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Key Points:

e The unprecedented extreme rainfall
episodes in early-mid summer of 2020
manifest as recurring latitudinal shifts
around Yangtse river

e The north-south shifts of 2020 Meiyu
rainfall show a high correspondence
with the recurring Madden-Julian
Oscillation (MJO) Phase 1-2 swings

e The MJO modulates the latitudinal
shifts of Meiyu rainfall mainly
through changing the westward
extended ridge line of western North
Pacific anticyclone
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Abstract Considering the unprecedented extremity of the Meiyu episodes in early summer of 2020, here
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westward extended ridge line and southwesterly of the anomalous anticyclone over the western North Pacific
(WNP). Specifically, the northeastward propagation of boreal summer MJO from Phase 1 to 2 shifts the ridge
line of the anomalous WNP anticyclone northeastward. Consequently, the associated southwesterly anomaly
over the southeastern China penetrates to the north of Yangtse and enhances the lower-tropospheric moisture
flux convergence, supporting heavy precipitation there. However, when the MJO swings back to Phase 1, the
anomalous southwesterly and moisture flux convergence retreat southward, so does the Meiyu rain band. The
present results advanced our understanding of the interactions between the latitudinal shifts of extreme Meiyu
rainfall episodes and MJO Phase swings.

1. Introduction

As a high-impact weather phenomenon in the global atmosphere, the persistent extreme rainfall (PER) event
usually causes severe meteorological disasters, such as urban flooding that damages agricultural production and
threatens human being lives (e.g., Chen & Zhai, 2013; Huang et al., 1998; Lyu et al., 2016). The PER of the
East Asia is also called Meiyu (in Chinese). The Meiyu rainfall system is generally caused by a planetary-scale
Meiyu front—a strong gradient zone of equivalent potential temperature located on the north side of the East
Asia summer monsoon. The Meiyu rainfall over the East Asia features multiscale variabilities and is closely
related to the atmospheric 10-20-day quasi-biweekly and 30-60-day intraseasonal oscillations (see the recent
review by Ding et al. (2020) and references therein). Deeply understanding the variation of the characteristics of
PER or Meiyu, such as its intensity, duration, and also spatiotemporal evolution (e.g., Ren & Ren, 2017; Tang
etal., 2006; Wang et al., 2014; Wu et al., 2016), under the modulation of large-scale environment conditions (e.g.,
Chen & Zhai, 2014; Luo & Zhang, 2015; Shang et al., 2019; Wang et al., 2020; Xie et al., 2009) is a prerequisite
to identify the window of opportunity for the skillful prediction of extreme rainfall on the time scales of subsea-
sonal to seasonal (S2S) and beyond (Mariotti et al., 2020).

An unprecedented PER event occurred during the boreal summer of 2020 in the southeastern China and caused a
huge economic loss of up to 82 billion (e.g., Hua, 2020; Liu et al., 2020; Zhou et al., 2021). Seen from Figure 1a,
the seasonal-mean rainfall anomalies during June—July (JJ) of 2020 display a unique zonal-band structure with
the heavy precipitation (e.g., >5 mm day~') aggregating around along the Yangtse river, which is a typical
feature of Meiyu that occurs usually over the southeastern China (e.g., Ding & Chan, 2005). To clearly identify
the extremity of the 2020 Meiyu rainfall centered around Yangtse river, the probability density functions of daily
total precipitation during JJ of each year from 1980 to 2020 are shown in Figure 1b. Before 2020, the rainfall
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Figure 1. (a) The distribution of rainfall anomalies (mm) in the southeastern China (105°E—123°E, 18°N-35°N) during
June—July (JJ) of 2020. Black and red dots represent the geographical distribution of the 262 stations in the southeastern
China and the 68 stations in Yangtse river of China, respectively. (b) Temporal evolution of the probability density functions
of daily precipitation rate (mm/d) over Yangtse river during JJ in each year of 1980-2020. (c) The time series of the number
of days during JJ in each year of 1980-2020 when the precipitation over the southeastern China exceeds its climatology. The
magenta bar highlights the year of 2020.

probability during JJ of each year generally decreases exponentially with the increase of rain amount, suggest-
ing the dominant occurrence of light daily-mean rainfall (e.g., <7 mm day~!) in summer. Interestingly, during
some years, the small rain rate tends to occur less frequently while the frequency of heavy rainfall is enhanced,
such as that during the summers of 1983 and 1998, implying the role of El Nifio-Southern Oscillation (ENSO)
in interannually regulating the Meiyu over the Yangtse river (e.g., Huang & Wu, 1989). In 2020, the occurrence
frequency of weak rain becomes extremely low, and the probability tends to be uniform for the rainfall range of
0-18 mm day~!. Furthermore, the number of days with precipitation exceeding its climatology reaches 42 days,
far exceeding those during 1980-2019 (Figure 1c), highlighting the extremely long persistent extreme rainfall
episodes in 2020. However, the weak amplitude of ENSO during the summer of 2020 implies that other factors
would be at work in affecting this record-breaking PER event.

