peopl€e’s safety in eastern China.
In recent years, the precipitation amount during the Meiyu rainy season has shown an increasing trend in
some areas (Wu and Zhan, 2020; Wu et al., 2021). In 2020, the Yangtze and Huai River basins recorded
the largest amount of the Meiyu rainy season precipitation since 1961. The direct economic losses and
deaths far exceeded other meteorological disasters (Zhang et al.,2020; Chen et al., 2020). With the second
northward jump of the subtropical high, the 2nd and 3rd rainy seasons in North China begin in July. The
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average duration of the rainy season can reach 32 days and generally accounts for half of the total
summer precipitation in the region (Zhao et al., 2017; Chen et al., 2019). The sub-seasonal precipitation
variation in the rainy season in North China is often accompanied by an extensive period of rainstorms
and floods or drought disasters, which cause great economic loss and casualties. Thus, an accurate
precipitation forecast in Meiyu and rainy season in North China is vital for disaster prevention and
mitigation.

The direct cause of precipitation anomaly during the Meiyu rainy season is the anomalous atmospheric
circulation of the East Asian summer monsoon. The East Asian summer monsoon is mainly affected by
the South China Sea monsoon trough, the Meiyu front, the Western Pacific subtropical high, the Qinghai-
Tibet high and the northern cold air (Tao and Chen, 1987). The influence of the northern cold air can be
explained as the static Rossby wave of the high-altitude subtropical jet, which has a greater impact on the
climate of the Meiyu rainy season (Tao and Wei ,2006). When the Okhotsk Sea high forms and stabilizes,
the anomalous waves in the middle and high latitudes of Asia and East Asia often cause precipitation
anomalies in East Asia during the Meiyu rainy season (Zhang and Tao, 1998). In addition, external
forcing such as the ENSO cycle, thermal conditions in the Western Pacific, snow cover and polar ice are
closely related to the interannual variation of the plum rains (Tao et al., 1988; Huang and Sun, 1994; Liu
and Cao, 1994; Zhang and Tao, 1998; Wu and Qian, 2000; Wei and Song, 2005; Feng et al., 2016). The
precipitation in the rainy season in North China has a good relationship with the intensity of the East
Asian summer monsoon (Zhu, 1934; Yang et al., 2012; Hao et al.,2016). The circulation anomaly in
middle and high latitudes, the position of high-altitude jets, the east-west position of the South Asian
high, and the Arctic Oscillation also have an impact on precipitation in the rainy season in North China
(Wei et al., 2003; Huang et al., 2006; Wang and He,2015; Xu et al., 2015; Lu, 2002; Du et al., 2009; Gong et
al., 2002), while external forcing such as ENSO, different modes of the Indian Ocean, and land surface
conditions of the Qinghai-Tibet Plateau are all related to the anomalous precipitation in the rainy season
in North China (Lin and Yu, 1993; Yang and Ding, 2007; Zhang and Tao, 2001; Yu and Chen, 2012).

The development of dynamical model prediction systems contributed to important advances in sub-
seasonal to seasonal climate prediction (Saha et al., 2006, 2014; Vitart et al., 2017; Ren et al., 2021).
Some models have shown reasonable skill in predicting interannual variability of the Asian monsoon
intensity (Jiang et al., 2013; Zhu and Shukla, 2013; Liu et al., 2014, 2015). However, reproducing regional
precipitation over China remains a great challenge for climate models (Liu et al., 2013, 2019; Gong et
al.,2017; Liang et al., 2019). The low prediction skill is partly associated with the fact that the regional
climate processes cannot be well simulated or predicted in climate models. The sub-seasonal prediction
skill of the summer precipitation over eastern China is low on average in the Beijing Climate Center (BCC)
Atmospheric General Circulation Model (BCC_AGCM2.2), which is linked to the ability of the model in
simulating the western Pacific subtropical high (WPSH). Moreover, as a major contributor to predictability,
the spatial pattern and sub-seasonal evolution of the Pacifc-Japan region are not well predicted (Liu et
al,, 2020). In addition, some physical mechanisms in the model show discrepancies, and the impact of
some key circulation systems on precipitation has noticeable deviations. In most comprehensive average
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forecasts, even for short-term forecasts, the relationship between some dynamic monsoon indices and
precipitation patterns is overestimated in the BCC Climate System Model (BCC CSM1.1) (Liu et al., 2015).

