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Anthropogenic forcing has approximately
halved the probability of 2020 June-July
persistent heavy mei-yu rainfall event
based on HadGEM3-GAG6 simulations with-
out considering the COVID-induced aerosol
emission reduction.

uring June-July (JJ) 2020, the

mid-lower reaches of the Yangtze

River basin (MLYRB; gray shading
in Fig. 1a) in China witnessed a persistent
heavy rainfall event (herein simply re-
ferred to as the 2020 mei-yu event). The
total accumulated rainfall over the MLYRB
during the period from 11 June to 15 July
in 2020 was 87% above the 1981-2010 cli-
matology. With the largest total rainfall
amount (759.2 mm) and the longest dura-
tion (62 days) of the mei-yu season since
1961, this persistent heavy rainfall event
threatened ~45.5 million people, with 142
people missing or dead and 29,000 homes
destroyed, causing a direct economic loss
about 16 billion U.S. dollars (CMA 2021;
Wei et al. 2020).

Thus, local inhabitants and policymak-
ers are eager to know whether human-in-
duced climate change played a role in
the 2020 mei-yu event and, if so, to what
extent and through what mechanisms.
Such knowledge will enable practical ad-
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Fig. 1. (a) Observed accumulated precipitation (AP) anomalies (mm) during JJ 2020, with inset showing the daily rain-
fall evolution of which dashed green line for the mean value, green curve for 7-day running average, and blue dots
for the daily climatology. (b) Time series of regional mean Rx28day% for observations (bar) and Historical simulations
(red line and pink shading). (c) Return periods of observed Rx28day% in GEV fit with 90% uncertainty range, with a
red star for the 2020 event and blue circles for other years. (d) Anomalies of SLP (shading; Pa) and column-integrated
water vapor flux (vectors; kg m™ s7) during JJ 2020. The MLYRB is highlighted in red. (e) PDFs of Rx28day% for obser-
vations (blue) and Historical simulations (red) with p value for the K-S test.
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aptation and mitigation planning. Therefore, this study aims to assess the contribution of
anthropogenic forcing on the likelihood of the 2020 mei-yu event using the HadGEM3-GA6
attribution system (Ciavarella et al. 2018).

Data and methods.

Gauge-based daily rainfall observations from 2419 meteorological stations in China for 1961-
2020 with strict quality control (http://data.cma.cn/) are used in this study. The data are gridded
to a horizontal resolution of 1° x 1° by averaging all stations over each grid cell that contains at
least one station. Monthly horizontal winds, specific humidity, and sea level pressures (SLP)
from the NCEP-NCAR reanalysis (Kalnay et al. 1996) and sea surface temperature (SST) from
the Hadley Centre (Rayner et al. 2003) are also used.

The HadGEM3-GA6 model simulations with horizontal grid spacings of 0.56° x 0.83°
(Ciavarella et al. 2018) are employed to conduct this attribution analysis. Model simulations
are locally area averaged into the 1° x 1° grid as in observations. Five sets of simulations [see
details in Christidis et al. (2013)] are used:

1) the Historical ensemble, comprising 15 initial-condition simulation members for 1960—
2013, driven by observed SST and sea ice concentration (SIC) with anthropogenic (includ-
ing anthropogenic aerosols, greenhouse gases, and land use and land cover changes) plus
natural (volcanic aerosols and solar irradiance) forcings;

2) the HistoricalExt ensemble, which is similar to the Historical ensemble but with 525 mem-
bers and driven by 2020 SST and SIC boundary conditions;

3) the HistoricalNatExt ensemble, which differs from HistoricalExt experiment by including
only natural forcings and with the 2020 SST and SIC having human influences removed;
and the

4) HistoricalExt and 5) HistoricalNatExt ensembles for 2019, which are used to compare the
results with those for 2020.

