Contributions of natural climate variability on the trends of

seasonal precipitation extremes over China

Fugiang Cao 2, Tao Gao *#*, Li Dan?, Fengxia Zhao!, Xiang Gong®, Xinyu Zhang®,

Xiaoyu Long’ and Junjie Zhan®

1 School of geosciences, Shanxi Normal University, Linfen 041000, China
2 CAS Key Laboratory of Regional Climate-Environment Research for Temperate
East Asia, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing,
China
3 College of Urban Construction, Heze University, Heze 274000, China
4 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and
Geophysical Fluid Dynamics, Institute of Atmospheric Physics, Chinese Academy of
Sciences, Beijing 100029, China
® School of Mathematics and Physics, Qingdao University of Science and Technology,
Qingdao 266061, China
® College of Graduate Studies, Sul Ross State University, Alpine Texas, USA 79832
7 Joint Institute for Marine and Atmospheric Research, School of Ocean and Earth
Science and Technology, University of Hawai‘i at Manoa, Honolulu, Hawaii, USA

8 Shunyi Meteorological Service, Beijing, 101300, China

* To whom all correspondence should be addressed to: Dr./Prof. Tao Gao

(tgao.oc@gmail.com)

This article has been accepted for publication and undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process
which may lead to differences between this version and the Version of Record. Please
cite this article as doi: 10.1002/joc.7126

This article is protected by copyright. All rights reserved.



http://orcid.org/0000-0002-1201-1458
http://dx.doi.org/10.1002/joc.7126
http://dx.doi.org/10.1002/joc.7126

Abstract

The increased trends of extreme precipitation events over China have been partially
attributed to global warming, while it is unclear how the natural climate variability
affect these variations in extreme rainfall trends. Here we examine the contributions of
large-scale modes climate variability from the Pacific Ocean, which are represented by
El Nifio-Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO), on the
trends of seasonal extreme events across China. Results show that the effects of climate
variability modes on precipitation extremes exhibit evidently spatiotemporal
characteristics at the seasonal scale. A significant positive trend is found over
southeastern and northwestern China in four seasons, and substantial increases in two
types of extreme events are also seen over northwestern China in spring and winter.
Most of the seasonal trends of extreme precipitation events can be explained by the
trends of the principal components. EI Nifio (La Nifia) and PDO-like Sea Surface
Temperature (SST) anomalies over the Pacific have a close linkage with the variations
in precipitation extremes. By modulating the large-scale atmospheric circulations, these
Pacific SST anomalies associated with climatic oscillations, such as ENSO and PDO,
provide the conducive conditions responsible for the occurrences of seasonal
precipitation extremes across China. The seasonal trends of extreme events can be
largely explained by the variability of the ENSO and PDO episodes, with a relatively
larger modulation of PDO as compared to ENSO. These researches have important
implications for improving seasonal flood disaster predictability and climate model
performances.
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1 Introduction

Extreme precipitation events are defined as the rainfall events occur low frequently at
a given scale. However, once the extreme events happen, they often trigger devastating
impacts on eco-environment system and human activities, and even the more losses
caused by secondary disasters such as mudslides, floods, landslides, and city
waterlogging (e.g., Easterling et al., 2000; Alexander et al., 2006; You et al., 2011;
Donat et al., 2016; Miao et al., 2018). For example, the torrential rainfall over Beijing
on July 21, 2012 caused 79 casualties, with the estimated economic losses more than
10 billion RMB (Sun and Zhang, 2017). The persistent intense rainfall from July 8 to
11 in 2013 in the Sichuan Basin reached an accumulated rainfall of 721.4 mm, leading
to serious floods (Wang et al., 2013). It is therefore of tremendous importance to better
understand the past changes in precipitation extremes and the underlying mechanisms.
This is critical for the reliable future projections of extreme precipitation variations and
response of the hydrological cycle to global climate warming.