The circulation systems that affect Meiyu and rainy season in North China are more complex. The two
rainy seasons are affected by low- and mid- and high-latitude circulation systems (Chen et al., 2019). The
model’s circulation forecasting skills at various latitudes are different. In other words, the circulation in
low-latitudes is more predictable than in mid- and high-latitudes (Wu et al., 2017; Ren et al., 2017). The
two rainy seasons belong to different stages of the East Asian summer monsoon on China. Circulation
system configurations at low- and high- latitudes are different (Chen et al., 2019). The predictability of the
two rainy seasons is likely to be different. Therefore, discussing the prediction of key circulation systems
in the two rainy seasons and presenting their relationship with precipitation based on models is of great
significance for understanding the climatic factors and physical processes that affect the precipitation
during the extended periods of the two rainy seasons.

In this study, the difference in the precipitation prediction skills between Meiyu and rainy season in North
China are analyzed and compared. The ability of the model (The S2S dataset produced by ECMWF) to
predict the key circulation systems that affect precipitation in the rainy seasons and its relationship with
precipitation is assessed. The possible reasons for the difference in the prediction skills of precipitation
are discussed. Section 2 describes the data and methods. Section 3 presents the contrasting precipitation
prediction between Meiyu and rainy season in North China. Section 4 assesses the ability of the model to
simulate ENSO and the general circulation associated with precipitation in Meiyu and rainy season in
North China. The sources of prediction biases between Meiyu and rainy season in North China are
discussed in Section 5. Summary and discussion are given in Section 6.

2 Data And Methods
2.1 Datasets

The S2S dataset produced by ECMWEF is generated on the fly twice a week (Thursday and Monday). The
daily extended-range reforecast gives a general view of the forecast for the coming 46 days. Therefore,
the rain season data is prepared by summing up the daily values. The reforecast data for 2001-2019 (19
years) is used in this study to evaluate the skill of the precipitation forecast. There are two categories of
reforecast configurations used by various centres:the fixed and the on-the-fly. For the fixed, a set of
historical reforecasts is produced once by each model version which is then used to calibrate the real-
time forecasts. The new reforecast set is produced when the latest forecast model version is released. For
the forecasts on the fly, operation centres like ECMWF update the version of the model several times a
year for consistency between real-time and reforecasts. The reforecast are used to calibrate and
continuously produce real-time forecasts. More details are available at
https://confluence.ecmwf.int/display/S2S/ECMWF+Model. In the current work, we utilized the S2S
reforecast version CY46R1, which based on 51 members, runs twice a week (Monday and Thursday at
00Z) up to day 46.
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The observation used for model evaluation is the ERA-Interim daily precipitation and atmospheric
variables reanalysis data (ERAI, Dee et al., 2011). Cumulative precipitation reanalysis is produced in meter
(m) at 12-hourly temporal samplings and is converted to millimeters (mm).

2.2 Duration and area of the two rainy seasons

Meiyu and rainy season in North China are the main rainy season processes in China's flood season, and
a large number of studies have been carried out on the two typical rainy seasons, Referring to previous
studies (Chen et al., 2019; Hu et al., 2010; Ma et al., 2011; Yu et al., 2019), the rainy season of Meiyu is
selected between 110 °E — 125 °Eand 25 ° N — 35 ° N, and the rainy season in North China is selected
between 110 °E — 125 ° Eand 35 ° N — 43 ° N. Moreover, for taking into account the comparative
analysis of the rainy seasons, the same rainy season duration (5 weeks) is selected to study the
difference in the precipitation prediction skills between Meiyu (June 8 to July 12) and rainy season in

North China (July 13 to August 16).
2.3 Methods

The percentage anomaly between the observed and predicted variables is defined as the departure
from the two rainv seasons’ multi-year mean climatology (2001 to 2019, calculated as follows:

DIFF (%) === x 100 (1)

where, F is the ensemble forecast value and X 15 the observation value.