Among others, the enhanced Meiyu in early-mid summer 2020 was likely associated with the coherent sea
surface temperature (SST) warming over the Indian Ocean (IO) which can be traced back to the super Indian
Ocean Dipole (IOD) event in the autumn of 2019 (Takaya et al., 2020; Zhou et al., 2021). The mid-latitude tele-
connection patterns have been suggested to be important in explaining the long duration (~62 days) of this PER
event (Qiao et al., 2021). Liu et al. (2020) noted that the stepwise swing of Meiyu front during JJ 2020 followed
the phase transition of North Atlantic Oscillation (NAO). Specifically, in the warm-front stage during June 12-25
with a positive NAO phase, the enhanced rainfall was located to the north of Yangtse river and sustained by the
interaction between the South Asian High (SAH) and the western Pacific subtropical high. In contrast, the rain
band retreated to the south of Yangtse river in the cold-front stage with a negative NAO phase from 30 June to 13
July due to the coupling between the SAH and mid-latitude Mongolian Cyclone. Motivated by Liu et al. (2020),
here we are going to focus on an exploration about the unique north-south migration of Meiyu rainfall with time
during JJ 2020. Interestingly, we have found that the PER event undergoes recurring latitudinal shifts in the
maximal precipitation center during JJ 2020, which cannot be well explained by the only one-time phase transi-
tion of NAO. Instead, we pay our attention to the potential role of Madden-Julian Oscillation (MJO; Madden &
Julian, 1971, 1972).
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The MJO is the dominant mode of tropical 20—100-day intraseasonal variability (Zhang, 2005), but can cast
significant impacts on the weather and climate worldwide (Liebmann et al., 1994; Zhang, 2013). The MJO
during boreal summer features a northeastward propagation over the Indian and Asian summer monsoon regions
(Kikuchi, 2020). In some specific Phases of MJO, the large-scale circulation anomalies coupled with deep convec-
tion may significantly influence the occurrence frequency of extreme rainfall over the southeastern China (Hsu
et al., 2016; Ren et al., 2018). For example, Ren and Ren (2017) concluded that the frequency of extreme rainfall
frequency during November—March in the southern China was enhanced in MJO Phases 2-3 with a high likeli-
hood due to the strengthened moisture convergence and vertical moisture advection. Roxy et al. (2019) pointed
out that the Southeast Asian heavy rainfall in 2011 was consistent with the long-standing MJO activity in Phases
5-7. The possible role of MJO in sustaining the 2020 PER event was firstly suggested by Zhang et al. (2021).
They argued that it was not the pronounced IO warming but the exceptionally persistent MJO activity in the 10
that played a major role in explaining the extreme Meiyu event of 2020. However, due to compositing the entire
Meiyu season, they filtered out the intraseasonal spatiotemporal evolution characteristics of large-scale convec-
tion and circulation, and also consequently, the recurring latitudinal shifts observed in the 2020 Meiyu rainfall.

Based on the above reviews, we put forward here the main scientific questions to be addressed in this study: (a)
what are the intraseasonal characteristics of the PER event in its spatial and temporal evolutions during the early—
mid summer of 2020? (b) Whether and how the intraseasonal conditions associated with the MJOs play a role
in shaping the unique intraseasonal variations of the 2020 Meiyu event? Since obtaining accurate information of
precipitation location in more than two weeks advance is so important for the end users of S2S predictions, the
answers to these questions will likely provide practical implications for the decision making of meteorological
disasters on the intraseasonal time scale. The rest of the paper is structured as follows. Section 2 introduces the
data and methods. Section 3 documents the evolution characteristics of the extreme Meiyu during JJ 2020 and its
relationship with the MJO. Summary and discussions are given in Section 4.

2. Data and Methods

2.1. Data and Their Pre-Processing

The daily gridded datasets used in this study are as follows: the interpolated outgoing longwave radiation (OLR)
from the National Oceanic and Atmospheric Administration (NOAA) with a horizontal resolution of 2.5° x 2.5°
from 1 January 1980-31 December 2020 (Liebmann & Smith, 1996); the National Center for Environmen-
tal Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis data (Kalnay et al., 1996),
including horizontal winds (« and v) and specific humidity (g) covering the same period as NOAA OLR from
surface to 300 hPa. The daily 1/4° SST products of Optimal Interpolated Sea Surface Temperature version 2
(OISSTv2) from the NOAA (Huang et al., 2021; Reynolds et al., 2007). The basic characteristics of MJO, such as
its phase, propagation, and amplitude, are described using the daily real-time multivariable MJO (RMM) index
(Wheeler & Hendon, 2004; hereafter WHO04) provided by the Australian Bureau of Meteorology (http://www.
bom.gov.au/climate/mjo/). Details of the RMM index method are given in the following Section 2.2.

To analyze the intraseasonal evolution characteristic of the 2020 extreme Meiyu, we downloaded daily precipita-
tion data set of the Chinese surface climate data (V3.0) from the National Meteorological Information Center of
China Meteorological Administration (CMA). CMA collects eight meteorological variables including precipita-
tion from 699 Chinese meteorological stations since 1951. Many researchers have used this precipitation prod-
uct to investigate the intraseasonal and interannual variations of convective activity over the East Asia (e.g., Ji
et al., 2020; Ma et al., 2020). Here, we chose 262 stations in the southeastern China (105°E—123°E, 18°N-35°N;
see the black dots in Figure 1a) where Meiyu sometimes occurs, and is especially frequent over the Yangtse river
region. We selected 68 stations to represent the Yangtse river basin based on the document of “Meiyu monitor-
ing indices” published by the Standardization Administration of China (http://www.cmastd.cn/standardView.
jspx?id=2386). We did not consider the stations near 32°N, because missing values existed in those stations and
were not helpful for our further analysis. The observed station precipitation during 1980-2020 has been bilinearly
interpolated into the horizontal resolution of 2.5° X 2.5° before any manipulation.

