
1.  Introduction
From mid-June to mid-July, a southward surge of cold air from high latitudes prevents the Asian sum-
mer monsoon from advancing further northward, generating a quasi-stationary west-east oriented front 
from central-east China to Japan (Ding, 1991; Tao & Chen, 1987; Zhu et al., 2003). The resultant persistent 
rainfall is referred to as the Meiyu in China, Changma in Korea, and Baiu in Japan. In June–July 2020, ex-
tremely heavy Meiyu-Baiu rainfall hits Japan and the middle-lower reaches of the Yangtze River in China, 
generating record-breaking accumulated rainfall and severe floods.

Previous studies suggest that East Asian precipitation in early summer can be influenced by many factors, 
such as tropical and North Pacific Ocean temperatures (Ren et al., 2013), Indian Ocean temperatures (Kosa-
ka et al., 2013), atmospheric teleconnections (Zhang et al., 2021), and snow cover over the Tibetan Plateau 
and Siberia (Yim et  al.,  2010; Xiao & Duan,  2016). Prominent factors that enhance Meiyu-Baiu rainfall 
include an El Niño in preceding winter (Huang & Wu, 1989; Wu et al., 2003), a warm Indian Ocean (Zhang 

Abstract Heavy Meiyu-Baiu rainfall occurred over central-east China and Japan in June–July 2020. 
This study analyzes observational and reanalysis data and performs atmospheric model simulations to 
investigate its causes. It is found that low Arctic sea ice cover (SIC) in late spring-early summer of 2020 
along the Siberian coast was an important factor. The low SIC caused local warming and high pressure, 
resulted in excessive atmospheric blockings over East Siberia, which caused cold air outbreaks into the 
Meiyu-Baiu region, stopped the seasonal northward march of the Meiyu-Baiu front, and increased the 
thermal contrast across the front, leading to record-breaking rainfall in June–July 2020. Our results 
suggest that the 2020 extreme Meiyu-Baiu was partly caused by the low SIC around the Siberian coast 
through its impact on East Siberian blockings. As sea ice along the Siberian coast decreases under global 
warming, its variations and thus influence on Meiyu-Baiu rainfall may weaken.

Plain Language Summary Meiyu-Baiu, a west—east oriented stationary front from 
central-east China to Japan, usually persists from mid-June to mid-July. In June–July 2020, central-east 
China and Japan encountered record-breaking Meiyu-Baiu rainfall. Through analyses of observational 
and reanalysis data, we found that excessive East Siberian atmospheric blockings—large-scale quasi-
stationary anticyclonic circulations—during the 2020 Meiyu-Baiu season increased cold air outbreaks 
into the Meiyu-Baiu region, stopped the northward march of the Meiyu-Baiu front, and enhanced the 
temperature contrast across the front, leading to record-breaking Meiyu-Baiu rainfall in 2020. Using 
atmospheric model experiments, we further show that the frequent East Siberian blockings can be largely 
attributed to excessive sea ice melting and the concurring warming along the Siberian coast. The lower-
atmospheric warming reduced local meridional temperature gradients and zonal winds, which favors East 
Siberian blockings. Our results highlight the effect of Arctic sea ice decline and the associated warming 
on Meiyu-Baiu rainfall and provide a new mechanism for the Arctic to affect mid-latitude precipitation in 
late spring-early summer. This Arctic effect may change in the future as late spring-early summer sea ice 
diminishes under global warming.
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et al., 2017; Zhou et al., 2021), and a warm phase of the Pacific decadal Oscillation (PDO, Si et al., 2009; Zhu 
et al., 2015). These factors can modulate the Pacific subtropic high and the northward moisture flux into 
the Meiyu-Baiu region. However, for the 2020 extreme Meiyu-Baiu rainfall, neither a preceding El Niño nor 
strong simultaneous warming in the Indian Ocean appeared (WMO, 2020; Takaya et al., 2020), and the PDO 
is at a neutral phase (https://www.ncdc.noaa.gov/teleconnections/pdo/). Thus, previously noticed factors 
cannot fully explain the heavy 2020 Meiyu-Baiu rainfall.

A recent study found that the warm Indian Ocean can help explain the enhanced Meiyu-Baiu rainfall only 
for June but not July of 2020 (Zhou et al., 2021). Takaya et al. (2020) estimated that the warm Indian Ocean 
contributed about one fourth to the 2020 Meiyu-Baiu rainfall anomaly and suggested that extratropical 
forcing is essential for explaining the rest. Liu et al.  (2020) found that the phase transition of the North 
Atlantic Oscillation (NAO) influenced the 2020 Meiyu-Baiu front, which also implies an important role of 
mid-to-high latitude atmospheric circulation. Previous studies suggested that the mid-high latitude atmos-
pheric circulation, especially Eurasian atmospheric blocking, is vital in prolonging the Meiyu-Baiu season 
and increasing its rainfall intensity and accumulated amount (e.g., Chen et al., 2007; Chen and Zhai, 2014; 
Li et al., 2001; Li et al., 2018; Ninomiya & Shibagaki, 2007; Park & Ahn, 2014; Wang, 1992).