The forecasting skills are assessed by the anomaly correlation coefficient (ACC), the temporal
correlation coefficient (TCC) and the root-mean-square error (EMSE). The definition of blocking
high-pressure is determined according to the regulations of the NCC for real-time monitoring of
blocking high-pressure in the Northern Hemisphere, which is a method of height field gradient
difference improved by Tibaldi and Molteni (Zhao 2000). A certain longitude index can be
calculated as follows:

E(y 1-Z(0q) )
L @

where Z is the geopotential height, o and ¢, are latitudes, ¢ = 60+5, @ =40+5, where dcan
be -5, 0, and 5. The blocking high-pressure of a certain key area is the average blocking high-
pressure within the longitude interval of the kev area.

GHG =

3 Contrasting Prediction Of Precipitation Between Meiyu And Rainy
Season In North China

To compare the precipitation prediction between Meiyu and rainy season in North China, Fig. 1 shows the
distributions of the ACC between ERA data and S2S predictions for different lead times and ensemble-
averaged forecasts. By comparing different lead time (0 4 7 and 11 days ahead) forecasts, it is found
that the Meiyu rainy season have better precipitation forecasting skills than the rainy season in North
China (Fig. 1a). During the Meiyu rainy season, the forecast effect is the best for 0 day lead time, and the
multi-year average ACC exceeds 0.2. The highest ACC in the rainy season in North China is 0.05 (4 days
ahead), and the lowest value is -0.16 (11 days ahead). From the ensemble forecasts of 204 members
with 4 lead times, obvious interannual differences are observed in the precipitation forecasting skill of the
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two rainy seasons (Fig. 1b). During the Meiyu rainy season, ACC reaches up to 0.61 in the year with a
good forecast effect (2015). On the other hand, only - 0.27 is noted in the year with a poor effect (2006).
In the rainy season in North China, the highest ACC is up to 0.47 (2014), while the lowest value is only -
0.48 (2012). The precipitation forecasting skill during the Meiyu rainy season for 2001-2019 is generally
better than in the rainy season in North China. From the multi-year average, the ACC of the ensemble
forecast is 0.23 during the Meiyu rainy season and - 0.06 during the rainy season in North China. That is,
there are obvious differences between the two rainy seasons in terms of the ensemble forecasting skill of
precipitation.

In the following analysis, the rainy season predictions of 204 members with leads of 0 4 7 and 11 days
initialized with slightly different atmospheric initial conditions are used.

Figure 2a, d respectively show the percentage of deviation between the model and observed precipitation
in the two rainy seasons. It can be seen that there is a deviation in the model prediction of precipitation in
the two rainy seasons. During the Meiyu rainy season, most of the northern areas have more
precipitation. Precipitation is 30-60% more to the north of Anhui and is generally less to the south of the
Yangtze River, and 15-30% less in northern Fujian, most of Zhejiang and the adjacent sea areas. In the
rainy season in North China, precipitation is 10—40% more in most areas and 10—30% less in Shanxi and
eastern Shandong. From the RMSE of total precipitation in the two rainy seasons (Fig. 2b, €), RMSE is up
to 120-150 in areas with large precipitation deviations. RMSE is relatively small in the rainy season in
North China (only 100-130 in the center). From the TCC between the observed and model-predicted
precipitation in the two rainy seasons (Fig. 2c, f), there are obvious differences in the model forecast
effect of during the precipitation Meiyu rainy season between the north and south. That is, the forecast
effect in areas to the south of the Yangtze River is better, with a TCC of 0.1-0.6, and most areas passed
the 95% confidence level test. The forecast effect in the areas north of the Yangtze River is poor, with TCC
<0 in most areas. The model does not have high forecasting skills for the precipitation in the rainy
season in North China. Most areas show a negative correlation, and almost all areas do not pass the
significance level test. The TCC negative value center is located north of Hebei, with TCC between - 0.65
and -0.5.

