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Abstract In June–July 2020, the middle and lower reaches of the Yangtze River (MLYR) were hit by a
Meiyu event characterized by a long duration, abundant precipitation, and frequent heavy rainfall, resulting in
destructive flooding. We found that the extreme cumulative precipitation in 2020 was mainly contributed by
more moderate to heavy daily precipitation rather than extreme daily events. Although some previous studies
have been conducted to attribute the 2020 Meiyu event in the MLYR, most of them focused on the cumulative
precipitation amount. This attribution case study complements previous attribution analyses and reveals many
new features. Our results show that anthropogenic climate change—primarily driven by greenhouse gas (GHG)
forcing, anthropogenic aerosol (AA) forcing, and land‐use—has led to a decrease in the number of light to heavy
precipitation days, while concurrently increasing the number of extreme precipitation days in the MLYR.
Specifically, GHG and AA forcings decreased the frequency of light and moderate precipitation, but only GHG
increased the frequency of extreme precipitation. An increasing trend in very heavy precipitation days has been
observed. The competitive effects of GHG and AA forcings make it challenging to detect the signal of human
activities, which could be intermingled with effects from natural variability. Under the SSP5‐8.5 scenario, the
probability of experiencing both light and extreme precipitation events will significantly increase in the MLYR.
By 2050–2100, these events are projected to be nearly 4 times more frequent compared to the current climate,
which poses significant challenges to water security and economic development decision makers.

Plain Language Summary The Meiyu season is the rain belt over the middle and lower reaches of
the Yangtze River (MLYR) which is associated with a shift in atmospheric circulation that causes a persistent
precipitation in early summer. Precipitation during the Meiyu season is generally continuous, with occasional
heavy rains that cause flooding. Two floods, in 1931 and 1998, caused a large number of casualties and
economic losses in the MLYR. However, the MLYR experienced the longest Meiyu event in 2020, which
persisted for 2 months, and resulted in the consequent flooding. We found that the extreme cumulative Meiyu
event in 2020 was mainly contributed by more moderate to heavy daily rainfall rather than extreme daily events.
Although some previous studies have been conducted to attribute the 2020 Meiyu event in the MLYR, most of
them focused on the cumulative precipitation amount. This attribution case study complements previous
attribution analyses and reveals many new features. According to our studies, by the mid to late 21st century, the
probability of such a high frequency of both light and extreme precipitation will increase significantly, which
may affect people's work and lives, as well as the safety of drinking water.

1. Introduction
Human influence on the Earth's climate has become unequivocal, increasingly apparent and widespread (Ara
Begum et al., 2022). Climate change not only includes changes in mean climate but also in weather extremes
(Fischer & Knutti, 2015). A number of previous studies have indicated that the hydrological cycle has accelerated
with global warming, resulting in increasing the uneven distribution of precipitation and thus the frequency and
intensity of flooding and droughts from global to regional scales (e.g., Hirsch & Archfield, 2015; Seneviratne
et al., 2012; Stott et al., 2004; B. Sun et al., 2022; H. Wang et al., 2024; S. Wang et al., 2021; J. Zhang et al., 2023;
T. Zhou et al., 2021).

For the increase in extreme precipitation, the main explanation is that a warmer atmosphere induced by green-
house gases (GHGs) holds more moisture, thereby causing heavier rainfall events, based on the Clausius‐
Clapeyron relationship (Lenderink & Fowler, 2017; X. Zhang et al., 2013). Previous detection and attribution
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analyses have suggested that anthropogenic impacts are detectable in extreme precipitation (S. Dong et al., 2021;
W. Li et al., 2018; Min et al., 2011; X. Zhang et al., 2007, 2013) but with large uncertainty in China. For instance,
S. Dong et al. (2021) indicated that the anthropogenic forcing has increased the likelihood of extreme precipi-
tation. This intensification of extreme precipitation under anthropogenic impacts was also revealed by Mada-
kumbura et al. (2021) when fully considering model uncertainty. However, there are also many findings
indicating that the anthropogenic forcing has decreased the probability of extreme events, mainly as a result of the
cooling effects of anthropogenic aerosols (AAs) offsetting the contribution of GHGs (Lu et al., 2022; Y. Ma, Hu,
Meng, et al., 2022; Y. Ma, Hu, Xie, et al., 2022; T. Zhou et al., 2021).