The daily anomalies of each variable during 1980-2020 were acquired by removing its climatological annual
cycle (mean plus the first three harmonics). A 20-100-day bandpass filtering using the 201-point Lanczos filter
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(Duchon, 1979) was performed on the daily anomalies to obtain the intraseasonal-scale signals. The space-time
filtering technique developed by Wheeler and Kiladis (1999) was also used in this study. For example, the large-
scale envelope of MJO convection can be extracted from the daily OLR anomalies by retaining the Fourier
components with zonal wavenumbers from 1 to 8 and frequencies from 1/100 to 1/20 cycle per day (CPD). For
the equatorial Rossby (ER) wave, the retained ranges of zonal wavenumbers and frequencies are, respectively,
=10 to —1 and 1/100 to 1/10 CPD.

2.2. Methods
2.2.1. The RMM Index Method

With the aim of forecasting and monitoring the status of MJO in a real-time manner, WHO04 developed the RMM
index, which was calculated by projecting the normalized daily unfiltered anomalies onto the first two multivar-
iate empirical orthogonal function (EOF) patterns (i.e., EOF1 and EOF2) of meridionally (15°S-15°N) averaged
OLR and 850- (U850) and 200-hPa (U200) zonal wind anomalies. The unfiltered anomaly was derived as the
departure of raw data from the annual cycle plus the mean of the previous 120 days. The MJO status can be moni-
tored with a high fidelity through the phase diagram of the two components of RMM index, that is, RMM1 and
RMM2. According to the eastward propagation of MJO along the equator, the MJO life cycle can be divided into
eight phases based on the RMM index, which correspond to different locations of tropical convective centers of
MJO, including the 10 (Phases 2-3), Maritime Continent (MC; Phases 4-5), western Pacific (Phases 6-7), and
Western Hemisphere/Africa (Phases 8 and 1). Significant MJO events are identified when the RMM amplitude
VRMMI*+RMM?2” is greater than one and the trajectory of the phase points shows an anticlockwise rotation for
several days. Eastward or westward propagating signals embedded in the unfiltered fields can be further isolated
through the reconstruction of convection and circulation (i.e., RMM1xEOF1 + RMM2xEOF2).

The RMM index has been widely used in scientific researches and operational predictions (e.g., Mariotti
et al., 2020), though previous studies have revealed its shortcomings in several aspects (e.g., Li et al., 2015;
Straub, 2013). The practical advantages of calculating the RMM index through the unfiltering method may in
turn changllenge its effectiveness in characterizing the “pure” MJO behaviors. For example, some studies indi-
cated that the high-frequency (<20 days) synoptic-scale waves may have explained some noisy natures of the total
RMM index (e.g., Roundy et al., 2009). Also being noted here is that the low-frequency background state may
also project onto the spatical pattern of RMM EOF modes, considering that the *“120-day running mean™ may
imperfectly remove the influences of such as the interannual variabilities. During the Meiyu season of 2020, the
pronounced SST warming induced by the IOD has been observed over the 10 (Takaya et al., 2020). In this study,
we will thus consider the possible influences of the 10D, if any, remaining in the OLR and 850-hPa zonal wind
anomalies after a 120-day running mean (hereafter, the remaining I0OD) on the RMM index-Meiyu association
during JI 2020.

The steps to derive the remaining 10D are as follows. First, we use daily OISSTv2 products to calculate the
daily dipole model index (DMI) during JJ 2020, that is, the SST difference between the western Indian Ocean
(50°=70°E,10°S-10°N) and the eastern one (90°-110°E, 10°S-0°). Second, the daily OLR, U850 and U200
are then regressed against the normalized resulting DMI. Third, the regressed patterns and normalized daily
DMI (with the most recent 120-day mean removed) are used to reconstruct daily evolution of OLR, U850, and
U200. These reconstructed fields are the so-called “remaining IOD”. Finally, we implement the RMM calculation
procedure (Gottschalck et al., 2010), but replace the “unfiltered anomalies” by the “remaining 10D”. The output
RMM indices are named “RMM-rIOD”.

2.2.2. Application of the RMM Index

Based on the RMM method, the phase-dependent influences of MJO can be isolated through the composite
conditionally by different MJO phases. Following WHO04, we composite the days when the RMM amplitude is
larger than one. During JJ 2020, only two days had RMM amplitude smaller than one, but this did not affect our
results with or without considering the two days. For example, during the Meiyu season of JJ 2020, 33 days were
identified as the MJO Phase 1, which consists of the time periods of June 1-8, June 20-July 10, and July 18-21.
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Figure 2. Latitudinal Shifts of the original rainfall (shading; mm) averaged over the longitude band of 105°E—122°E in the
southeastern China from June 1 to July 28 of 2020. The gray contours, drawn starting from 5 mm with the contour interval
of 1 mm, denote the climatological Meiyu rainfall during June-July of 1980-2019. The blue line indicates the 5-day running
mean of the daily occurrence latitude of the maximal rain rate. The red segment lines correspond to the averaged latitude

of the daily maximal rain rate for each RMM phase period (i.e., Phases 1 and 2). The horizontal dashed line denotes the
approximate latitude location of Yangtse river.