Previous studies have documented the changes in trends of extreme precipitation
events in the whole country and selected regions across China. Generally, the intensity
and amount as well as frequency of precipitation extremes exhibited an increasing trend
in China, meanwhile, the variations in extreme events are correlated to the total rainfall
changes ( Zhai et al., 2005; Gao and Xie, 2016; Gao and Wang, 2017; Sun and Zhang,
2017; Xiao et al., 2017). Spatially, extreme precipitation trends show apparently
regional characteristics in different areas of China. Increased amount of intense

precipitation events are discovered over Northwest China and the mid-lower reaches of
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the Yangtze River basin (YRB), whereas, declined trends of extremes are distributed
over North China and Sichuan Basin (Zhai et al., 2005; Chen and Zhai, 2015; Gao et
al., 2016; Cao et al., 2019). These regional differences are also coincident with the
changes in the frequency of extreme precipitation events (Gao and Xie, 2016; Guan et
al., 2017). The extreme precipitation amount and its proportion of the total rainfall
display an increasing trend over the northern portion of eastern China, and the declining
trends are mainly located in the south of eastern China, particularly over the mid-lower
reaches of the YRB and North China (Sun, 2012; Wang et al., 2016; Gao et al., 2017,
Wang et al., 2019). Remarkable increases in summer total rainfall, the frequency and
intensity of extreme precipitation events are seen in the mid-lower reaches of the YRB.
In Northwest China, 70% of the meteorological stations exhibit an increase in the
intensity of extreme events (Jiang et al., 2013; Wang et al., 2019). Fifth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC ARS5) argued that
those regional trends of rainfall anomalies across China are jointly affected by human
forcing and atmospheric circulations.

The recent studies focusing on the contribution of regional precipitation extremes
have been centered on the forcing factors of human activities. Particularly,
anthropogenic aerosols impact precipitation features through the absorption and
scattering of incoming solar radiation, furthermore, aerosols also cool the surface and
offset the greenhouse gases-induced warming and thereby its influences on rainfall
(Chen et al., 2011; Rosenfeld et al., 2014; Liu et al., 2015; Lin et al., 2016; Fan et al.,

2016; Ma et al., 2017). Min et al. (2011) and Zhang et al. (2013) argued that human-
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induced greenhouse gas increases had a detectable influence on the observed intense
rainfall events during second half of twentieth century, and also on the intensification
of observed hydrologic cycle after the 1980s (Min et al., 2011; Westra et al., 2013;
Zhang et al., 2013; Lehmann et al., 2015). In addition to the anthropologic forcing
factors, nature variability of the climate system, for example, ENSO and PDO, has also
been proved to contribute the variations in occurrences of extreme precipitation events
(Si and Ding, 2016; Gao et al., 2017; Yan et al., 2020; Gao et al., 2020). The well-
documented correlations between seasonal intense precipitation over China and the
positive (negative) phase of ENSO have been investigated in prior studies. Generally,
the heavy rainfall in southern (northern) China increases (decreases) in winter and
autumn in EI Nifio years, and summer intense precipitation over the northern regions
of Yellow River basin decreases during EI Nifio episodes (Gong and Wang, 1999; Wang
et al., 2000; Xiao et al., 2015).

However, existing studies mainly focused on the effects of climate variability modes
on the frequency (e.g., Wang and Yan, 2011; Li et al., 2012), interdecadal shifts (e.g.,
Wang et al., 2013; Xu et al., 2015; Gao et al., 2016) and spatial patterns (e.g., Zhai et
al., 2015; Sun and Zhang, 2017) of extreme precipitation events across China, few of
them have linked the trends of precipitation extremes to natural climate variability. In
this study, we further examine the trends of seasonal precipitation events over China,
with a particular focus on the understanding of what physical mechanisms responsible
for these changing trends derived from interannual and interdecadal climate system

variability. To comprehensively analyze the impacts of large-scale modes of climate
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variability on different magnitudes of extreme precipitation regimes, percentile and
absolute definitions of extreme precipitation events are utilized to characterize the
intense and persistent features of precipitation extremes. The remainder text is
organized as follows. The dataset and methods employed in this study are introduced
in section 2. The results are presented in section 3, followed by conclusion and
discussion in section 4.

2 Data and methods

Extreme precipitation events across China are defined by the gridded observational
rainfall dataset of CN05.1 from 1961 to 2016 at the daily scale (Wu and Gao, 2013).
CNO5.1 is obtained by construction based on 2416 station observations with a high
spatial resolution of 0.25°x0.25°. In particular, this dataset is interpolated by utilizing
the ‘anomaly approach’ (New et al., 2002). The thin-plate smoothing splines are first
applied to calculate mean climatology during 1971-2000, then the gridded daily
anomalies obtained through the angular weighting method are added to it. CN05.1
includes four variables, daily mean, minimum and maximum temperature, as well as
cumulative precipitation. This gridded dataset with high resolution is suitable to
examine the observed climatic features and assess the global and regional model
performances (Sun and Wang, 2015; Cao and Gao, 2019; Cao et al., 2019). Similar to
other gridded rainfall products, the accuracy of the CNO05.1 at a selected time and
location is subject to the availability and quality of observed precipitation data, which
vary temporally and spatially based on the heterogeneity of instrument platforms,

record lengths and spatial coverage. While CNO05.1 with a higher spatial resolution is
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more suitable for our analysis purpose as compared to other available gridded rainfall
datasets.

