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ABSTRACT

Persistence is an important property of precipitation and its related impacts. However, changes in persistent precip-
itation and the possible underlying mechanisms in the context of global warming have not yet been discussed in suffi-
cient depth. In this study, the changes in persistent precipitation in summer and related atmospheric circulation pat-
terns over the middle—lower reaches of the Yangtze River (MLRYZR)—a typical monsoon region frequently hit by
consecutive rainfall events—are analyzed based on observed daily precipitation and NCEP/NCAR reanalysis data
from 1961 to 2019. The results reveal that persistent precipitation events (PPs) tend to happen in a more persistent
way, with increased frequency and intensity in the MLRYZR region. Mechanism analyses show that persistent pre-
cipitation has happened along with simultaneous enhancement of some large-scale atmospheric circulation patterns,
including the Lake Baikal blocking (BB), the Okhotsk Sea blocking (OB), and the western Pacific subtropical high
(WPSH). Such enhanced anomalous circulation patterns could persistently reinforce the convergence and supply of
water vapor in the MLRYZR region, contributing to the increase in PPs in this region. Based on the above results, we
are able to offer some new insights into the long-term changes in precipitation structure and the possible causes. This

study is also expected to support attribution studies on regional precipitation changes in the future.
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1. Introduction

Many previous studies have detected significant
changes in precipitation in different regions of the world
(Emori and Brown, 2005; Toreti et al., 2009; de los Mil-
agros et al., 2013; Du et al., 2019; Han et al., 2019). In
China, studies on changes in the number of rainy days
(RDs), the intensity of precipitation, and the amount of
precipitation have revealed obvious regional patterns
(Zhai et al., 2005; Day et al., 2018; Sun and Wang, 2018;
Yin et al., 2020). Precipitation persistence is also an im-
portant property of precipitation, which is closely related
to its impacts (Zolina et al., 2013; Chen and Zhai,
2014a). For example, in 2020, several widespread per-
sistent precipitation events (PPs) occurred during the

Meiyu period in the middle-lower reaches of the
Yangtze River (MLRYZR; Liu and Ding, 2020), which
imposed substantial impacts on people’s livelihoods, re-
gional economies, and even the death toll, due to the
large-scale floods and geological disasters induced.

An increasing number of studies are being conducted,
in which precipitation persistence is analyzed on the
daily timescale. Generally, temporal evolution of the fre-
quency and intensity of precipitation events with a cer-
tain duration has been investigated based on persistent
rainy days (Bai et al., 2007; Zhang et al., 2012; Guilbert
et al., 2015). Recently, based on the contribution of RDs
with different durations, it is found that precipitation per-
sistence in Europe has prolonged since the 1950s (Zolina
et al.,, 2010). Such a kind of studies on the changing
structure of precipitation persistence have provided an-
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other perspective on changes in precipitation properties,
in addition to frequency and intensity. Typically influ-
enced by the East Asian summer monsoon, the
MLRYZR, which is the most populated and economic-
ally developed region in China, is always hit hard by PPs
(He and Zhai, 2018). An interesting question to address
is how and why the structure of precipitation has changed
in the MLYRZR under the global warming background.

Past investigations from the mechanism perspective
tended to focus on studying extreme persistent precipita-
tion in China at the synoptic scale. The findings of these
studies suggest that atmospheric circulation anomalies in
the mid-high latitudes, such as the blocking near the
Ural Mountains, Lake Baikal, and Okhotsk Sea; and the
South Asian high, as well as the western Pacific subtrop-
ical high (WPSH) at low latitudes, are key circulation
systems for persistent extreme precipitation events in the
MLRYZR region (Tao et al., 2004; Hu et al., 2010; Li
and Zhang, 2014). These circulation systems maintain
the necessary conditions, such as water vapor conver-
gence and vertical motion, for persistent precipitation in
this region (Wang et al., 2019; Chen B. et al., 2020).
Thus, synoptic analyses have revealed that persistent ex-
treme precipitation events can always be linked to anom-
alous large-scale atmospheric circulation patterns (Chen
and Zhai, 2014Db).