4 Prediction Of General Circulation Associated With Precipitation
During Meiyu And Rainy Season In North China

4.1 The Meiyu rainy season

Figure 3a shows the climatological large-scale circulation during Meiyu rainy season. During this season,
the western Pacific subtropical high is distributed zonally, with its ridgeline extending from southern
Japan to southern China. The high latitude circulation over Asia exhibits a single-blocking characteristic.
That is, a blocking high covering the region from east of the Lake Baikal to the Sea of Okhotsk. A low
trough extends from the south of the blocking high to the middle latitudes, which is advantageous for
bringing cold air to the north of the Meiyu area and its interactions with the East Asian summer monsoon
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(Ding et al., 2020). Figure 3c shows the model-predicted climatological large-scale circulation during the
Meiyu rainy season. When the subtropical high forms, the single blocking high pressure in high latitudes
and the distribution of low troughs in the south are well simulated. To further identify the key areas of
circulation at 500 hPa that affect precipitation during the Meiyu rainy season, the observed (model-
predicted) precipitation index is used to regress the observed (model-predicted) 500 hPa height. From the
regressed observation field (Fig. 3b), it can be seen that high latitude areas such as the Lake Baikal and
low-latitude areas from the South China Sea to the Western Pacific display positive and significant
correlation. The correlation is negative in middle latitudes but does not pass the significance level test,
which shows the beneficial influence of the active trough on precipitation. The distribution in the
regressed model field is similar (Fig. 3d). The correlation is positive, negative and positive from high to
low latitudes. However, the center of positive correlation in high latitudes is obviously easterly. The
negative correlation in middle latitudes is stronger and significant. The regressed height field in low
latitudes is basically consistent with the observation.

Based on the above analysis, the effect of two key circulation configurations (high-latitude blocking high
pressure (BHP) at 500 hPa and height anomaly field over low latitude ocean areas) on precipitation
during the Meiyu rainy season are discussed. According to the observation and model performance, 6 is
-5 in the specific calculation formula of BHP. The average BHP in the longitude range from the east of
Lake Baikal to the Okhotsk Sea (110° E -140° E, the area between the lines in Fig. 4a) is selected to
represent the BHP in this key area. Figure 4a shows the 500 hPa height anomaly field regressed by BHP in
the observation. The central distribution shows a single blocking high pressure. The model regression
portrays the key area configuration, and the “+-" distribution in the middle and high latitudes is significant.
In the regressed observed precipitation field by BHP, there is a significant positive correlation in the south
and a negative correlation in the north. That is, the north-south inverse characteristic is very obvious (Fig.
4b). In the regressed model precipitation field by BHP, precipitation is small in size and is scattered in the
southern area. The negatively correlated area in the north is significantly more northerly and almost no
areas passed the significance level test (Fig. 4d).

During the Meiyu rainy season in East Asia, the western Pacific subtropical high is distributed zonally
(Ding et al., 2020), and the ridgeline along 120°E jumps to 22°N and the areas north (Xu et al., 2001). To
discuss the effect of low latitudes 500 hPa height anomaly on precipitation during the Meiyu rainy
season, the significant positive correlation area is selected from the most obvious subtropical high area
(120°E -165°E, 15°N -25°N) in Fig. 3b, d. The subtropical high (SH) is the average height anomaly within
the area (black box in Fig. 5a). Figure 5a and ¢ show the regressed 500 hPa height distribution by SH in
the observation and model, respectively. The indices all well display the distribution of anomalous key
areas in low latitudes. In the observed precipitation field regressed by SH (Fig. 5b), there is a significant
positive correlation in the central and southern areas and a negative correlation in the northeastern and
northwestern areas. In the regression field of model precipitation by SH (Fig. 5d), the overall distribution
of precipitation is similar to the observed regression field. That is, it is distributed zonally between 26°N
and 30°N, and the central large area is significant.
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4.2 Prediction in Rainy season in North 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 area from the Bohai Bay to the Japanese
archipelago is conducive to more precipitation in the rainy season in North China. Wei et al. (2003) and
Wang and He (2015) called this wave train the EU teleconnection pattern. In order to analyze the key
areas of circulation affecting precipitation in the rainy season in North China, the observed (model-
predicted) precipitation index is used to regress the observed (model-predicted) 500 hPa height field.
From the regressed field (Fig. 6a), it can be seen that the Ural Mountains and Northeast China are
significant and positive. In middle latitudes, the correlation is negative but insignificant. In the regressed
model field, there is an opposite distribution in high latitudes (Fig. 6d), and the correlation is negative in
the Ural Mountains and Northeast China, which indicates that the physical mechanisms of circulation
and precipitation in the model are different.