The Yangtze River is the third largest river in the world, with a large population and industry. TheMeiyu season is
the rain belt over the middle and lower reaches of the Yangtze River (MLYR) which is the main rainy season of
the East Asian summer monsoon (Ding, 1992; Ding & Chan, 2005; Ding et al., 2021). It usually begins in early
June and ends in mid‐July, and is associated with the onset of the Asian summer monsoon. Floods or droughts
during the rainy season have a negative impact on local agriculture and livelihoods, and may cause a series of
secondary disasters. During the summer of 2020, the middle and lower reaches of the Yangtze River (MLYR)
were affected by the longest Meiyu event (persistent precipitation event). This event was characterized by an
abundant precipitation, and frequent heavy rainstorm processes (Ding et al., 2021). TheMeiyu event affected 45.5
billion people, resulted in 142 people missing or dying, and caused approximately $16.5 billion in direct eco-
nomic losses (Wei et al., 2020). Jia et al. (2022) compared with 1998 and 2020 Meiyu events by atmospheric,
hydrological, socioeconomic, and disaster‐loss perspectives, revealed that the reduction in economic losses was
due to China's achievements in disaster risk reduction measures. Regarding this extreme event, many studies have
been conducted to investigate its features (Cui et al., 2021; Ding et al., 2021) and possible causes (e.g., Y. Guo
et al., 2021; Lu et al., 2022; Y. Ma, Hu, Meng, et al., 2022; Y. Ma, Hu, Xie, et al., 2022; Pan et al., 2021; L. Zhang
et al., 2021; Z. Zhou et al., 2021). The majority of researchers believe that the Yangtze flood during summer 2020
was predominantly driven by the combined effect of the record strong Indian Ocean Dipole and weak central
Pacific El Niño in late 2019 (Takaya et al., 2020; Tang et al., 2021; S. Wang et al., 2014; Y. Wang et al., 2022;
Yuan et al., 2018; Z. Zhou et al., 2021), as well as anthropogenic effects (T. Zhou et al., 2021). Given the long
duration of the rainy season, a detailed attribution analysis has been carried out by T. Zhou et al. (2021) on the
maximum precipitation over long consecutive days (A consecutive maximum of 14 and 28 days of precipitation;
Rx14day and Rx28day) during June‐July, which indicated that the anthropogenic forcing has reduced the
probability of extreme rainfall, mainly because the cooling effect of aerosols reduces atmospheric moisture and
weakens the East Asian summer monsoon circulation. Considering the characteristics of the Meiyu event in 2020,
we noticed that the extreme Rx28day amount in this year was mainly contributed bymore moderate to heavy daily
rainfall rather than daily extremes when compared with the other two extreme Meiyu events in 1998 and 2016
(Figure 1). However, it is still unclear and even disputable as to what extent the anthropogenic forcing affects
Yangtze floods because of the complexity of floods and the unprecedentedly high frequency (precipitation day) of
moderate to heavy precipitation in the observations. Therefore, this study will further assess the contribution of
anthropogenic climate change to the extreme Meiyu event in the MLYR in terms of the precipitation frequency at
different percentiles. This attribution case study is complementary to previous attribution analyses of long‐day
cumulative precipitation and reveals many important new features.

2. Data and Methodology
2.1. Data

In this paper, we emphasized the number of days with daily precipitation at different percentiles and regarded it as
the frequency. The study region was mainly the MLYR region (red box in Figure 3a; 29°–33°N, 111°− 122°E).
We used daily precipitation observations, which are gridded data from 2,472 stations interpolated into 0.5° × 0.5°
grid cells using the thin‐plate spline method (Shen et al., 2010), which were obtained from the China Meteo-
rological Administration (CMA) from 1961 to 2020. Additionally, we utilized the accumulated daily surface
water runoff data from NCEP Reanalysis I at a spatial resolution of 2° × 2°, covering the period from 1961 to
2020.