However, from the perspective of long-term change,
understanding of the changes in the structure of precipit-
ation is still limited for the Asian monsoon regions. Also,
knowledge gaps exist regarding the possible mechan-
isms of persistent precipitation in relation to key large-
scale circulation pattern changes and the attribution of
human influence. In this study, firstly, the changes in the
structure of precipitation, along with the frequency, in-
tensity, and total precipitation amount, are investigated
over the MLRYZR region on the basis of daily precipita-
tion data from 1961 to 2019. The detailed changes are
described in Section 3. Then, mechanism analyses link-
ing the changes to the variations of the large-scale atmo-
spheric circulation patterns are carried out, and the res-
ults are reported in Section 4. Finally, main conclusions
and further discussion are given in Section 5.

2. Data and statistical methods

A daily precipitation dataset comprising observations
at 2415 meteorological stations in China during
1961-2019, provided by the National Meteorological In-
formation Center, China Meteorological Administration,
was employed in this study. This dataset has been pro-
cessed with strict quality control and widely used in pre-
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cipitation-related studies in China (Xu et al., 2013). Fur-
ther quality control was also applied here to improve the
reliability of the results. Specifically, stations were ulti-
mately retained only if they met the criteria outlined in
Chen and Zhai (2014a). Following all the quality control
procedures, 245 stations in the MLRYZR region (26°-
32°N, 111°-123°E) were selected.

To explore the mechanism underlying the changes in
precipitation persistence, the NCEP/NCAR (Kalnay et
al., 1996) daily reanalysis data at a horizontal resolution
of 2.5° x 2.5° were used. The variables in this dataset in-
clude the horizontal wind speed, specific humidity, and
geopotential height. Here, the geopotential height field
was processed into an anomaly field with the global
mean subtracted to remove the manifestation of the glo-
bal-scale rise in geopotential height under global warm-
ing (Wu and Wang, 2015). Then, the 500-hPa geopoten-
tial height anomalies larger than 10 gpm (relative to
1961-2019) in certain regions were defined as anomal-
ous highs (AHs). Additionally, the time series of the
summer (June—July—August) Nifio index [3-month run-
ning mean of ERSST.v5S SST (Extended Reconstructed
Sea Surface Temperature version 5) anomalies in the
Nifio-3.4 region (5°S-5°N, 120°-170°W)] was obtained
from the Climate Prediction Center of NCEP (https://ori-
gin.cpc.ncep.noaa.gov/products/analysis_monitoring/en-
sostuff/ONI_v5.php) and applied in this study.

In this study, when daily precipitation was greater than
0.1 mm, that day was defined as an RD. If an RD per-
sisted for m days, it was regarded as an m-day precipita-
tion event. The precipitation event was considered as
having ended as soon as the daily precipitation did not
meet the threshold. To analyze the precipitation structure
in summer for the period from 1961 to 2019, precipita-
tion events were classified into five categories of persist-
ence from 1 to 5 days. Here, precipitation events with
duration longer than 5 days were sorted into the 5-day
category. Following the process outlined in Zolina
et al. (2010), the contribution of precipitation events with
m days was calculated as

F(Xijm) =Tdi ju/Tdi;  (i=1,2,..,2415;

j=1961,1962,..,2019;m = 1,2,...5), (1)

where Td; ;,, refers to the total number of RDs for sta-
tion 7, year j, and category m, while Td;; refers to total
number of RDs for station 7 and year j. If the contribu-
tion of precipitation events with m days is increased, it
means that precipitation events have tended to happen in
m days. Then, following the results of changes in persist-
ence structure, precipitation events are classified as PPs
and non-PPs (NPPs): a PP is defined as a precipitation
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event with duration of at least 2 days; and an NPP is
defined as a precipitation event with duration of 1 day. If
the contribution of PPs is increased, it means that the pre-
cipitation structure has changed to one with a greater oc-
currence of PPs.