Besides, there are also 23 days corresponding to the MJO Phase 2, which covers June 9-19, July 11, July 14-17,
and July 22-28. Therefore, the composite can be made for all the phase-1 (phase-2) days or be made condition-
ally by different periods of Phase 1 (2). Long-term statistical analysis of 1980-2019 will be also performed to
compare the case results of 2020. The significance of the composite is assessed by the two-tailed Student-7 test
at the 90% confidence level. Besides nonlinear composite analysis, our study also employs linear regression and
correlation methods. Specifically, we used the RMM Phase angle (arctan RMM1/RMM2) or RMM amplitude
during JJ 2020 as a reference time series to derive the linear dependence of the 2020 PER variation on the MJO.
More details in the usage of these analysis methods will be given in the Results section as follows.

3. Results
3.1. Intraseasonal Evolution of the 2020 PER Event: Recurring Latitudinal Shifts Around Yangtse

Before discussing the evolution characteristics of the 2020 PER event, it is necessary to examine the climato-
logical features of the Meiyu season over the southeastern China. In Figure 2, we show the daily precipitation
evolution in JJ by contours averaged over the longitude band of 105°-122°E during 1980-2019. As we can see,
the climatological Meiyu starts from the south of Yangtse river (around 24°N) during early—mid June. After-
ward, it migrates slowly toward the north of Yangtse river. The northward propagation of the Meiyu rainfall may
be attributed to the complicated interactions among different climate and weather systems, such as the East-
Asian summer monsoon system, MJO, western Pacific subtropical high, and mid-latitude cold vortex (e.g., Ding
et al., 2020). However, when we focus on one specific Meiyu episode, the evolution characteristics may be far
different from the climatology, because the controlling factors, say those mentioned above, may vary in different
years. For example, the eastward propagation of MJO across the MC may be blocked in some years due to the
change of mean states (Wei & Ren, 2019; Zhang & Ling, 2017). As a result, the persistent convective activity of
MIJO over the IO may exert different influences on the extreme rainfall over the southeastern China (e.g., Zhang
et al., 2021).

With the above considerations, we further show the time-latitude section of the original rainfall for this extreme
Meiyu case of 2020 (see shading in Figure 2). Similar to the climatological characteristics, the total rainfall of JJ
2020 generally manifests as a northward-propagating trend. However, there also exist evident intraseasonal vari-
ations when one looks into the daily details during JJ 2020. To clearly show the latitudinal location of the Meiyu
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Figure 3. (a) Time evolution of the original RMM indices during June (red) and July (blue) of 2020. Green lines show the RMM indices derived from the remaining
10D (RMM-rIOD; see text for its explanation and calculation). The horizontal black lines denote the regressed RMM indices against the daily dipole mode index (DMI)
with the most recent 120-day mean removed. Dashed line denotes RMM 1, while solid line is RMM2. Gray (white) background color denotes the stage of RMM Phase

1 (2). (b) Phase diagrams of the original RMM in June (red) and July (blue) 2020 and the RMM-rIOD (green). Note that the axis' range is unsymmetric to clearly show
the RMM Phase swing between Phases 1 and 2. The dates (i.e., days since 1 June 2020) are marked by filled circles every five days and dots every one day. The first
and the last days are highlighted using larger hollow circles.

rainfall, we further calculate the time evolution of the latitude of daily maximal rain rate (hereafter, Max_Lat)
and its 5-day running mean is drawn in Figure 2 as blue line. During early June, the maximal rain rate is located
around 26°N, while it jumps to 31°N during middle June. Subsequently, it retreats to the south of 30°N (i.e., the
approximate latitude of Yangtse River). Finally, it moves toward the north of Yangtse River after about July 12.
Among these recurring latitudinal shifts of the 2020 Meiyu rainfall, the one from mid-June to mid-July has been
noted and analyzed by Liu et al. (2020). They suggested that the NAO phase transition may affect the southward
shift of Meiyu rainfall. However, the recurring latitudinal shifts of Meiyu rainfall for these PER episodes during
the entire Meiyu season of 2020 have not yet been reported. In the following, we try to understand these multiple
latitudinal shifts of rain band during JJ 2020 through analyzing some unique characteristics, if any, of MJO during
the same period.