To measure event attribution, daily precipitation simulations from the Coupled Model Intercomparison Project
Phase 6 (CMIP6; Eyring et al., 2016) were used, including historical simulations (HIST), historical simulations
forced by natural forcing only (NAT), historical simulations forced by well‐mixed greenhouse gases only (GHG),
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historical simulations forced by anthropological aerosols only (AA) and scenario projections under different
shared socioeconomic pathways, consisting of a medium emission scenario SSP2‐4.5 (ssp245) and a high
emission scenario SSP5‐8.5 (ssp585). All model data were converted to 0.5° × 0.5°, which is the same as the
observation. As the individual forcing simulations span 1961 to 2020, we extended the historical (HIST) forcing
runs to 2020 with the ssp245 scenario (2015–2020). We obtained all available models for the variable precipi-
tation (pr) and performed a model evaluation using the two‐sample Kolmogorov–Smirnov (KS) test (Marsaglia
et al., 2003), which indicated that the model data followed the same distribution as the observations at 95%
significance level. Thus, 21 experiments from nine models were selected that passed the KS test, were positively
related, and had the same trend direction as the observation (Table 1 for the model list and information).

Figure 1. Total June–July precipitation in 1998/2016 (a, d), observed accumulated precipitation (b, e, g) and its climatology and observed June‐July daily precipitation in
1998/2016/2020 (c, f, h) and runoff as compared with their climatology. Shaded areas in (c, f, h) are range of runoff. Black bars represent daily percentage precipitation
anomaly. Shaded areas in (b, e, g) are range of accumulated precipitation.
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2.2. Classification and Attribution Method

First, precipitation was transformed into percentage precipitation anomaly (PPA) for the purpose of correcting for
bias with different CMIP6 climate model simulations. The calculation of PPA is as follows:

PPA =
PRE − PRE

PRE
× 100

where PPA is the percentage precipitation anomaly (unit: %), PRE is the daily precipitation, PRE is the daily
climatology from 1981 to 2010.

Figure 2. Percentage precipitation anomaly (PPA; unit: %) (a) in June–July mean value in 2020 relative to the 1981–2010
climatology based on China Meteorological Administration observations. The red box represents the study region. (b) The
regional mean June–July precipitation days in different percentiles.

Figure 3. Trend of different variable (a) days (unit: d/decade), (b) amount (unit: mm/decade), and (c) intensities (unit: mm/
decade) in all precipitation percentiles from observation in 1961–2020. Error bars represent confidence intervals at the 95%
confidence level. The yellow star represent it has passed the 95% significance test.
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Moreover, the PPA at a given grid point was sorted and divided into six percentiles: Very light precipitation
(PPA ≤ 80th), light precipitation (80th < PPA ≤ 85th), moderate precipitation (85th < PPA ≤ 90th), heavy
precipitation (90th < PPA ≤ 95th), very heavy precipitation (95th < PPA ≤ 99th) and extreme precipitation
(PPA > 99th). In addition, the days, amount, and intensity of precipitation were calculated by the regional mean at
different percentiles.

Their multi‐model ensemble mean matches well with the observed distribution (Figure S1 in Supporting Infor-
mation S1). To accurately measure experiments other than the natural forcing, we used the climatology under the
natural forcing to calculate all values. The generalized extreme value was fitted to the precipitation days in each
rank to assess the probability density function (PDF). We used the probability ratio (PR) to estimate the influence
of different external forcings on the occurrence probability of extreme events, which is defined as PR = P1/P2.
Here, P1 and P2 represent the probability of exceeding the precipitation days in a certain percentile, such as 2020,
under different external forcings. For instance, when comparing HIST and NAT experiments to access the
contribution of human activity to extreme events, P1 and P2 denote the occurrence probability of events in HIST
and NAT simulations, respectively. The 95% confidence intervals (CI) were estimated with 1,000‐member
bootstrapped samples over 21 simulations (Efron & Tibshirani, 1994). If the PR is greater than 1 and the con-
fidence interval does not contain 0, we could define that the effect of individual anthropogenic forcing (HIST,
GHG and AA) increases the probability of an extreme event. The opposite is also true.