Principal Component Analysis (PCA; Abdi and Willi-
ams, 2010) was applied to provide information on the
spatiotemporal variations of key circulation systems and
persistent precipitation. Based on this analysis, the asso-
ciations between changes in persistent precipitation and
related large-scale circulation systems from 1961 to 2019
were evaluated. Moreover, the Mann—Kendall test, which
is a non-parametric (i.e., distribution-free) test, was used
to detect the presence of linear trends in related time
series, and the Theil-Sen robustness test was applied to
estimate the significance levels in the linear trends (Mon-
dal et al., 2012). Pearson’s correlation coefficient was ad-
opted to calculate the correlations in this study.

3. Changes in precipitation properties

Based on the most-updated daily precipitation obser-
vations in China, spatial distributions of the trends in the
total precipitation amount, intensity, and frequency of
RDs from 1961 to 2019 are displayed in Fig. la. As
shown, the total precipitation has widely and signific-
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antly increased in the MLRYZR region. The intensity of
precipitation has universally increased in the study re-
gion. Meanwhile, the frequency of RDs has also in-
creased, except in some parts of the northwestern
MLRYZR region. Decreasing trends are only apparent in
a small part of the northwestern MLRYZR region, which
is a transition area under the influence of the East Asian
monsoon. This is possibly due to a regional response to
the change in the East Asian summer monsoon system
against the global warming background (Zhai et al.,
2005). Overall, the regionally averaged frequency and in-
tensity of precipitation in the MLRYZR region display
increasing trends of 0.4 day (10 yr) ' and 0.6 mm (day 10
yr) !, respectively (Fig. 1b). More frequent and intensi-
fied precipitation events have been detected in the
MLRYZR region.

The change in regionally averaged precipitation per-
sistence is presented in Fig. 2. As shown in Fig. 2a, the
change in the contribution of 1-day precipitation events
in the MLRYZR region displays a significant decrease at
the 99% confidence level. However, the trends in the
contribution of 2-5-day precipitation events all present
increasing trends—especially for 3- and 4-day precipita-
tion events. The 2—5-day precipitation events are identi-
fied as PPs (see Section 2). Thus, the contribution of
NPPs has decreased, while that of PPs has increased.

|
/
N

3N .
3IN A
30N 4~
29N -
28N
27N

26N 1

ToPre
Freq —I— Ins

J_ 20% (10 yr)!

T
116E

T
118E

T T
120E 122E

70 3

o
n

50

Frequency

IS
o
il

30 3

18
E 15
12
X
6

Intensity

T T
1960 1970 1980

T
1990

T T
2000 2010 2020

Fig. 1. (a) Spatial distribution of the trend [% (10 yr) '] in the total precipitation (ToPre), frequency (Freq), and intensity (Ins) of summer RDs.
The black bars refer to stations with increasing trends for total precipitation, frequency, and intensity, while the orange bars refer to stations with
decreasing trends. Blue/red bars refer to stations with significant increasing/decreasing trends for total precipitation at the 90% confidence level.
(b) Time series of averaged frequency (brown line) and intensity (green line) of RDs for all stations in the MLRYZR region for the summers of

1961-2019.
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Fig. 2. Trends [x-axis; (10 yr) '] of (a) the normalized occurrence anomalies (relative to 1961-2019) of the contribution of precipitation events
with different durations (y-axis; day) to the total numbers of RDs, and (b) normalized (relative to 1961-2019) temporal evolution (shaded) for the
contribution of PP days to the summers from 1961 to 2019 in the MLRYZR region. The black dashed line in (b) refers to the corresponding

linear regression.

From this perspective, precipitation tends to happen in
the form of PPs in the MLRYZR region.

As for the temporal evolution (Fig. 2b), the contribu-
tion of PPs was generally below normal before 1970, but
since then it has mainly been above normal, except for
some years in the 2000s. Although some different times-
cales of variability exist in the contribution of PPs dur-
ing 1961-2019, an increasing trend of 0.2 (10 yr)' is
statistically significant at the 99% confidence level. Spa-
tially, the contribution of PPs has increased significantly
at a rate of over 1% (10 yr)™' (at the 95% confidence
level) in the MLRYZR region (Fig. 3), especially in
some areas along the Yangtze River. This suggests that
the persistence of precipitation events in the MLRYZR
region has restructured in the summers from 1961 to

2019. Thus, a new result is that precipitation events tend
to happen in a more persistent way along with increased
frequency and intensity.