Zhao et al. (2017) believe that the relationship between the normal and anomaly from the Bohai Bay to
the Japanese archipelago and the rainy season in North China is the most significant, reflecting the
northwesterly and northerly distribution of the subtropical high over the northwestern Pacific, which is
conducive to the transport of water vapor from the South China Sea and the tropical Pacific to North
China. Combined with the significant area of the response areas in Fig. 6a, the high pressure index HP is
constructed as the average of 500 hPa height anomaly in the area (120°E -135°E, 40°N -50°N, black box in
Fig. 6b) and is standardized to regress the 500 hPa height anomaly field in the same period (Fig. 6b). The
central distribution shows that the normal and anomalous distribution in the Ural Mountains and
Northeast China is consistent with the distribution of key areas in the height field regressed by
precipitation. The regression field of the model shows the normal and anomalous distribution of the two
areas, both passing the significance test.

In the observed precipitation field regressed by HP, there is positive correlations in the whole area, and
most of the northern central area are significant. In the regression field of the model precipitation, the
positive correlation area is very small, with a small magnitude. There is a negative and significant
correlation in the east. It is seen that there is a big difference between the observation and model in the
relationship between HP and precipitation in the rainy season in North China.

4.3 Sources of prediction biases between Meiyu and rainy
season in North China

Figure 7a shows the distribution of the 500 hPa height average field deviation between the model and
observation during the Meiyu rainy season from 2001 to 2019. There is an obvious positive anomaly in
middle latitudes and a negative anomaly in the high and low latitudes. The regional deviation is obvious
in the middle and high latitude key areas, and is smaller in the low latitude western Pacific. From the
observed and model 500 hPa height TCC field, it can be seen that the correlation in low latitudes is higher
than in high latitudes, and the TCC in the low latitude key areas reaches 0.60—0.89, all passing the
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significance test. There are differences in the simulation effect of circulation between middle and high
latitudes with the BHP index (Fig. 7b). The correlation is significant within a certain longitude range in

middle latitudes, and TCC is 0.22-0.78. The correlation is low and insignificant from the east of Lake

Baikal to the Okhotsk Sea, and TCC is only 0.06—0.29.

The distribution of the 500 hPa height average field deviation between the model and observation in the
rainy season in North China from 2001 to 2019 is shown in Fig. 7c. The middle and high latitudes
deviation distribution is similar to that of the Meiyu rainy season. That is, there is a negative anomaly in
high latitudes and a zonal positive anomaly in middle latitudes. From the observed and model-predicted
500 hPa height TCC field in the rainy season in North China (Fig. 7d), it can be seen that the simulation
effect over China is better and most areas are significant. In addition, the TCC of the key circulation area
over Northeast China is 0.24-0.68.

The circulation deviation of the model will inevitably lead to different simulation effects of the circulation
index in each key area. From the simulation effect of each index (Table 1), the simulation effect of SH
index in low latitudes is the best, and the correlation coefficient with the observation is 0.86. BHP index is
only 0.29, and the high-latitude area constituting the BHP index is marked as BHP.1, while the middle-
latitude area is BHP.2. The correlation coefficient of BHP2 is 0.64, while the simulation effect of BHP.1 is
low (0.2). It can be seen that during the Meiyu rainy season, the index in the high latitude key area is low.
The simulation effect of the circulation index HP in the key area in the rainy season in North China is
better, with a correlation coefficient of 0.48.

Table 1
Correlations between indices from ERA-Interim and S28S.
Meiyu Rainy season in North China

SH BHP BHP1 BHP2 HP
086 029 0.2 0.64 0.48

The correlation coefficient of the regional precipitation index during the Meiyu rainy season is 0.43, while
that of the rainy season in North China is only 0.01. The relationship between the circulation index and
precipitation in each key area in the two rainy seasons in the observation and model is further analyzed
(Table 2). The correlation coefficient between SH index and precipitation in low latitudes is the highest
during the Meiyu rainy season, reaching 0.65 and 0.76 in ERA-Interim and S2S, respectively. The
correlation coefficient between the BHP index and precipitation is 0.40 and 0.41, respectively. It can be
seen that the relationship between each index and precipitation in the observation and model during the
Meiyu rainy season is consistent. For the rainy season in North China, the relationship between
precipitation and each index in the circulation key area show an opposite characteristic. In the
observation, the correlation coefficient between the HP index and precipitation is 0.49 and significant. In
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the model, the correlation coefficient between HP index and precipitation is -0.26. It can be seen that the
effect of this key area on the rainy season in North China is not reproduced by the model.