3. Results
3.1. 2020 Meiyu Season Character

The middle and lower reaches of the Yangtze River have suffered many floods, such as 1931, 1998, 2016, and so
on. The 1931 Yangtze River Flood, which resulted in the deaths of 2 million, is regarded as one of the world's
deadliest natural disasters on record (Y. Zhou et al., 2023). However, modern observations in China began in
1961. It is difficult to ensure the accuracy of the data before 1961 because there was no complete observing
system. In order to study the characteristics of the 2020 Meiyu season, we compared the extreme Meiyu events of
different years in June‐July (Figures 1a–1c) including 1998, 2016, and 2020. Despite the climate circulation
patterns not being consistent over these three years, we primarily selected them due to the extreme nature of the
Meiyu precipitation events. These events have caused significant economic losses and impacted the livelihoods of
the people in the MLYR region over the past 30 years. In 1998, flood killed 1,320 deaths and affected 223 million
people (Zong & Chen, 2000), which is consider to be typically caused by extreme precipitation events. It can be
seen that the areas of occurrence of the Meiyu season vary slightly from year to year (Figures 1a and 1d),
indicating that the accumulated precipitation has increased more unevenly, and the precipitation streak has
occurred mainly from early to mid‐June or mid‐July (Figures 1a and 1d). We also paid attention to the runoff
situation, which essentially coincides with the high values of precipitation, indicating that the majority of flooding
disasters in the region are mainly due to rainfall across various years.

Table 1
Detailed Information of the Model Simulations

Model Test Number

ACCESS‐CM2 r3i1p1f1 1

BCC‐CSM2‐MR r3i1p1f1 1

CESM2 r1i1p1f1, r2i1p1f1, r3i1p1f1 3

CanESM5 r2i1p1f1, r3i1p1f1, r4i1p1f1, r5i1p1f1, r6i1p1f1, r9i1p1f1 6

HadGEM3‐GC31‐LL r1i1p1f3 1

IPSL‐CM6A‐LR r8i1p1f1, r9i1p1f1 2

MIROC6 r11i1p1f1, r32i1p1f1, r39i1p1f1, r3i1p1f1 4

MRI‐ESM2‐0 r2i1p1f1 1

NorESM2‐LM r1i1p1f1, r3i1p1f1 2

9 21

Note. The last column of table is the number of the experiments from each model.
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From June to July 2020, most of the MLYR (red box in Figure 2a) experienced the longest Meiyu event since
1961 (Figures 1g and 1h), lasting nearly 2 months. Previous studies have shown that the duration of the 2020
Meiyu season is more than 20 days longer than that of the normal season and is the longest since 1961, persisting
from June 1 to August 2 with a duration of 62 days (Ding et al., 2021; Qiao et al., 2021; Y. Wang et al., 2022). In
Figure 1g, we can see that the daily precipitation in June–July 2020 continues to increase steadily, indicated that
precipitation during the Meiyu season is a gradual accumulation process. Moreover, the daily PPA higher than 0,
which indicated that mostly precipitation larger than the 1981–2010 climatology (Figure 1h), but with little very
severe daily precipitation higher than 400%. The majority of daily percentage precipitation anomalies over the
MLYR precipitation within the heavy to very heavy percentiles, particularly during the Meiyu season in 2020
(Figure 1h), where the days with PPA exceeding the 90th percentile were significantly more frequent compared to
the monsoon seasons of 1998 (Figure 1c) and 2016 (Figure 1f).

Such a barrage of moderate to heavy precipitation resulted in the cumulative precipitation increasing rapidly in the
2020 Meiyu season, and its cumulative amount was much higher than the climatology in late July (Figures 1a and
2a). In 2020, all precipitation intensity categories were more frequent than previous records (Figure 2b) and
experienced upward trends since 1961 (Figure 3a). However, only the days of very heavy precipitation experi-
enced a significant increase at a rate of 0.15 d/decade. Further trend analysis of precipitation intensity for different
percentiles shows that there is no significant trend in very heavy precipitation (Figure 3c); thus, the noticeably
increasing amount for the very heavy precipitation (Figure 3b) is mainly contributed by more very heavy pre-
cipitation days (Figure 3a).