4. Related circulation changes

To reveal the mechanism underlying the increase in
persistent precipitation in the MLRYZR region, changes
in PPs related large-scale circulation systems at the daily
timescale were analyzed based on the following steps.
Firstly, the composite large-scale circulation anomalies
during widespread concurrent PPs were diagnosed in the
study region for the period 1961-2019. Then, possible
spatial linkages between the diagnosed key circulation
systems at 500 hPa and the PPs were studied by using
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Fig. 3. Spatial distribution of the trend [% (10 yr) )] in the contribution of the total number of PP days to the total number of RDs in summer of
1961-2019. The stations with a black dot inside refer to the stations with a trend at the 90% confidence level.
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PCA. Finally, based on the main component of the PCA
results, the changes in related key circulation patterns
were analyzed to reveal possible causes for changes in
PPs.

4.1 Connecting PP changes to daily circulation systems

Previous studies have indicated that circulation sys-
tems in the mid-high latitudes, such as the Ural blocking
(UB), Lake Baikal blocking (BB), and Okhotsk Sea
blocking (OB), as well as the WPSH in the low latitudes,
are key systems for certain persistent extreme precipita-
tion events in the MLRYZR region (Chen and Zhai,
2014b). These circulation systems are related to water
vapor transport and vertical air motion, which are neces-
sary condition for precipitation (Wang et al., 2019; Chen
B. et al., 2020).

In order to connect the large-scale circulation with the
PPs at the daily scale, widespread concurrent PPs were
identified based on PPs covering at least 40% of the sta-
tions in the study region (Zhang et al., 2005). To justify
the rationality of using a spatial coverage of 40% as the
threshold, other thresholds, such as 30% and 50%, were
also tested and the results confirmed that the selection of
the 40% threshold was appropriate. The concurrent large-
scale circulation anomalies of such events were investig-
ated through composite analysis. As shown in Fig. 4,
spatial distributions of the composite 700-hPa horizontal
wind anomalies, 500-hPa geopotential height anomalies
(Fig. 4a), and related water vapor flux anomalies and pre-
cipitable water anomalies (Fig. 4b) are depicted for the
widespread concurrent PPs. Clearly, anticyclonic anom-
alous systems are manifested near the northwestern Pa-
cific Ocean, Lake Baikal, and the Okhotsk Sea (Fig. 4).
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Consequently, an enhanced and westerly-extended
WPSH is favorable for transporting warm and moist wa-
ter vapor into the MLRYZR region (Figs. 4b, 5). Mean-
while, strengthened blocking systems near Lake Baikal
and the Okhotsk Sea seem to bring persistently cold and
dry air flux into the MLRYZR region (Figs. 4b, 5). Ac-
cordingly, an anomalous cyclonic circulation is clearly
seen over the MLYRZR region. Such cyclonic anom-
alies have contributed to converging more water vapor,
bringing more cold and dry air flow from higher latit-
udes, and concurrently promoting stronger vertical mo-
tion in this region (Fig. 4). As a result, these anomalous
circulation systems have jointly led to widespread con-
current PPs in the MLRYZR region.

As stated earlier, PPs that occur in the MLRYZR re-
gion are dominated by the influence of these AH—pres-
sure circulation systems. To better reveal the key circula-
tion systems influencing the occurrence of PPs, correla-
tion analyses were conducted between the occurrence of
much-above-normal geopotential height at 500 hPa (AH)
and the contribution of PPs. As indicated in Fig. 5, signi-
ficant high-correlation areas are also apparent near Lake
Baikal, the Okhotsk Sea, and the northwestern subtropi-
cal Pacific Ocean. Based on Figs. 4, 5, BB (40°—60°N,
50°-80°E), OB (55°-68°N, 112°-145°E), and WPSH
(15°-25°N, 105°-135°E) are identifiable as the key cir-
culation systems. It is revealed that the averaged PPs in
the MLRYZR region are highly related to the occurrence
of enhanced BB and OB, and a strengthened WPSH.