3.2. Potential Role of MJO Phase Swings

Before relating the latitudinal shifts of Meiyu rainfall to the MJO impacts, we first diagnose the MJO characteris-
tics themselves during JJ 2020. The original RMM index shows an evident intraseasonal variation with a period
of approximately 20 days (Figure 3a). The trajectory of the RMM phase points, which are composed of RMM1
and RMM2, is represented in Figure 3b. It is interesting to note that the RMM index displays recurring swings
between Phases 1 and 2 during JJ 2020. More specifically, during June 1-12, the RMM index shows an anticlock-
wise rotation from MJO Phase 1-2; from June 12-16, a localized growth with standing behavior is observed;
while subsequently it turns back to Phase 1 with a clockwise rotation, reflecting the westward-propagating signals
during June 16-28. After a long-term persistence (~10 days) in Phase 1 from June 28 to July 7, the RMM index
again rotates anticlockwise toward Phase 2. During July 1217, the amplitude of RMM index decays gradually,
while it is still larger than one before swinging back to Phase 1 on July 18. After a short duration (~3 days) in
Phase 1 during July 18-21, the RMM index finally rotates anticlockwise toward Phases 2, 3, and beyond, charac-
terizing a typical MJO eastward propagation into the eastern IO and MC. In short, the five-time swings between
RMM Phases 1 and 2 give us a new insight into the space-time evolutions of MJO convection and circulation,
which is rarely reported in previous studies.

Here, we discuss the possible RMM contribution from the remaining IOD. We first calculate the regressed
RMM1 and RMM2 against the daily DMI with the most recent 120-day mean removed. The horizontal black
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Figure 4. (a) Time evolution of the occurrence latitude of the daily maximal rain rate (Max_Lat, thin blue line with red circle
markers) and its 5-day running mean (thick blue) and the RMM Phase angle (brown) during June-July 2020. (b) Same as (a),
but for the RMM amplitude. (c) The 20-day running correlation coefficients between the Max_Lat and the RMM amplitude
(blue), and also the RMM Phase angle (red). (d) Same as (c), but for the regression coefficients. Gray (white) background
color in each subplot denotes stage of RMM Phase 1 (2).

lines in Figure 3a show the regression coefficients, which are much smaller (~+0.25) as compared with the
original RMM indices, suggesting the limited role of the remaining IOD in even explaining the RMM amplitude.
The RMM-rIOD is rather weak and stays inside the unit circle during JJ 2020 (Figure 3b). Also being noted
from Figure 3a is that the first component of RMM-rIOD is nearly zero and the major variation of RMM-rIOD
is rooted from its second component (RMM-rIOD2). This suggests that the remaining IOD only contributes to a
localized variation of convection and circulation (Figure 3b). Thus, it is the MJO rather than the remaining IOD
that contributes to the observed swings of RMM Phases 1 and 2 during JJ 2020. The existence of two MJO events
during JJ 2020 is justified in the Appendix.

To detect the potential role of MJO, we give the time evolutions of RMM phases during JJ 2020 and the mean
latitudes of rainfall maximum in each MJO phase in Figure 2 (see the red segments). We can see that the recur-
ring latitudinal shifts of maximal rainfall during the 2020 Meiyu season have a high correspondence with the
MJO phase swings. More specifically, the northward shifts of Meiyu rainfall generally occur during the stages of
MJO Phase 2, while the southward shifts are observed mostly during MJO Phase 1, though some synoptic-scale
high-frequency noises are embedded in the day-to-day variation. Therefore, we conjecture that the recurring lati-
tudinal shifts of Meiyu rainfall during early-mid summer of 2020 are probably modulated by the multiple swings
of convection and circulation between MJO Phase 1 and Phase 2.

To confirm the role played by the MJO, we first represent the results of linear correlation and regression analyses
in Figure 4. Here, both the RMM Phase angle and amplitude are examined. Each variable, including also the
Max_Lat, was subjected to a 5-day running mean to highlight the intraseasonal variation. We find from Figure 4a
that the RMM Phase angle is generally proportional to the Max_Lat, with a significant negative correlation (c) of
—0.4. For example, in several evident southward shifts of Meiyu rainfall, such as those on June 24, July 9, July 20,
and July 26, the RMM Phase angle generally displays a local maximum. The Max_Lat also correlates negatively
with the RMM amplitude (Figure 4b), but with a weaker magnitude (c = —0.2). For the entire Meiyu season
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Figure 5. Map of composite rainfall anomalies (mm) in (left) Phase 1 and (right) Phase 2 of active MJO days (i.e., the RMM
amplitude > 1.0) over the southeastern China during (a—b) June—July (JJ) of 2020 and (c—d) JJ of 1980-2019. Solid (hollow)
circles denote the stations that are statistically significant at the 95% (90%) confidence level. The black curve in each panel
shows the basin of the Yangtse river.
during 2020, the regressed (r) Max_Lat against the RMM Phase angle is —0.9, which is stronger than that against
the RMM amplitude (r = —0.4). The above discussions suggest that the variation of Max_Lat is more related to
the change of RMM Phase angle, which can be further proved through a 20-day running window calculation of ¢
(Figure 4c) and r (Figure 4d). The magnitudes of ¢ and r based on the RMM Phase are stronger than those based
on the RMM amplitude during most period of JJ 2020.
Also seen from Figure 4, the change of Max_Lat generally follows the transition between RMM Phases 1 and 2.
Thus, we secondly composite the anomalous rainfall in RMM Phases 1 and 2 to appreciate the modulation effect
of MJO on the Meiyu rainfall of 2020. The results of Phase 1 (33 days) and Phase 2 (23 days) composites during
1J 2020 are showed in Figures 5a and 5b, respectively. In Phase 1, the positive rainfall anomalies are generally
located to the south of the Yangtse river, while to the north of 32°N the weak but significant negative rainfall
anomalies can be seen. In Phase 2, the enhanced Meiyu rainfall propagates to the north of Yangtse River, while
in the south the rainfall is significantly weakened. As a consequence, the northward propagation of Meiyu center
2020 is clearly observed from MJO Phase 1 to Phase 2.
Here is a natural question that to what extent the northward shift of positive rainfall anomalies from MJO Phase
1 to Phase 2 can represent the climatological behaviors of MJO since noises may be involved in the composites
of the 2020 case. Thus, we further provide the historical long-term statistical results of the early-mid summer
of 1980-2019 (Figures 5c and 5d), in which random noises should be largely smoothed out. Similar to the 2020
WANG ET AL. 8of 15
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Figure 6. The recurring latitudinal shifts of Meiyu rainfall explained by the multiple MJO Phase swings during June—July 2020. The shading shows the composite total
rainfall anomalies (mm) in different RMM Phases 1 and 2. The red arrows direct the meridional propagation trend of enhanced rainfall anomalies between adjacent
RMM Phases.