3.2. Attribution

3.2.1. Anthropogenic Forcing

To examine the role of the anthropogenic forcing, we first compared the probability distribution functions (PDFs)
of the precipitation days in different percentiles under the ALL and NAT forcings (the red and blue curves in
Figure 4, respectively). Figure 5 shows the PR and its confidence interval (CI) for the 2020‐like event, the 1‐in‐
100‐year event, the 1‐in‐50‐year event and the 1‐in‐30‐year event. Figure 4 emphasizes the leftward and right-
ward shifts of the PDF, while Figure 5 displays a visual presentation of the PR values at different thresholds. A
value greater than 1 or less than 1 on both sides signifies the passage of the 95% significance test. However, if one
side exhibits a positive value and the other a negative one, it signifies that the results did not meet the criteria for
the significance test. The results show that the PDF shifted leftward due to the anthropogenic forcing (Figures 4a–
4c), which indicated that anthropogenic forcing reduced the number of days of light precipitation, moderate
precipitation and heavy precipitation, with PR values of similar to 2020 event is 0.18 (95% CI: 0.07–0.36), 0.26
(95% CI: 0.08–0.67) and 0.10 (95% CI: 0.02–0.39), respectively (Figure 5a). This result suggested that human
activities have reduced the risk of such many days of light, moderate and heavy precipitation, such as the 2020
observations, by 82%, 74%, and 90%, respectively (Figure 5a). With regard to very heavy precipitation days, its
PDF shifts from a wider NAT forcing to a narrower in HIST forcing distribution in shape, indicating a decrease in
the probability of very heavy precipitation day events (Figure 4d). However, because of the extreme conditions on
very heavy precipitation days in the 2020 observations and the small sample size, the uncertainty of the PR value
(Figure 5a) is large, with a 95% CI ranging from 0.08 to 1.09. Concerning the 1‐in‐100‐year event on very heavy
precipitation days (Figure 5b), its occurrence probability decreased from 0.98% to 0.49%, with a PR value of 0.51
(95% CI: 0.17–0.99). This finding implied that the number of very heavy precipitation days in the 1‐in‐100‐year
event was also reduced by 49% due to human activities (Figure 5b). Moreover, the results of the extreme pre-
cipitation appear to be different from the previous results (Figure 4e). The PDF shifts right due to the anthro-
pogenic forcing, indicating that human activity has increased the extreme precipitation at a frequency similar to
that observed in 2020 by 18%, although less significantly. With respect to a 1‐in‐30‐year event, its risk of extreme
precipitation days has increased by 42% (95% CI: 12%–87%). In summary, from light to extreme precipitation, we
can see from top to bottom in Figures 5a–5e that the PDF in the HIST forcing is gradually shifting from the left in
the NAT forcing to the right, suggesting that anthropogenic climate change has reduced the light‐moderate
precipitation days but increased the extreme precipitation days. Similar conclusions have been made by previ-
ous studies but for the globe as a whole and over various regions. For example, Y. Sun et al. (2007) revealed that
the precipitation histograms shift toward the right‐hand side, with a large increase in more intense precipitation
and less light precipitation in a warmer future. H. Li et al. (2018) also demonstrated that global warming causes an
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Figure 4. Probability density functions (PDFs; curve) of precipitation days in different percentiles in June–July over theMLYR from CMIP6 simulations under historical
(HIST, in red) and hist‐nat (NAT, in blue), hist‐GHG (GHG, in green), and hist‐aer (anthropogenic aerosol, in brown) forcings and under different shared socioeconomic
pathways SSP2–4.5 (ssp245, in orange), and SSP5‐8.5 (ssp585, in yellow). All historical simulation experiments for the 1961–2020 period. The future scenario
simulation time period is 2050–2100.
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increase in both the occurrence and intensity of extreme precipitation in most regions of China under 1.5 and
2.0°C global warming targets based on the regional climate model.

3.2.2. Green‐House Gases Forcing

Human activities are mainly dominated by GHGs and AAs. Previous studies have noted that the GHGs and AAs
have different effects on precipitation (T. Zhou et al., 2021). We investigated the influences of individual external
forcings to estimate the contributions of the GHG (in green) and AA forcings (in brown) on the likelihood of
precipitation frequency. Comparing the PDFs of light precipitation and moderate precipitation days under the
NAT and GHG forcings, the results show that the PDFs shift toward the left‐hand side, suggesting that the GHG
forcing has decreased the probability of light and moderate precipitation days. For the heavy precipitation days
(Figure 4c), compared to the PDF under the NAT forcing, the GHGs have a narrower distribution, implying that
the risk of so many heavy precipitation days in theMLYR as that in 2020 has decreased due to the GHG influence.
In regard to very heavy precipitation and extreme precipitation (Figures 4d and 4e), the PDF shifted to the right‐
hand side from the NAT forcing to the GHG forcing, especially for the extreme precipitation with a PR value of
1.55 (95% CI: 1.16–2.09), suggesting that GHGs significantly increased the probability of extreme precipitation
days (Figure 5). Overall, the GHG forcing is shown to have reduced the number of light precipitation days while
increasing the number of very heavy and extreme precipitation days in the MLYR. This pattern change has been
confirmed bymany researchers using modeling results and observations (Liu et al., 2009; Shiu et al., 2012; Y. Sun
et al., 2007). According to the Clausius–Clapeyron relationship, the saturation vapor pressure increases by
approximately 7%·K− 1. Greenhouse gas forcing induces atmospheric warming, resulting in an increase in total
atmospheric moisture. Consequently, this increases horizontal water vapor transport, leading to an increased
precipitation‐evaporation deficit in areas of water vapor convergence, while decreasing in areas of water vapor
divergence (X. Li et al., 2015). The enhanced evapotranspiration and increased water vapor due to global
warming may intensify monsoon rainfall (Kitoh et al., 2013; J. Lee & Wang, 2014). For the Asian monsoon, the
weakening of the dynamic monsoon circulation, in comparison to other monsoons, resulting in a lager precipi-
tation increase. It is well‐established that extreme precipitation intensifies with increased atmospheric moisture in