To synthetically examine different magnitudes of extreme precipitation events
associated with climate variability modes, percentile and duration threshold approaches
are applied to define extreme events in spring (March to May, MAM), summer (June
to August, JJA), autumn (September to November, SON), and winter (December to
February, DJF), respectively. The seasonal 90th percentile of precipitation distribution
is utilized as threshold for defining extreme precipitation events at each gridded site in
the same season. That is, an extreme event is considered when the daily cumulative
rainfall amount exceeds the 90th percentile (R90p) of each season for the entire period.
The seasonal maximum consecutive 5-day precipitation (RX5day) is employed to
feature the duration of extreme events. In addition, seasonal total rainfall is also used
to further analyze the different effects of large-scale modes on extreme precipitation
events and total rainfall over China. We principally investigate the seasonal trends of
these two types of extreme precipitation regimes and their possible causes associated
with large-scale atmospheric circulations.

The reanalysis datasets of geopotential height at 500 hPa, wind field at 850 hPa, and
2-m temperature available at 1.25° x 1.25° resolution from 1961 to 2014, are obtained
from the 55-year Japanese Reanalysis Project (JRA-55; http://jra.kishou.go.jp/JRA-
55/index_en.html; Harada et al., 2016). As the JRA-55 is better for representing the
variations in drought indices over China in comparison with other available reanalysis

datasets (Chen et al., 2019). Sea Surface Temperature (SST) dataset is obtained from
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the Hadley Centre, Met Office (Rayner et al., 2003). The monthly EI Nifio-Southern
Oscillation (ENSO) index (Hoerling et al., 2001) is defined by 3 month running mean
of SST anomalies in the Nifio 3.4 region and presented by Oceanic Nifio Index (ONI),
it IS available from the website
(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
). And the monthly Pacific Decadal Oscillation (PDO) index (Mantua et al., 1997) is
obtained from the website (http://atmos.washington.edu/~mantua/abst.PDO.html). The
empirical orthogonal function (EOF) technique is used to explore the influences of
dominant patterns of the natural climate variability on seasonal precipitation extremes.
Regression analysis is also applied to reveal the relationship between the trends of
extreme precipitation events and anomalous ocean-atmospheric variables.

3 Results

During the last 56-yr, extreme precipitation events defined by 90th percentile threshold
(R90p) generally show an increasing trend in four seasons over southeastern and
northwestern China, with the distinct discrepancies for the trends of extreme events at
the seasonal scale. (Fig. 1). In spring and winter, the statistically significant positive
trends are mainly found in southeastern, northeastern and northwestern China (Fig. 1a,
g), with the exception of central and southwestern areas exhibiting a declining trend of
precipitation extremes in spring (Fig. 1a). Correspondingly, the country-averaged
extreme events at the gridded sites, where the positive trends are statistically significant
at the 95% confidence level, display an increasing trend for both seasons, even though

the interannual and interdecadal variability is apparent from 1961 to 2016. Note that
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the variations in averaged events at the country scale exhibit large significant trends of
4. 7mm/yr and 4.2mm/yr in summer and autumn, respectively (Fig. 1d, f), however,
spatial distribution of the trends of extreme events is relatively more inhomogeneous in
comparison with other two seasons. Declining trends are seen over southwestern,
northern and northeastern China, while the strengthened increases in precipitation
extremes are located over central-east China (Fig. 1b). The significant positive and
negative trends of extreme events over different subregions across China lead to an
insignificant country-averaged trend of summertime precipitation extremes (Fig. 1c, d).
In autumn, both the positive and negative trends of extreme precipitation events are
lesser significant compared to summertime changes (Fig. 1c, e), resulting in an
insignificant trend of the average precipitation events in autumn for the whole country.