Table 2 Correlations between indices and precipitation from ERA-Interim and S2S.

Rainy season in North China
HFP

Correlation Index

index ERA &£ PERA
index 525 & P.315

5 Prediction Of Enso During Meiyu And Rainy Season In North China
5.1 The Meiyu rainy season

The precipitation during the Meiyu rainy season is affected by ENSO (Wei and Song., 2005; Liang et al.,
2018; Chen et al., 2019). The observed standardized precipitation index (regional average precipitation)
during the Meiyu rainy season from 2001 to 2019 are used to regress the distribution of observed SST
anomaly field in the previous winter (December to February), spring (March to May) and summer (June to
August). In winter, there is a significant (at 95% confidence level) positive correlation area in the
equatorial central and eastern Pacific (Fig. 8a). In spring (Fig. 8b), the positive correlation area in the
equatorial eastern Pacific disappears and the range of positive correlation in the equatorial central Pacific
becomes smaller. In summer (Fig. 8c), the significant positive correlation areas in the equatorial central
and eastern Pacific in winter and spring disappear. The model standardized precipitation index are used
to regress the distribution of SST anomaly field in model. In winter, the equatorial central and eastern
Pacific haves a large positive correlation area (Fig. 8d). In spring, the large positive correlation area in the
equatorial eastern Pacific also disappears and the range of positive correlation in the equatorial central
Pacific is larger (Fig. 8e). As shown in the regressed SST anomaly field in summer, a negative correlation
appears in the equatorial eastern Pacific but is not significant (Fig. 8f). The response of precipitation
during the Meiyu rainy season to SST changes in the equatorial central and eastern Pacific Ocean are
relatively consistent in observations and models, when the equatorial Central Pacific and East Pacific are
warmer in winter, while El Nino is weaker in spring and summer, it is expected that the rainfall will be
greater in the rainy season.

The equatorial central and eastern Pacific are key areas significantly correlated with the Meiyu rain
season. The Nifio3.4 index from the previous winter, spring and summer is used to regress the 500-hPa
height anomaly field during the Meiyu rainy season (Fig. 9). In the regression field of the Nifio 3.4 index
from the previous winter, the correlation distribution between observation and model in low, middle and
high latitudes is similar.; The difference is that the positive correlations over the Western Pacific region
and the Outer Mongolia region are significant (Fig. 9a),while they are not significant in the model

(Fig. 9d). In the regression field of the Nifio 3.4 index from the previous spring (Fig. 9b), the most
significant positive correlation areas between the observation and model are consistent in low latitudes.
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But, there are large differences in the high latitudes. In the model, the significant positive correlation areas
disappear west of Baikal Lake. In the regression field of the Nifio 3.4 index from the previous summer, the
circulation relationship is well simulated.

Refer to Fig. 3b, It can be seen that the SST of the equatorial Middle East Pacific Ocean in the previous
winter and spring presented an El Nifio state, which could form a circulation structure conducive to
precipitation during the Meiyu period. In the model, the circulation responds well to the El Nino state in the
previous winter, but has errors in the high latitude for the El Nino state in the previous spring. For summer,
the circulation structure affected by SST is not the key system of Meiyu.

In order to further study the relationship between SST anomaly in the equatorial Pacific and precipitation
during the Meiyu rainy season, the Nifio3.4 index of SST in the previous winter, spring and summer is
used to regress the precipitation field during the Meiyu rainy season (Fig. 10). Regression with the
Nifio3.4 index in the previous winter, the correlation in the northern central area is significant at 95%
confidence test in observed(Fig. 10a), while the correlation is significant in the southeast in the model.
Regression with the Nifi03.4 index in the previous spring(Fig. 10b), the correlation is positive in the south
in observed, mostly passing the 95% confidence level test, while there is a negative correlation in the
north. In the regressed model precipitation field, the correlation is positive in the south, but the magnitude
is relatively small. There is a positive correlation in the north, with few significant areas. As shown
precipitation field regressed by the summer Nifio3.4 index(Fig. 10c), there is an obvious reversed
characteristic in the north and south in observed, but the correlation is insignificant. In the regressed
model precipitation field, there is a positive correlation in the whole area and the precipitation magnitude
in the south is obviously smaller.