Figure 5. (a) Probability ratio of precipitation days in different percentiles similar to the year of 2020, with a range of 2.5%–
97.5% confidence intervals. Panels (b–d) is similar to panel (a), but for 1‐in‐100‐year event, 1‐in‐50‐year event and 1‐in‐30‐
year event.
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warm climates (Boer, 1993; Trenberth et al., 2003; Westra et al., 2013). The increase in very heavy and extreme
precipitation depletes the atmospheric moisture available for light and moderate rain events (Dai et al., 2020;
Trenberth et al., 2003). Thus, both an increase in heavy and extreme precipitation events and a decrease in light
rain events can be expected in a warming environment. Trenberth et al. (2003) have shown that the water vapor
source of moderate to heavy precipitation is not only from evaporation but also partly frommoisture transport and
convergence. However, considering the constraint of radiative balance, the increase in precipitation cannot
exceed 7%·K− 1 (Takahashi, 2009). Dai et al. (2020) claimed that since the frequency multiplied by intensity
equals the total amount, and the globally averaged amount is 2%·K− 1 while intensity is about 7%·K− 1, the fre-
quency has to be negative. In a warmer climate, a proposed mechanism is that each storm carries away more than
7%·K− 1 of water vapor with the increase in storms. However, observational data indicates that the surface
evaporation rate is about 2%·K− 1. This suggests that under warmer climate conditions, it takes longer on average
for the next storm to form as more time is needed for evaporation to replenish the depleted moisture in the air. This
could be a plausible explanation for the phenomena (Dai et al., 2020; Trenberth et al., 2003). Thus, both an
increase in heavy and extreme precipitation events and a decrease in light rain events can be expected in a
warming environment.

3.2.3. Anthropogenic Aerosol Forcing

The effect of the AA forcing (brown curve in Figure 4) has reduced the probability of many precipitation days
with light to very heavy precipitation, similar to the 2020 observation, especially for the light and moderate
precipitation which is decreased by 83% (95% CI: 67%–94%) and 59% (95% CI: 27%–90%), respectively, similar
to the observation (Figure 5a). For extreme precipitation, the PDF under the AA forcing also shifts to the right‐
hand side of that under the NAT forcing, but we cannot be sure if the AA forcing has increased the extreme
precipitation days due to the large uncertainty (Figure 5a; with the PR value ranging from 0.61 to 1.33 at 95% CI).
Despite the observed rightward shift in the AA‐forced PDF, it did not meet the 95% significance threshold, and
thus, we did not include this observation in our final conclusions. In general, the AA impact is mostly negative for
extreme events, but such a negative effect decreases with increasing rainfall intensity, as shown in Figure 2.
Previous studies (Polson et al., 2014; A. D. Zhao et al., 2019) have implied that anthropogenic aerosols shift the
distribution of precipitation means and extremes to smaller values in monsoon regions. The significant increase in
atmospheric pollutants may reduce the temperature difference between land and sea, which could exacerbate the
weakening of the monsoon circulation (Wu et al., 2016). This finding is similar to our previous conclusion.

For the very heavy precipitation, the GHG forcing has increased the probability of a high number of precipitation
days, such as 2020, while anthropogenic aerosols reduced the probability. They are comparable, and thus, the
anthropogenic forcing on very heavy precipitation days can hardly be detected.