Rx28day is defined as the seasonal maxima of consecutive 28-day total regional-mean
rainfall over the MLYRB in June—August and used to measure both the intensity and duration
of the 2020 mei-yu event. Anomalous Rx28day is calculated and expressed as a percentage
of the 1981-2010 mean (termed Rx28day%; Hoerling et al. 2013), which provides a simple
correction of model biases (see Figs. ES1a,b in the online supplemental material; Zhang et al.
2020). The accumulated precipitation (AP) averaged over the MLYRB from 20 June to 12 July is
also calculated, given that the 2020 mei-yu rainfall was the heaviest during this period (Fig.
1a). The AP index is also transformed into AP%.

The probability density function (PDF) is estimated by the generalized extreme value
(GEV) distribution for both the simulations and observations. The two-sample Kolmogorov—
Smirnov (K-S) test, probability ratio (PR = P, /P, ,.) and the uncertainty in PR (estimated via

ALL"™ NAT

bootstrapping; Efron and Tibshirani 1994) are also used. The terms P, , and P, are the oc-
currence probability of events exceeding the 2020 mei-yu event threshold in the GEV-fitted

HistoricalExt and HistoricalNatExt ensembles, respectively.

Results.

Figure 1aillustrates the spatiotemporal characteristics of the 2020 mei-yu event. The observed
Rx28day is about 60% above the 1981-2010 climatology, surpassing two standard deviations
and being about a 1-in-60-year event in the 1960-2020 observations (Fig. 1b). The results are
similar when the long-term trend is removed (Fig. 1b). The 2020 mei-yu event is possibly as-
sociated with the intensification and westward shift of the western Pacific subtropical high
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(WPSH). This transports more water vapor than normal from the tropical oceans to feed the
persistent heavy mei-yu rainfall (Fig. 1d; Ding et al. 2021).

The model well captures rainband movement in China (Figs. ESic,d; Burke and Stott 2017)
and covers most of the observed range of RX28day% in the MLYRB (Fig. 1b). However, it
should be mentioned that the interannual variability of RX28day% is still hard to be well sim-
ulated considering the multiscale feedback processes inherent in the Asian monsoon system.
The PDFs of the Rx28day% are similar between model simulations and observations, since
they cannot be distinguished at the 0.05 significance level (Fig. 1e). Taken overall, the model
can be regarded as reliable for the attribution of 2020 mei-yu event.

The PDFs of Rx28day% show a clear drying shift from 2020 HistoricalNatExt to Historic-
alExt simulations, indicating that rainfall similar to or heavier than that of the 2020 mei-yu
event occurs less frequently due to human-induced climate change (Fig. 2a) and correspond-
ing to increased return periods from HistoricalNatExt (1 in 31 years) to HistoricalExt (1 in 55
years). Anthropogenic forcing has reduced the occurrence probability of the 2020 mei-yu
event from 0.033 (0.023-0.042) for P, to 0.018 (0.013-0.024) for P, , giving a PR of 0.56
(0.36-0.87). This indicates that anthropogenic forcing has approximately halved the proba-
bility of 2020 mei-yu event, consistent with the results based on 10 models from phase 6 of
the Coupled Model Intercomparison Project (CMIP6) in T. Zhou et al. (2021). Similar analysis
using AP% gives a PR of 0.63 (0.47-0.93), confirming the robustness of the attribution results
(Figs. ES2a,f). These conclusions also hold for a rectangular region (27°-34°N, 105°-121°E;
Figs. ES2a,d; Liu et al. 2020) and when the boundaries are adjusted slightly (Figs. ES2a—c,e).