The variations in persistent extreme precipitation events (RX5day) share the similar
features with threshold extreme events (Fig. 1-2). Statistically significant increasing
trends of RX5day are principally distributed in spring and winter (Fig. 2a, ).
Particularly, more evident upward trends occur in winter, this facilitates a statistically
significant positive trend of the country-averaged RX5day (Fig. 2h), suggesting that
wintertime persistent precipitation extremes become more enhanced across China
during 1961-2016. In summer and autumn, the increasing trends of RX5day are
primarily situated over western and southeastern China, while the declining trends are
not significant in comparison with R90p. It is worth noting that the persistent intense
events, such as RX5day, are likely to cause disastrous consequences (Chen and Zhai,

2015; Gao and Xie, 2016), these suggest that the flooding risks may, therefore, be
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strengthened over China, especially in winter. Spatial distribution of the trends of
seasonal total rainfall (Fig. S1) is roughly consistent with that for R90p (Fig. 1), while
the time series of country-averaged precipitation extremes shows an evident trend in
winter, this is coincident with RX5day. Moreover, the remarkably positive shifts occur
around the 1990s in several seasons for both the total and extreme precipitation
variations (Fig. 1-2 and Fig. S1), these shifts are further reconfirmed by Mann-Whitney-
Pettitt test (Fig S2) (Fu et al., 2015) and have also been reported in previous studies
(Ding et al., 2009; Huang et al., 2013; Gao et al., 2016; Xu et al., 2015). Meanwhile,
these positive shifts might dominate the long-term country-averaged trends during
entire period. In addition, previous studies demonstrated that the northwestern regions
tend to be warm and wet during the last decades (Peng and Zhou, 2017; Wang et al.,
2019), it is in agreement with the results in the present study.

The EOF analysis is employed separately to seasonal total and extreme precipitation
events for identifying the dominant space-time patterns of their variability. The spatial
patterns and principal components (PCs) of the first modes, expressed by EOF1 and
PC1, respectively, for each season are shown in Fig 3-4. The total variances of R90p
are 24.07%, 13.03%, 15.39%, and 53.34% in spring, summer, autumn, and winter,
respectively. Figure 3 depicts that the spatial patterns of EOF1 are similar to those of
extreme precipitation trends (Fig. 1). In spring, the positive anomalies are
predominantly found over southern China, and the regions of negative anomalies are
mainly located in central-east China, this indicates more and less occurrences of

precipitation extremes in southern and central-east China, respectively (Fig. 3a). The
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corresponding PC1 time series exhibits a slight upward trend with significantly large
interannual and interdecadal variability (Fig. 3b). The spatial uniformity of EOF1 in
summer, autumn, and winter is more evident than that for spring, distinctly positive
anomalies are discovered over southern and central China in summer and autumn,
respectively (Fig. 3c, e). There exists a remarkable shift around the 1990s for
summertime PC time series, while the similar shifts occur around the 1980s in other
three seasons (Fig. 3b, d, f, g). Considering persistent precipitation extremes, spatial
pattern of positive anomalies of EOF1 generally matches with the significant increasing
trends of RX5day in four seasons (Fig. 2, 4), with pronounced anomalies distributed
over central-east and southeastern China. However, the total variances explained by
EOF1 are relatively smaller in comparison with that for R90p, the largest explained
variance occurred in winter is 32.02%, which is much less than 53.34% for wintertime
RX5day. The remarkable shifts appear around the 1990s for PCs in summer and autumn,
even though the interannual and interdecadal variability is relatively evident in four
seasons. The spatial patterns of the EOF1 for seasonal total rainfall (Fig. S3) are
approximately coincident with that for extreme precipitation events (Fig. 3, 4), with
more significant positive anomalies for total rainfall and R90p compared to RX5day.
Moreover, the total rainfall and R90p also display roughly similar seasonal PC time
series. These suggest that the total rainfall amount at the seasonal scale over China may
be dominated by longer persistent precipitation extremes in comparison with RX5day.