3.2.4. Future Changes

The attribution results imply that the GHG and AA forcings have increased the probability of extreme precipi-
tation days in the MLYR. With continuous warming due to more GHG emissions and AA reduction in the future,
whether the frequency of such precipitation days in different percentiles, such as 2020, will increase in the future
is a question we have been discussing. Here, we show the changes in precipitation days in different percentiles in
the second half of the 21st century under the SSP2‐4.5 and SSP5‐8.5 scenarios (Figures 4f–4j). Under the SSP5‐
8.5 scenarios, precipitation days with light and extreme precipitation have increased in the future, and the like-
lihood of many precipitation days in the MLYR is as high as that in 2020, especially for the extreme precipitation,
which will be 3.92 (95% CI: 3.09–5.20) times (Figure 5a) more likely by 2050–2100 than in the observed climate
(1961–2020).

4. Conclusion and Discussion
During the 2020 Meiyu season, the MLYR experienced unprecedented heavy precipitation, characterized by
long‐lasting duration, abundant precipitation, and frequent heavy rainstorms, resulting in a catastrophic flooding.
Interestingly, we noticed that the extreme cumulative Meiyu in 2020 was mainly contributed by more days of
moderate to heavy rainfall rather than the extreme rainfall, with a notable 26 days of moderate precipitation.
While existing attribution studies of the 2020 unprecedented Meiyu in the MLYR have mainly focused on cu-
mulative precipitation amount, including averaged percentage precipitation anomalies for June and July and the
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maximum 5/14/28‐consecutive‐day precipitation anomalies (e.g., Lu et al., 2022; T. Zhou et al., 2021), this study
conducts a more detailed investigation to assess the contribution of anthropogenic climate change on the fre-
quency of precipitation in different percentiles. Our results show that precipitation days with different percentiles
in 2020 reached record‐breaking highs since 1961 in the MLYR.We analyzed the trend of precipitation days with
different percentiles and found that the very heavy precipitation (95th–99th) has a significant upward trend. In the
framework of event attribution, this study estimated the influences of individual anthropogenic forcings (AA and
GHG) on different precipitation days and revealed many important new features. The contribution of anthro-
pogenic forcings to precipitation days varies according to their intensity. As the rainfall increases in intensity
(from light to extreme precipitation), the PDF under the HIST forcing gradually shifts from the left of the NAT
forcing to the right, indicating that anthropogenic climate change has reduced the number of light (80th–85th) to
heavy (90th–95th) precipitation days while increasing the number of extreme (>99th) precipitation days in the
MLYR. Specifically, both the GHG and AA forcings have decreased the probability of light (80th‐85th) and
moderate (85th–90th) precipitation days as that in 2020. For the extreme precipitation (>99th), the risk of such a
high number of days has been significantly increased due to GHG forcing. To our knowledge, an increasing trend
in very heavy precipitation days (95th–99th) was observed, resulting from the competing effects between GHGs
and AAs in the MLYR region. However, the anthropogenic influence on very heavy precipitation days (95th–
99th) appears negligible. In the future, the likelihood of such high frequencies similar to the observations of light
and extreme precipitation are increasing significantly, especially for the extreme precipitation, which is nearly 4
times more likely by 2050–2100 than in the current climate and poses serious challenges for decision makers in
terms of water resource security and economic development.

In 2020, lockdown measures were implemented to prevent the spread of the novel coronavirus, leading to a
notable reduction in AA emissions. While this specific aspect was not considered in the CMIP6 experiment
outlined in this article, the reduction in anthropogenic emissions due to the unprecedented COVID‐19 restrictions
may contribute to the exceptional summer rainfall observed in China. Studies by Yang et al. (2022) and S. Lee
et al. (2021) have indicated that the reduction in aerosols had a pronounced impact on precipitation. Although
China has been actively implementing emission reduction measures since 2013, the changes in aerosols have not
been as abrupt or drastic, thus potentially affecting precipitation events in the MLYR.