To understand the reduced probability of the 2020 mei-yu event due to anthropogenic
forcing, atmospheric circulation differences are analyzed. The East Asian summer monsoon
(EASM) index is defined as anomalous SLP difference between 5°-15°N, 90°-130°E and 22.5°-
32.5°N, 110°-140°E where a positive index means stronger southwesterlies over East Asia. The
negative shift of EASM index from 2020 HistoricalNatExt to HistoricalExt simulations shows
that anthropogenic forcing leads to a weakening EASM (Fig. 2b). The differences in JJ mean
rainfall and SLP between 2020 HistoricalNatExt and HistoricalExt simulations further show
reduced J] mean rainfall and increased SLP over large areas of East Asia from anthropogenic
forcings (Fig. 2c). Further disentangling the weakened EASM suggests that the weakening
effect of anthropogenic aerosols on EASM may overwhelm the boosting effect of greenhouse
gases, leading to a net effect of reduced probability for 2020 mei-yu event under anthropo-
genic forcing (e.g., Lau 2016; Lau and Kim 2017; Dong et al. 2019; T. Zhou et al. 2021). It is also
worth noting that the present-day situations do not indicate the future changes since similar
persistent heavy rainfall events are projected to occur more frequently with continuous emis-
sions of greenhouse gas and reductions in aerosols (T. Zhou et al. 2021).

The potential role of year-to-year boundary conditions (SST/SIC) on the risk of the 2020
mei yu event is next investigated. Since anthropogenic forcing of 2019 and 2020 HistoricalExt
simulations are taken from CMIP5 model forcings, the difference between them is negligible.
Thus, the primary factor leading to the shift of Rx28day% PDFs (Fig. 2a) are different time
evolutions of SST/SIC during two years. The 2020 HistoricalExt PDFs shift toward larger rain-
fall anomalies compared to those of 2019 (Fig. 2a). Thus, the 2020 mei-yu event is more likely
to occur with the time evolutions of SST/SIC in 2020 than those in 2019, with the likelihood
increased by about 3 (a possible range of 1.7-8.6) times. PR, relative to HistoricalNatExt, in-
creases from 0.21 (0.08-0.45) in 2019 to 0.56 (0.36—0.87) in 2020, implying a nonlinear impact
of boundary conditions in this climate versus weather blame game (King et al. 2016; Zhou et
al. 2018).

As for possible reasons for changing PR between 2019 and 2020, Takaya et al. (2020) and
Z.-Q. Zhou et al. (2021) suggested the positive Indian Ocean Basin mode (IOBM) in the 2020 El
Nifio decaying summer (Fig. 2e) evolving from positive Indian Ocean dipole in 2019 (Fig. 2f) as
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the mechanism, which intensified the WPSH through atmospheric wave responses. The cen-
tral Pacific El Nifio in the 2019 El Nifio developing summer (Fig. 2f) is not in favor of the simul-
taneous rainfall in the MLYRB (Xu et al. 2020). Enhanced WPSH and rainfall at its northern
flank from 2019 to 2020 HistoricalExt simulations (Fig. 2d) further suggest that different time
evolutions of SST/SIC during two years may modulate atmospheric circulation and therefore
the PR of the 2020 mei-yu event between 2019 and 2020. Besides, it is worth mentioning that
natural variability like El Nifio may be modulated in frequency and intensity by anthropo-
genic forcing (e.g., Yeh et al. 2018; Hu et al. 2021). Therefore, the nonlinear feedback between
“natural variability” and “anthropogenic forced” changes cannot be neglected.

Conclusions.

Through comparison between 2020 HistoricalNatExt and HistoricalExt ensembles, this study
suggests that anthropogenic forcing has approximately halved the probability (13%—-64%) of
the 2020 mei-yu event in the MLYRB, likely related to a weaker EASM arising from anthropo-
genic (probably aerosol) forcings (Dong et al. 2019). The attribution results are robust against
different extreme rainfall indices or small changes to the study region. Through comparison
between the 2019 and 2020 HistoricalExt ensembles, this study further indicates that the time
evolutions of SST/SIC in 2020 increased the likelihood of the 2020 mei-yu event by about 3
(1.7-8.6) times compared to 2019. One caveat of this study is that model simulations do not
consider the COVID-induced aerosol emission reduction in 2020, which is speculated to en-
hance the Asian summer monsoon (e.g., Fadnavis et al. 2021). The extent to which COVID-19
may have influenced the 2020 mei-yu event still needs future detailed numerical experiments.
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