To reveal the explanations, which are responsible for the trends of precipitation

extremes, derived from PCs. We adopt residual trends (Yu et al., 2016; Yu et al., 2018)
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that can measure the explained amount of extreme precipitation trends by utilizing
ratios of the residual trends to total trends. The relatively larger ratios suggest that the
trends of seasonal extreme precipitation events can be lesser explained by trends of the
PCs. The residual trends are defined by subtracting the seasonal PC trends from total
trends. Figures. 5 and 6 depict the changes in residual trends and ratios for R90p and
RX5day, respectively. The magnitudes of residual trends are relatively smaller
(approximately less than 0.5mm/yr), even though there exist pronounced changes
across China, particularly for RX5day, with most of regions smaller than 0.5mm/yr in
four seasons. The spatial distribution of the ratios of residual trends to total trends also
exhibits considerably regional characteristics. Similar to the residual trends, the ratios
are also relatively small in most of seasons for both R90p and RX5day, implying that
the trends of seasonal precipitation extremes can be largely explained by the PC1 trends,
especially for the gridded sites with statistically significantly increasing trends of
extreme events. These phenomena are roughly paralleled with residual trends and ratios
of seasonal total rainfall (Fig. S4).

At the interannual and interdecadal timescales, ENSO and PDO are the major large-
scale modes of climate variability over the Pacific Ocean. The seasonal ENSO index
shows inconspicuous trends, but has significant interannual variability. While the PDO
index exhibits increasing trends in four seasons, with remarkable shifts around 1990s
(Fig. 7), this is generally coincident with the shifts of extreme and total rainfall events
analyzed above. Prior studies have documented the close linkages between extreme

precipitation events over China and variations in SST oscillation anomalies
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characterized by the ENSO and PDO (e.g., Ouyang et al., 2014; Xiao et al., 2015; Si
and Ding, 2016; Gao et al., 2017). We further examine the correlations between
seasonal precipitation extremes and ENSO as well as PDO by utilizing multivariable
regression (Table 1). The positive and negative regression coefficients for ONI (PDO)
index indicate the corresponding relationships between the ONI (PDO) index and the
PC1ls. Table 1 shows that PDO vyields a positive contribution to extremely large
precipitation events in four seasons, while the negative contribution of PDO is found
for the persistent precipitation extremes, except for spring. On the contrary, ENSO
exerts a positive contribution on RX5day, and a negative effect on R90p, excluding the
spring. ENSO and PDO have a negative and positive contribution, respectively, on
seasonal total rainfall in summer, autumn, and winter, and negative contributions are
found in spring for both climate variability modes (Table sl). Furthermore, the
magnitudes of regression coefficients for PDO index are relatively larger than that for
ONI index, suggesting that PDO index exerts a relatively larger contribution to the
trends of the PC1s than that of the ENSO index. This also confirms that the extreme
events are clearly modulated by natural climate variability.

To further examine the extreme precipitation trends explained by the PCs associated
with large-scale atmospheric circulation anomalies, the SSTs, 500 hPa geopotential
height, wind vector at 850 hPa and 2-m temperature are regressed to the seasonal PCs.
The regression maps of the 500 hPa geopotential height show that the tropical Pacific
Ocean are dominated by pronounced negative anomalies in spring, in particular over

South China Sea (SCS). Meanwhile, the evident positive anomalies are located over
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northern China (Fig. 8-9), combined with the significant positive SST anomalies over
the SCS and an anomalous lower-level anticyclone centered over the western North
Pacific (WNP) (Fig. 10), these indicate that the anomalous southwesterlies are found
along the northwest flank of the anomalous anticyclonic system, which transport
sufficient moisture fluxes from the tropical Pacific Ocean to the southern China,
forming the conducive conditions of the occurrences of extreme precipitation events,
consistent with the strengthened rainfall events there. In addition, distinct EI Nifio—like
SST anomalies appear over the eastern tropical Pacific, and the warm phase of PDO-
like SST anomalies occur over the North Pacific (Fig. 8-9). This further confirms the
correlations between springtime precipitation extremes and ENSO as well as PDO as
the aforementioned analyses and Table 1. In summer, southern China and SCS are
controlled by negative geopotential height anomalies, and the pronounced horseshoe-
like positive SST anomalies are found over the SCS and Indian Ocean. Over the eastern
tropical Pacific, the spring El Nifio—like SST anomalies persist to the summer.