4.2 Identifying key influencing circulation patterns

To further investigate the spatial synergy among these
key AH-pressure circulation systems and persistent pre-
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Fig. 4. Composite fields of (a) water vapor flux [vector; kg (m s)"'] and precipitable water (shading; kg m™2) anomalies, and (b) 700-hPa hori-
zontal wind (vector; m s™') and 500-hPa geopotential height (shading; gpm) anomalies for the days identified as having widespread concurrent
PPs relative to 1961-2019. Red box refers to the MLRYZR region. Letters “A” and “C” refer to anticyclone and cyclone anomalies, respectively.
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Fig. 5. Spatial distribution of the correlations between the occurrence of anomalous highs (AHs) and the contribution of PPs from 1961 to 2019
(shading). Solid lines refer to the climatological average 500-hPa geopotential height (gpm) of 1961-2019. Blue boxes indicate the areas of Lake
Baikal blocking (BB), Okhotsk Sea blocking (OB), and the western Pacific subtropical high (WPSH). The red box refers to the MLRYZR region.

cipitation, PCA was applied to compute the spatiotem-
poral decomposition. The results show that the contribu-
tions of the variances of the first three leading eigen-
vectors reach up to 68%, 18%, and 13%, respectively.
Specifically, the first eigenvector exhibits a uniformly
positive spatial pattern reflecting synchronized anomal-
ous circulation systems and precipitation changes (Fig.
6a). It implies that the variation in the increased contribu-
tion of PPs in the MLRYZR region is consistent with the
variations in the occurrence of a pattern with anomal-
ously developed BB, OB, and WPSH (hereafter referred
to as the “BB + OB + WPSH” pattern). Noticeably, the
BB + OB + WPSH pattern is closely related to PPs. The
second eigenvector suggests that the increased contribu-
tion of PPs coincides with the occurrence of enhanced
OB and BB, but a weakened WPSH (figure omitted). As
for the third eigenvector (figure omitted), the enhanced
contribution of PPs is related to an above-normal occur-
rence of enhanced OB and WPSH, and a below-normal
occurrence of an enhanced BB. However, such asyn-

(a) EOF 1

68%

(b) EOF 1

chronous changes in these circulation systems have a
limited influence on the contribution of PPs. Generally, a
matched BB + OB + WPHS pattern, leading to changes
in PPs with a 68% contribution variance, is the main an-
omalous circulation pattern for PPs in the MLRYZR re-
gion. Such synchronous circulation system changes have
exerted an important influence on persistent precipita-
tion. As PC1 displays a positive trend (Fig. 6b), this im-
plies that the increase in PPs is mainly influenced by the
BB + OB + WPSH pattern.

4.3 Changes in the key anomalous circulation pattern

To further understand the changes in the synchronized
key circulation systems influencing PPs in the MLRYZR
region, time series of the occurrence of a persistent BB +
OB + WPSH pattern (persistent for over two days) and
the contribution of PPs are illustrated in Fig. 7. As we
can see, the occurrence of the key circulation pattern var-
ies coincidently with the contribution of PPs, with a pos-
itive correlation of 0.4 at the 95% confidence level. This

68%
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Fig. 6. (a) The first leading eigenvectors and (b) corresponding principal component (PC1) of the contribution of PPs (PP_con) in the MLRYZR
region and the occurrence of AHs in BB, OB, and WPSH. The red dashed line in (b) refers to the corresponding linear regression.
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Fig. 7. Time series of the occurrence of a persistent BB + OB + WPSH pattern (persistent for at least 2 days; day) and the contribution of PPs
(%) in summer for the period 1961-2019. The blue and red solid lines refer to the corresponding 5-yr running average. The gray solid line refers

to the linear regression.

indicates that persistent precipitation is closely connec-
ted with this anomalous circulation pattern. Under such a
condition, persistent dry and cold flow in association
with BB and OB converge in the MLRYZR region with
persistent moist and warm air transported from the
WPSH, maintaining the water vapor supply and vertical
motion. These conditions therefore support the occur-
rence of PPs in this region. Furthermore, the occurrence
of a persistent BB + OB + WPSH pattern has changed
with a trend of 1.4 days (10 yr)™!, significant at the 99%
confidence level. Thus, precipitation in the MLRYZR re-
gion has restructured in the form of more PPs, which is
possibly due to the reinforced persistent BB + OB +
WPSH pattern.