5.2 Prediction in Rainy season in North China

It is found that the anomalously more precipitation in the rainy season in North China usually occurs in
the year when El Nifio ends and turns to La Nifia. In comparison, the anomalously less precipitation in the
rainy season in North China usually appears in the year when the cold water of the equatorial central and
eastern Pacific develops into El Nifio (Zhao et al., 2017). Figure 11a-c shows the distribution of the
observed SST anomaly field in the previous winter, spring and summer regressed by the observed
standardized precipitation indices (regional average precipitation) in the rainy season in North China. In
winter, there is a positive but insignificant correlation area in the equatorial central and eastern Pacific
(Fig. 11a). In spring (Fig. 11b), the positive correlation area in the equatorial central and eastern Pacific
almost disappears and a negative correlation area appears. In summer (Fig. 11c¢), there is an obvious
negative correlation area in the equatorial central and eastern Pacific, and the correlation is significant in
some areas of the equatorial eastern Pacific. Consistent with the observation, in the regressed SST
anomaly field in the previous winter by the model precipitation index, there is a positive correlation area in
the equatorial central and eastern Pacific (Fig. 11d). In spring, the positive correlation area in the
equatorial central and eastern Pacific disappears and a negative correlation area appears in the
equatorial eastern Pacific (Fig. 11e). In summer, a uniform negative but insignificant correlation area
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appears in the equatorial eastern Pacific (Fig. 11f). When El Nifio decays in the early winter and La Nifia
develops in that year, precipitation is higher in the rainy season in North China; otherwise, it is less. This is
consistent with the previous research conclusion, but the relationship in the figure is not significant.

6 Summary And Discussion

This study assessed the interannual precipitation prediction skills between Meiyu and rainy season in
North China Using the ECMWF’s ERA-Interim reanalysis data and the S2S hindcast data for 2001-2019. It
was found that there is an obvious difference between different years in the forecasting skill of
precipitation in the two rainy seasons. In most years, the precipitation forecasting skill is higher during the
Meiyu rainy season than during the rainy season in North China. During Meiyu, the forecast effect is
better in the area to the south of the Yangtze River, and the TCC is up to 0.4—-0.6 in some areas. The
forecast skill during the rainy season in North China is low, most areas even show negative skills.

There is a certain difference between the observation and model precipitation magnitude in the rainy
season in North China, and the difference in the position of the precipitation center is also obvious.
During Meiyu, the responses of the model predicted precipitation to circulation in key areas in various
latitudes are different. Moreover, the model-predicted precipitation in response to the blocking high-
pressure in middle and high latitudes is scattered. The precipitation in response to the 500 hPa height
anomaly in low latitudes is close to the observed precipitation. The 500 hPa height anomaly over
Northeast China has a significant impact on precipitation in the rainy season in North China, but this
impact is not reproduced by the model.

The model biases are both in the circulation and its influence on precipitation. The precipitation forecast
skill and their biases in the two rainy seasons are different. During Meiyu, The prediction skills of
circulation in low latitudes are high, and the relationship between circulation and precipitation is also well
captured. However, the prediction of circulation in high latitude circulation have less skillful. During the
Huabei rainy season, the prediction skills of the circulation in the key areas is relatively good, but the
relationship between circulation in key areas and precipitation are not captured, or even the opposite.

The precipitation in the Meiyu rainy season has a good response to the SST changes in the equatorial
central Pacific and eastern Pacific in the previous winter and spring in both the observation and model,
but some circulation in Meiyu have different responses to the El Nino state in the model, the circulation
responds well to the El Nino state in the previous winter, but has errors in the high latitude for the El Nino
state in the previous spring. For the rainy season in North China, the response of precipitation to the SST
changes in the equatorial central Pacific and eastern Pacific is not significant.

Numerical models inevitably have errors. It is becoming increasingly difficult to improve the models to
further increase the forecasting skill. Many studies used statistical methods to improve the forecasting
ability of dynamic models (Saha, 1992; Ren, 2006; Zheng et al., 2009; Feng et al., 2013). The main idea is
to use past observation or forecast data to establish the statistical relationship between circulation fields

and surface element fields, and then to output circulation fields by the model to indirectly predict surface
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element fields (Feddersen and Uffe, 2005; Li and Chen, 1999; Wei and Huang, 2010; Guo and Li, 2012). In
this paper, the difference in the precipitation predictability between Meiyu and rainy season in North
China was discussed. The sources of biases in the two regions are also analyzed, which has important
implications for the localized interpretation of models in the future. During Meiyu, more attention should
be paid to the circulation deviation in each key area. In the rainy season in North China, it should be noted
that, the predictability of high latitude regions on the sub seasonal time scale plays a key role.