In ensuing spring and summer during the positive phase of ENSO episodes, the SST
anomalies over the eastern tropical Pacific decay rapidly, while the anticyclone over the
western tropical Pacific can be maintained derived from local air-sea interaction. More
notably, the northeastern wind anomalies on the east flank of the anticyclonic system
enhance the climatological trade winds, strengthening the latent heat fluxes from the
ocean to atmosphere and cooling their underlying SSTs. Negative SST anomalies excite
the anomalous westward propagation and weaken the Rossby waves, which, in return,

reinforces the anticyclonic system (Li et al., 2017; Wang and Zhang, 2002). On the west
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flank of the negative SST anomalies, southerlies prevail over the western side of
anticyclonic system, this transports warm air from the low-latitude oceans and
contributes to the positive SST anomalies around the SCS and surrounding regions,
leading to intense rainfall events over central-east China and southeastern China (Fig.
10).

At the interdecadal scale, phase transition of the PDO can affect precipitation regimes
over eastern China by modulating East Asian westerly jet stream (EAWJS), which has
been suggested as the bridge to correlate the Pacific SST anomalies and East Asian
rainfall anomalies (Lau et al., 2004). The negative phase of PDO episodes can result in
evident easterly anomalies over East Asia. Consequently, the EAWJS weakens and
shifts poleward, this is coincident with the shifts of EAWJS after the late 1990s based
on observational analyses (Fig. 7). Furthermore, weakened and poleward shifts of the
EAW.JS can lead to the anomalous ascending motions over eastern China by altering
the secondary jet-related meridional-vertical circulations. As a result, in intense
precipitation events increased after the late 1990s. In addition, the positive phase of
Atlantic Meridional Oscillation may only induce insignificant variations over East Asia
and partially offset the negative PDO effects (Zhu et al., 2015).

The above documented analyses are also depicted in Figs. 8-10 and Fig. S5-6, this
demonstrates that the contributions of natural climate variability on the seasonal trends
of precipitation extremes across China are apparent. The geopotential height anomalies
at 500 hPa in autumn and winter also facilitate the water vapor transports into China,

consistent with the regression maps of wind fields. The El Nifio—like SST anomalies in
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summer are followed by La Nifia—like SST anomalies in autumn, and the slightly
weakened El Nifio—like SST anomalies re-develop in winter. Meanwhile, the slightly
weak PDO-like SST anomalies also accompany over the Pacific, since previous studies
have reported that the ENSO-related teleconnections with precipitation extremes over
China can be modulated by PDO modes, and the superposition of the influences of
ENSO and PDO alter the variations in extreme events (Chan and Zhou, 2005; Cai et al.,
2011; Si and Ding, 2016). Given that temperature anomalies play an important role on
the changes in extreme precipitation regimes at the regional and local scales (Utsumi et
al., 2011). Figure 11 depicts that 2-m temperature has a close linkage with R90p,
consistent with the spatial pattern of seasonal total rainfall (Fig. S7). The negative
correlation between 2-m temperature and precipitation extremes is located over central-
east China in summer, indicating that less extreme precipitation events occur with the
increased surface temperature. The positive correlations are seen over most regions of
China in winter, suggesting that largely extreme rainfall events (R90p) are proportional
to 2-m temperature. However, persistent precipitation extremes (RX5day) have a
smaller correlation with 2-m temperature in comparison with seasonal R90p and total
rainfall.
4 Conclusion and discussion

Many existing studies contribute the changes in extreme precipitation events over
China, in large part, to the strengthened emission of the greenhouse gas concentrations.
While the analysis in how the large-scale modes of climate variability affect the trends

of precipitation extremes is still limited. Building on the previous researches, we
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investigate the seasonal trends of extreme events during the last decades across China
based on the high-resolution gridded rainfall dataset, and also examine the contributions
of natural climate variability, such as ENSO and PDO, on the variations in trends of
precipitation extremes.

Both the extreme precipitation events and annual total rainfall amount generally
exhibit an increasing trend over southeastern and northwestern China in four seasons.
Particularly, the statistically significant positive trends are found in northeastern China
in spring and winter for R90p, but only in winter for RX5day. The declining trends of
precipitation extremes are principally seen over northern and southwestern China in
summer and winter. The trends of R90p, RX5day and total rainfall share a similar
spatial distribution, with the relatively smaller magnitude of RX5day trends. In summer,
R90p displays the largest increasing trend of country-averaged events, with the growth
rate of 4.7mm/yr, this is followed by autumn trend of 4.2m/yr. Whereas, the largest
trend of 2.4mm/yr appears in autumn for RX5day. It needs to be mentioned that the
most statistically significant positive trend of seasonal total rainfall with the rate of
5.6mm/yr occurs in autumn, consistent with larger increases in extreme precipitation
events. These suggest that the increases in seasonal total rainfall amount, to a certain
extent, are modulated by variations in precipitation extremes, rather than the moderate
and light rainfall events.