Yao and Ren (2019) indicated that interannual and in-
terdecadal variations are important characteristics for
persistent heavy rainfall. Here, as we can see from Fig. 7,
related variation also exists in the contribution of PPs. To
explore the possible causes, further analysis was applied
to the detrended time series for the key circulation pat-
tern and the contribution of PPs. It was found that these
two detrended series are significantly correlated, with a
correlation of 0.3. Clearly, the variability of the BB + OB
+ WPSH pattern also influences the variation of persist-
ent precipitation in the MLRYZR region on interannual
and interdecadal timescales.

It has been recognized that in El Nifio years, both the
blocking at high latitudes and the WPSH at low latitudes
are enhanced due to the anomalies in the sea surface
thermal condition and air—sea interactions (Feng et al.,
2011; Wang et al., 2012; Li et al., 2016; Yu and Zhai,
2018), which ultimately promotes precipitation to occur
in a more persistent way in the MLRYZR region. Fur-

ther analyses support the fact that tropical SST anom-
alies could influence the BB + OB + WPSH pattern, as
we found that the summer Nifio index is significantly
correlated with this pattern (correlation of 0.3). Besides,
a shift in the Pacific Decadal Oscillation (PDO) can also
result in changes to the summer precipitation pattern in
East China via warming over Lake Baikal and a weaken-
ing of the westerly jet (Zhu et al., 2011).

5. Conclusions and discussion

In this study, the changes in the structure of summer
precipitation in the MLRYZR region and the possible
mechanisms linking them to key large-scale circulation
system changes were investigated based on daily obser-
vations and reanalysis data from 1961 to 2019. Overall,
this diagnostic study provides a more comprehensive un-
derstanding of the changes in precipitation that have
taken place in the MLRYZR region in recent decades.
More specifically, the main conclusions are as follows.

(1) Precipitation events in the MLRYZR region have
tended to occur in the form of more PPs along with in-
creased intensity and frequency. The contribution of
NPPs has decreased significantly, while that of PPs has
increased. Thus, an increased contribution of persistent
precipitation days to all RDs is one of the essential fea-
tures of recent precipitation change in the MLRYZR
region.

(2) Mechanism analysis revealed that a persistently
synchronized enhancement of blocking systems and the
subtropical high is the likely dominant cause of the in-
creased occurrence of PPs in the MLRYZR region. Un-
der such conditions, dry and cold flow in association
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with BB and OB persistently converges in the MLRYZR
region with moist and warm air induced by the WPSH,
thus maintaining the level of water vapor and vertical
motion and ultimately leading to the occurrence of per-
sistent precipitation in this region. Regarding the en-
hanced BB + OB + WPSH pattern from 1961 to 2019,
this is possibly connected with sea-ice loss and sub-
sequent Arctic warming (Cohen et al., 2017; Coumou et
al., 2018) linked to the global warming background.

Previous studies have suggested that the WPSH and
blocking systems have become more persistent and
strengthened during recent decades (Horton et al., 2015;
Luo et al., 2016; Tyrlis et al., 2020). Based on further in-
depth attribution studies for these circulation systems,
changes in blocking can be attributed to human influ-
ence (Dennison et al., 2015). However, there have yet to
be many detection and attribution studies carried out for
the combined changes in these circulation systems. In
this paper, we have detected the key circulation pattern
changes for PPs and discussed their possible linkages.
The findings provide a foundation for further studies to
facilitate storyline attribution of persistent precipitation
from the circulation perspective. Also, many studies have
provided information on the projected changes in precip-
itation in the MLRYZR region by using several methods
(Wu et al., 2016; Yu et al.,, 2018). Noticeably, the
WPSH and mid-high-latitude blocking are projected to
become more persistent according to some studies (Mok-
hov et al., 2014; Chen X. L. et al., 2020). Therefore, fu-
ture precipitation changes in the MLRYZR region are
worthy of further study in terms of their connection with
the projected changes in the dominant circulation
systems.
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