PER case, the enhanced rainfall anomalies in the climatological composite also manifests as the northward prop-
agation from RMM Phase 1 (Figure 5c) to Phase 2 (Figure 5d). In this regard, the latitudinal shifts of anomalous
rainfall between RMM Phase 1 and Phase 2 for the 2020 summer is likely a manifestation of the MJO's impacts.
Note that the 2020 PER case also differs subtly from the climatology. For example, the composite rainfall anom-
alies of Phase 1 during 2020 tend to be in quadrature with those of climatology, suggesting that other non-MJO
factors, such as the weather and climate systems of mid-high latitudes (e.g., Liu et al., 2020; Qiao et al., 2021),
may work energetically during summer of 2020 to compete with the “pure” MJO effect.

The above analysis has confirmed the role of MJO in the 2020 PER case. Next, we explain how the MJO phase
swings (Figure 3b) modulate the recurring latitudinal shifts of the 2020 Meiyu rainfall over the Yangtse River
(Figure 2). Our strategy is to composite the total rainfall anomalies conditioned by the different stages of MJO
Phases 1 and 2. For example, during JJ 2020, a total of three stages of MJO Phase 1 occurred, and thus we make
three Phase 1 composites in Figures 6a, 6¢, and 6e. We find that the rainfall patterns of Phase 1 in different stages
of JJ 2020 are generally similar, though the maximum rainfall center tends to migrate toward the north under
the modulation of large-scale northward propagation of boreal-summer MJO. For the three Phase 2 composites
(Figures 6b, 6d, and 6f), the anomalous rainfall patterns are also similar but the enhanced Meiyu center shows a
systematically shift to the north of Yangtse river, as compared to the Phase 1 composites. Moreover, this north-
ward shift of Meiyu center becomes especially evident between adjacent Phases 1 and 2 of MJO (e.g., Figures 6a
and 6b). Thus, the intuitively weak change of MJO from Phase 1 to Phase 2 in JJ 2020 can do shift the Meiyu
center northward of Yangtse. The end-to-end arrows in Figure 6 are used to direct the meridional propagation
trend of enhanced rainfall anomalies between adjacent MJO Phases. We find that the propagation pattern is very
similar to the 5-day running mean Max_Lat shown in Figures 2 and 4. Therefore, the multiple swings of MJO
Phases 1-2 play an important role in modulating the recurring latitudinal shifts of the 2020 Meiyu episodes.

3.3. Mechanism of MJO Phase Swings Modulating Latitudinal Shifts of the 2020 PER Event

The mechanisms of MJO Phases 1-2 in affecting the spatiotemporal evolutions of the convective activity over
the southeastern China are firstly interpreted from the perspective of long-term statistical analysis. We give the
composite OLR and 850-hPa horizontal wind anomalies in Phases 1 and 2 (Figure 7). In Phase 1 (Figure 7a), there
is an anomalous anticyclone over the western North Pacific (WNP), characterizing the Rossby wave response to
the suppressed MJO convection over tropical western Pacific (Zhang et al., 2009). The anomalous anticyclone
center is near 18°N and the low-level southwesterly wind anomalies are dominated on the northwest flank of
the anomalous Rossby gyre. Specially, the westward extended ridge line of the WNP anomalous anticyclone
is located along ~15°N over the South China Sea, which is essential for the formation of the active convective
centers to the south of Yangtse river that coincide with the geographical locations of positive precipitation anom-
alies (Figure 5c).
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Figure 7. Composite OLR (shading; W/m?) and 850-hPa horizontal wind anomalies (vectors; m/s) of active MJO days in RMM Phase 1 (a) and Phase 2 (b) during
JJ of 1980-2019. (c) The difference of composites between (a) and (b), that is, Phase 2 minus Phase 1. The green curves in panels (a) and (b) denote the westward
extended ridge line of the anomalous anticyclone over the western North Pacific. The gray curve in (b) is the ridge line shown in (a) to compare the one in (b). The
black (white) dots represent the negative (positive) OLR anomalies significant at the 90% confidence level based on the two-tailed Student /'s test. Vectors are shown
only for those passing the 90% significance Student ¢'s test. The magenta curves in each panel show the basins of the Yangtse and Yellow rivers.