It should be noted that there are often differences in precipitation in the two rainy seasons. During Meiyu,
the anomalous activity of the East Asian summer monsoon is accompanied by the southward or
northward movement of the East Asian monsoon system, resulting in different rain belt positions. This
corresponding relationship between circulation and precipitation is often more specific and obvious than
the circulation throughout the rainy season. In fact, floods in the Jianghuai region occur in different
regions (Qian et al., 2007). In 2020, the precipitation during Meiyu is mainly concentrated in the middle
and lower reaches of the Yangtze River (Liu and Ding, 2020). Therefore, it is necessary to explore the
ability of models to predict different types of precipitation in the rainy season and their possible
differences.
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ACCs between ERA-Interim and S2S precipitation predictions for 2001-2019. (a) Annual average for
different lead times; and (b) ensemble forecasts averaged annually.
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DIFFs(%), RMSEs, and TCCs between ERA-Interim and S2S precipitation during (a-c) Meiyu and (d-f) rainy
season in North China.

Page 19/27



a)Mean of H500-ERA (b) H500-ERA

B60°N

30°N

- 'I"
:

70°E 100°E 130°E 160°E ¥ 70°E 100°E 130°E 160°E
gpm gpm
[ eee—— ]
5500 5600 5700 5800 590C 20 -0 0 10 20
c)Mean of H500-525 (d) H500-52S

G0°N
30°N ' S Y

o

70°E 100°E 130°E 160°E

apm gpm
|
2500 5600 5700 5800 290( -20 -0 0 10 20

Figure 3

(a) 500-hPa height average field, and (b) regression of the 500-hPa height anomaly field onto the
precipitation index during Meiyu in ERA-Interim. ¢ and d are the same as a and b, but for S2S. The dots
represent areas significant at 95% confidence level.
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Figure 4

Regression of the 500-hPa height anomaly field (a) and the precipitation field (b) onto the index BHP
during Meiyu in ERA-Interim. ¢ and d are the same as a and b, but for the S2S. The dots represent areas
significant at 95% confidence level.
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Figure 5

Regression of the 500-hPa height anomaly field (a) and precipitation field (b) onto the index SH during
Meiyu in ERA-Interim. ¢ and d are the same as a and b, but for the S2S. The dots represent areas

significant at 95% confidence level.
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Figure 6

Regression of the 500-hPa height anomaly field (a) onto the precipitation index and the 500-hPa height
anomaly field (b) and the precipitation field (c) onto the index HP during the rainy season in North China
in ERA-Interim. d-f are the same as a-c, but for S2S.
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(b)TCC of H500 for Meiyu
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Figure 7

Deviation (a) and TCC (b) between the 500 hPa height from ERA-Interim and S2S predictions during
Meiyu for 2001-2019. c-d are the same as a-b, but for the rainy season in North China.
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Figure 8

Regression of the sea surface temperature in the previous winter (a), spring (b) and summer (c) onto the
precipitation index during Meiyu in the ERA-Interim. d-f are the same as a-c, but for the S2S. The dots
represent areas significant at 95% confidence level.
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Figure 9

Regression of the 500-hPa height anomaly field onto the Nifio3.4 index in the previous winter (a), spring
(b) and summer (c) during Meiyu in the ERA-Interim. d-f are the same as a-c, but for the S2S. The dots

represent areas significant at 95% confidence level.
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Figure 10

Regression of precipitation fields onto the Nifio3.4 index in the previous winter (a), spring (b) and summer
(c) during Meiyu in the ERA-Interim. d-f are the same as a-c, but for the S2S. The dots represent areas

significant at 95% confidence level.
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Figure 11

Regression of the SST in the previous winter (a), spring (b) and summer (c) onto the precipitation index
during the rainy season in North China from ERA-Interim. d-f are the same as a-c, but for the S2S.
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