Due to the large uncertainties in aerosol–cloud–climate interactions, it is particularly difficult to identify the
impact of aerosols on precipitation processes (Y. Zhao et al., 2023, 2024). Previous studies agree that aerosols
have complex and even offset effects on precipitation and precipitation extremes (Malavelle et al., 2017; Polson
et al., 2014; Ramanathan et al., 2005; A. D. Zhao et al., 2019). Focusing on theMLYR region, the major opinion is
that increasing aerosols cause a decrease in precipitation in the East Asian monsoon region, either through the
aerosol cooling effect (Charlson et al., 1992) alone causing circulation anomalies (Polson et al., 2014), or through
both aerosol–radiation interactions and aerosol–cloud interactions (B. Dong et al., 2019). Jiang et al. (2013)
conducted numerical simulations to investigate the impact of the aerosols' indirect effects on precipitation, which
indicated that these aerosol indirect effects lead to an increase in precipitation in southern China. Dramatic in-
creases in anthropogenic aerosols appear to account for most of the observed light precipitation suppression since
the 1950s (Y. Wang et al., 2016). There is abundant observational evidence (J. Guo et al., 2014; Qian et al., 2009)
supporting that anthropogenic aerosols have suppressed drizzle precipitation by both aerosol–radiation in-
teractions and aerosol–cloud interactions. This result supports our conclusion that the reduction in light pre-
cipitation days is most significant due to the AA forcing and that a further increase is partly due to aerosol
reduction.

Concerning extreme precipitation, some studies have indicated that the anthropogenic aerosols inhibit warm rain
processes and release latent heat to enhance convection, resulting in increased precipitation (Fan et al., 2015;
Souri et al., 2020; C. Zhao et al., 2018). In a warmer future, AA reductions would shift the distribution of pre-
cipitation means and extremes to larger values in monsoons (Gründemann et al., 2022; Liu et al., 2019; Z. Wang
et al., 2016; A. D. Zhao et al., 2019). Moreover, aerosol–cloud interactions are regarded as a large source of
uncertainty in future climate projections (Simpkins, 2018). Nevertheless, aerosols can also indirectly influence
the cloud droplet particle size (Bennartz et al., 2011), which adjusts the liquid water content and cloud thickness,
decreasing the precipitation efficiency and thus increasing the cloud lifetime (Boucher et al., 2013). Conse-
quently, there is currently no conclusive evidence on the increasing or decreasing contribution of aerosols to
extreme precipitation days in the MLYR.
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Previous studies have used different methods to attribute extreme precipitation in global regions (S. Dong
et al., 2021; Madakumbura et al., 2021) and have also studied Asia in detail (S. Dong et al., 2020), showing that
anthropogenic signals can be detected with a large uncertainties (Eden et al., 2018), but different regions have
reached inconsistent conclusions about the intensity or frequency of extreme precipitation (Lu et al., 2022;
Seneviratne et al., 2021), so more robust evidence is needed to demonstrate an increase in extreme precipitation
events.

Previous studies have typically focused on attributing the extreme Meiyu event in 2020 to 5‐day precipitation
(Rx5d) and 28‐day precipitation (Rx28d), indicated that anthropogenic forcing has reduced the probability of
extreme rainfall observed during Meiyu season in 2020 (Lu et al., 2022; T. Zhou et al., 2021). In this paper, we
evaluated the changes in precipitation frequency during the Meiyu season by counting the number of days with
varying precipitation different intensities. Meanwhile, Z. Wang et al. (2023) analyzed four extreme Meiyu
precipitation events that occurred in MLYR in 1931, 1954, 1998, and 2020, and their conclusions partially
corroborate our findings. The competitive effects of GHG and AA forcings make it challenging to detect the
signal of human activities in very heavy precipitation days, as these signals can be intermingled with natural
variability effects. This human‐induced phenomenon has also been documented in various regions globally
(Donat et al., 2016; S. Ma et al., 2015; Pendergrass & Hartmann, 2014; Y. Sun et al., 2007). The underlying
mechanisms of this trend are not fully understood, with many aspects still under uncertainty. This gap in
knowledge underscores the need for further in‐depth investigations to unravel the complexities of these mech-
anisms in the future.

Data Availability Statement
Precipitation observations were obtained from https://data.cma.cn/site/showSubject/id/46.html, which is the data
set of gridded daily precipitation in China (Version 2.0) (SURF_CLI_CHN_PRE_DAY_GRID_0.5.txt) provided
by the National Meteorological Information Center of China Meteorological Administration (NMIC/CMA). Due
to the data policy in China, these data records are not available via a website for public download. However,
anyone could contact the China Meteorological Data Service Center (http://data.cma.cn/en) or the CMA (http://
www.cma.gov.cn/en2014/aboutcma/contactus/) for detailed information on data acquisition. ALL of the CMIP6
models that we have used can be found in Table 1. The CMIP6 products can be accessed at https://esgf‐node.llnl.
gov/search/cmip6/.
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