As compared, in Phase 2 (Figures 7b and 7c¢), the location of the anomalous anticyclone center is more northern
due to the northward propagation of MJO during boreal summer (Lee et al., 2013), particularly accompanied with
a northward shifted ridge line (located around 19°N). The southerly component of the anomalous anticyclonic
circulation is more evident and converges to the north of Yangtse river, leading to enhanced convection anom-
alies there. In summary, the MJO in the boreal summer acts to influence the convection and precipitation over
the Yangtse river mainly through modulating the latitudinal location and intensity of the anomalous anticyclone
over the WNP, of which the westward ridge line and southwesterly wind anomalies might play an essential role.

To demonstrate the critical role of MJO in modulating the recurring latitudinal shifts of the 2020 Meiyu rain-
fall, we further focus on the intraseasonal evolution of the anomalous WNP anticyclone during JJ 2020. The
composites of 850-hPa horizontal winds anomalies conditioned by the MJO Phases are given in Figure 8 that
uses a similar presenting style in Figure 6. As one can see, the anomalous anticyclone over the WNP undergoes a
vigorous intraseasonal variation, which is clearly reflected by the ridge lines (see red and blue curves in Figure 8)
extending westward. With the swings of MJO from Phase 1 (Figures 8a, 8c and 8e) to Phase 2 (Figures 8b, 8d
and 8f), the ridge lines also shift northward. As aresult, the southwesterly wind anomalies on the northwest flank
of the anomalous WNP anticyclone tend to converge to the north of Yangtse river and support the Meiyu rainfall
generation there. The above depictions can be observed more clearly by observing the circulation differences
between adjacent Phase 2 and Phase 1 (Figures 8g—8i). During the third swing circle of MJO Phases (e.g.,
Figures 8e and 8f), the strengthened southerly wind anomalies, which converge to the north of Yangtse river, only
occur west of 110°E (Figure 8i). Summarized from our discussions above, the MJO acts to influence the recurring
north-south shifts of the 2020 Meiyu rainfall mainly through changing the westward extended ridge line of the
anomalous WNP anticyclone.

The convergence of 850-hPa wind anomalies may promote the formation of precipitation by accumulating and
lifting the in-situ humidity. To interpret this mechanism, we diagnose the moisture flux convergence (MFC),
which is a good proxy of the deep convection and can be formulated as

MFC:—V-(th) = V0W-Vq —qV-Va.
—_—— —— ey

Advection term Convergence term

where V), = (u.v) is the horizontal wind. Equation 1 suggests that MFC can be further decomposed into two
components, that is, the moisture advection and convergence terms. We have compared the two terms, while the
magnitude of the moisture advection term is small, which is especially true over our target region of Yangtse river
and thus is not represented here.
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Figure 8. (Upper) Composite horizontal wind (vectors; m/s) and the moisture flux convergence anomalies (shading; 107 kg s™' hPa~! m~2) at 850 hPa in different
stages of RMM Phases 1 (a, ¢, and e) and 2 (b, d, and f). The red curves indicate the westward extended ridge line of the western North Pacific (WNP) anomalous
anticyclone circulation. The blue curves are the copy of the ridge lines in the left adjacent Phase 1 composite. The red arrows direct the meridional propagation trend of
anomalous moisture flux convergence between adjacent RMM Phases. (Lower) The differences of composite between adjacent Phase 2 and Phase 1 (g, h, and i). The
magenta curves in each panel show the basins of the Yangtse and Yellow rivers.

The shading in Figure 8 shows the composite 850-hPa MFC conditioned by three stages of RMM Phases 1 and
2, along with the differences between adjacent Phase 2 and Phase 1. The convergence center shows similar latitu-
dinal shifts as the 2020 Meiyu rainfall shown in Figure 6, that is, jumping from the south to the north of Yangtse
river under the modulation of the northward migration of the ridge line of the anomalous WNP anticyclone
when the MJO swings from Phase 1 to Phase 2. A southward propagation of the convergence center is observed,
however, when MJO evolves from Phase 2 to Phase 1 (Figures 8g—8i). Figure 9 further presents the latitude-time
section of the convergence term of 850-hPa MFC to observe its continuous variation and the correspondence
with the evolution of the ridge line of the anomalous WNP anticyclone and the latitude location of Meiyu rainfall
averaged in each MJO Phases. Similar to the precipitation evolution (Figure 2), the moisture convergence center
shows recurring latitudinal shifts embedded in the large-scale northward propagation, suggesting the close asso-
ciation of the precipitation formation with the lower-tropospheric moisture convergence. Also being noted is the
well correspondence between the north-south shifts of the anomalous WNP anticyclone ridge line and those of
the Meiyu rainfall, highlighting the modulating effect of the anomalous WNP anticyclone on the intraseasonal
shifts of the 2020 PER event.