The spatial pattern of the first EOF modes for precipitation extremes resembles the
spatial distribution of their trends, with the seasonal PC1 exhibiting significant

interannual and interdecadal variability during 1961-2016. The analyses of residual
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trends suggest that the extreme precipitation trends can be largely explained by the
trends of the PCs at the seasonal scale over most of China.

These changes in trends and time series of PCs are found to be correlated with the
SST oscillations featured by ENSO and PDO over the Pacific Ocean. In spring and
summer, the evident El Nifio—like (PDO-like) SST anomalies are discovered over the
eastern tropical (North) Pacific, combined with the significant positive anomalies of
500 hPa geopotential height over the tropical Pacific Ocean and SCS, these are
associated with an anomalous lower-level anticyclone centered over the WNP.
Correspondingly, the northwest flank of the anomalous anticyclonic system are
controlled by the anomalous southwesterlies, which transport sufficient water vapor
fluxes into the Chinese mainland, providing the favorable conditions for the
occurrences of precipitation extremes, consistent with the increased trends of extreme
events over China. Following the EI Nifio—like SST anomalies in summer, the La Nifia—
like SST anomalies develop in autumn, this is also accompanied by the slightly weak
PDO-like SST anomalies over the Pacific. Similarly, conducive situations of the
atmospheric circulations appear for the formation of extreme precipitation events.

In addition to the effects of climate variability modes, such as ENSO and PDO, the
intense rainfall events over China are also modulated by local forcing factors, for
example topography (Shi et al., 2008; Guo et al., 2020), and the extreme events over
central-east China are also influenced by tropical cyclones (Zhang et al., 2018; Cao et
al., 2019). Moreover, the strengthened greenhouse gas emissions derived from human

activities during last decades also alter regional rainfall features across China (Li et al.,
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2017; Maet al., 2017). And the frequency and intensity of ENSO episodes are expected
to increase under greenhouse warming (Kim et al., 2014; Cai et al., 2015). It is therefore
not necessary to investigate the physical causes responsible for extreme precipitation
events without considering increased greenhouse gas. In addition, the results of this
study are not sensitive the selection of ENSO index, since the variations in seasonal
ONI are coincident with the multivariate ENSO index 2 (Fig. S8) (Wolter and Timlin,
1998). Our works advance the understanding of the contributions of nature climate
variability on the trends of precipitation extremes in China. Statistical analyses is
employed in this study, the numerical simulation is a useful supplement for further
explanation of variations in seasonal precipitation extremes.
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Figure 1. The spatial patterns of trends (left panel) and time series (right panel) of the

amount of daily cumulative rainfall amount exceeds the 90th percentile (R90p) during

1961-2016. Hatching denotes the areas with statistical significance at the 95%

confidence level (Unit: mm/yr). Time series are averaged over all gridded sites with

increasing trends being statistically significant at the 95% confidence level. Each row

represents a season as labelled in the left.
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Figure 2. The same as Figure 1, but for maximum consecutive 5-day precipitation

(RX5day).
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Figure 4. The same as Figure 3, but for RX5day.
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Figure 5. The spatial patterns of residual trends (left panel) and ratios of residual

trends to total trends (right panel) of the R90p. Unit: mm/yr.
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Figure 8. The anomalous geopotential height at 500 hPa (left column) and sea surface
temperature (right column) regressed to the PCls of the number of the R90p during
1961-2016. Hatching denotes the areas with statistical significance at the 95%

confidence level.
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and RX5day (right column) during 1961-2016. Shading denotes the areas with

statistical significance at the 90% confidence level.
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Table caption

Table 1. Coefficients of multivariate regression between seasonal PCls for

precipitation extremes and the ENSO as well as PDO indices.

R90p RX5day
Index
Spring  Summer Autumn Winter Spring  Summer Autumn Winter
ONI 0.0903  -0.1327 -0.2702 -0.0479 0.0612  0.4428  0.0367* 0.3239
PDO  0.3569* 0.2642  0.0381* 0.1160 0.3051* -0.1129  -0.0739  -0.0449

*denotes the coefficients are statistically significant at the 90% confidence level.
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