In summary, our results indicate that the key to affecting the recurring latitudinal shifts of deep convection around
Yangtse river during JJ 2020 is the multiple adjustments of MFC (dominated by the moisture convergence term)
caused by the variation of anomalous WNP anticyclone with its ridge line latitudinally shifting under the modu-
lation of MJO Phase swings.
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forward to the Phase 2, however, the center and ridge line of the anomalous
WNP anticyclone were shifted to the north along the coastal region due to the
northeastward propagation of MJO convection and circulation. As a result,
the southwesterly wind anomalies on the northwest flank of the anomalous
anticyclone penetrated to the north of Yangtse river, leading to the northward shift of enhanced moisture conver-
gence and thus increased precipitation there. These mechanisms worked well and alternatively during JJ of 2020,
thus explaining the recurring latitudinal shifts of the 2020 extreme Meiyu event.

Our findings summarized above suggest that we may use the MJO Phase swings to predict the possible location
of Meiyu rainfall over the southeast China. Since this study had intended to examine the modulating factors of
the multiple latitudinal shifts in the 2020 extreme precipitation, the underlying reasons of the MJO Phase swings
are not investigated here. Further works should be conducted to explore the mechanisms of MJO swings between
RMM Phases 1 and 2. For example, due to the strong dependence of RMM index on the circulation rather than the
convection (Straub, 2013), it is interesting to unravel the relative role of convection and circulation in determining
the RMM Phase swings. Some caveats also worth being noted in this study. For example, the positive composite
rainfall anomalies of MJO Phase 1 for the 2020 PER case dislocate from that of the climatology, although the
Phase 2 composites between the two scenarios are much similar. This reflects that other non-MJO factors during
2020 are so vigorous that the “pure” MJO effect might be distorted. Future study should clarifies the relative role
of MJO and non-MJO factors in affecting the 2020 Meiyu rainfall variations.

Appendix A
Existence of MJO During JJ 2020

Whether an MJO event was actually present during JJ 2020, provided that the westward propagation was
observed in the trajectory of RMM indices (Figure 3b)? We analyzed the Hovmoller diagrams of the filtered
and reconstructed OLR and U850 anomalies in Figure Al. The results suggest that there were actually two
intraseasonal deep convection events, whose standing characteristics were more profound than its propagating
ones (Figure Ala). Nevertheless, the eastward propagations of large-scale deep convection were still observed
over the 10. The first convective episode was fast but it was blocked and decayed quickly when approaching the
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Figure Al. (a) Hovmoller diagram of 20-100-day filtered OLR (shading; W/m?) and U850 (contour; m/s) anomalies
averaged over 15°S—15°N during June-August (JJA) of 2020. The MJO-filtered OLR anomalies smaller than —5 W/m?
are outlined by thick blue contours. The equatorial Rossby (ER) wave-filtered OLR anomalies smaller than —5 W/m? are
outlined by thick magenta contours. (b) Hovmoéller diagram of the normalized reconstructed 850-hPa (blue contour) and
OLR (shading) anomalies during JJA of 2020. Positive (negative) wind anomalies are indicated by solid (dotted) line. The
horizontal green line isolates June-July and August of 2020.

western MC. Thus, we might call this intraseasonal convection event the nonpropagating MJO (Kim et al., 2014).
In contrast, the second convective episode was slow and also decayed when encountering the MC barrier effect
(Zhang & Ling, 2017). However, it tended to jump into the western Pacific during early August 2020. According
to Wang et al. (2019), we might call this episode the “jumping” MJO.

The recurring swing of RMM indices implied the occurrence of westward propagation during JJ 2020, which may
hinder us to relate the RMM behaviors to the MJO. However, we noted that the most evident westward propaga-
tion actually occurred in the second half of June 2020, whereas the other periods of JJ 2020 were dominated by
the eastward propagation and standing oscillations (see Figures 3b and A1b). Moreover, the most evident west-
ward propagation started from ~June 15, on which the first MJO deep convection decayed due to the MC barrier
effect (Figure 4a). Consequently, the circulation likely did not couple tightly with the MJO deep convection and
thus the equatorial westerly wind anomalies, which were the ER wave responses to the deep convection, tended to
migrate westward since ~June 15 (Figure Ala). The relaxed coupling of ER wave with the MJO deep convection
may be appreciated more clearly from the westward-propagating ER wave-filtered convective envelope from June
17 (see magenta line in Figure Ala). In this regard, the westward propagation activity was intrinsically induced
by the decaying deep convection of MJO, because of which the westerly wind's coupling degree relaxed a bit and
migrated westward.

In a summary, there actually existed two MJO episodes during JJ 2020, one fast nonpropagating MJO and the
other slow jumping MJO. Due to interacations with the MC or other factors, the circulation signals of MJOs
showed alternative eastward and westward propagations and also standing oscillations, explaining the observed
swings of RMM Phases.

Data Availability Statement

The daily precipitation data set of the Chinese surface climate data (V3.0) is provided by the National Meteoro-
logical Information Center of China Meteorological Administration (http://data.cma.cn/). The daily circulation
and OLR data are achieved at the NCEP/NCAR, Physical Sciences Laboratory (https://psl.noaa.gov/data/grid-
ded/tables/daily.html). The daily 1/4° SST products of Optimal Interpolated Sea Surface Temperature version
2 (OISSTv2) are from the NOAA (https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html). The
RMM index is obtained from the Australian Bureau of Meteorology (http://www.bom.gov.au/climate/mjo/).
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