On the other hand, observational and modeling studies found that winter Arctic sea ice cover (SIC) can in-
fluence the frequency and persistence of Eurasian blocking (e.g., Chen et al., 2020; Luo & Zhang, 2020; Luo 
et al., 2019; Mori et al., 2014; Ruggieri et al., 2016; Yao et al., 2017). In the late spring-early summer of 2020, 
Arctic sea ice extent was at the lowest levels since 1979 due to a Russian heat wave persisting from January 
to May in 2020 (NSIDC, 2020) that resulted from a combination of internal variability and anthropogenic 
influences (Overland & Wang, 2020; WWA, 2020). Whether and how the low Arctic SIC is linked to the 
Eurasian atmospheric blocking and thus the Meiyu-Baiu rainfall in 2020 is unclear.

In this study, we examine the East Siberian blocking anomaly during the 2020 Meiyu-Baiu period, explore 
its effect on the Meiyu-Baiu rainfall, and investigate its link to the record-breaking Arctic sea ice melting 
using reanalysis data and atmospheric model experiments.

2.  Data, Methods, and Experiments
Daily data on a 1° lon/lat grid from January 1979–July 2020 for horizontal winds, geopotential height, air 
temperature, precipitation, SIC, sea surface temperature (SST), surface sensible and latent heat fluxes, sur-
face longwave and shortwave radiation fluxes were obtained from ERA5 reanalysis (Hersbach et al., 2020). 
We evaluate ERA5 precipitation with a precipitation data set on a 0.05° lon/lat grid provided by the National 
Meteorological Information Center in China, which combines raingauge measurements with precipitation 
estimates from radar and satellite sensors (Pan et al., 2015). The ERA5 precipitation captures the spatial 
distribution and temporal evolution of the Meiyu-Baiu rainfall from June 1st to July 31st in 2020 (Figures 1a 
and 1b). The daily evolutions of the domain-averaged rainfall in observation and ERA5 are highly correlated 
(r = 0.75; Figure 1b).

We used a two-dimensional blocking index proposed by Dunn-Sigouin et al. (2013) to quantify atmospheric 
blockings. First, the standard deviation (STD) of daily 500-hPa geopotential height (Z500) anomalies north 
of 30°N is calculated. An instantaneous blocking is identified over the area that is within the closed contour 
of 1.5 Z500 STDs and extends over 2.5 × 106 km2 or more. A reversal of the Z500 meridional gradient on the 
equatorward flank of the instantaneous blocking is required. Instantaneous daily blockings in two succes-
sive days are considered as one blocking event if their spatial overlap is greater than 50%; otherwise, they 
belong to different blocking events. A blocking event lasting for at least 3 days over East Siberia (90°E−180°, 
60°–85°N) is defined as an East Siberian blocking event. We calculated the 1979–2019 climatology for the 
blocking frequency and other variables for each calendar day, and the anomaly is relative to this daily 
climatology.

We conducted atmospheric modeling experiments using the Community Atmosphere Model version 6 
(CAM6) in the Community Earth System Model, version 2 (CESM2, Danabasoglu et al., 2020). The CAM6 
was run with 1.25°lon × 0.9°lat horizontal spacing, 32 vertical levels from the surface to 2.26-hPa. In the 
control experiment (CTL), 1995–2005 monthly climatological SST and SIC were used as the lower boundary 
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condition around year 2000 and run for 75 years, including a 25-year spin-up. We further ran two perturbed 
experiments covering only the period from April 1st to July 31st. In the first perturbation experiment (ARC-
TIC), SST and SIC were the same as CTL south of 60°N, but north of 60°N they were fixed to the 1995–2005 
climatology for April and to those of 2020 from May to July, because the Arctic SIC anomalies became large 
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Figure 1.  Precipitation, Arctic sea ice, and atmospheric circulation conditions in early summer 2020. (a) Observed (shading) and ERA5 (contours) 
precipitation (mm) accumulated from June 1st to July 31st. (b) Time series of observed (black line) and ERA5 (pink line) daily precipitation (mm/day) averaged 
over the mid-lower reaches of the Yangtze river (100°–125°E and 27°–36°N). (c) ERA5 accumulated precipitation anomalies (shading, mm) in June and 
July 2020 relative to the 1979–2019 climatology (contours, mm) for this time of the year. The black box highlights the Meiyu-Baiu region (110°–140°E and 
27°–37°N). The cyan curve denotes the Yangtze River in panel a, c and h. (d) Time series of ERA5 daily precipitation (mm/day) averaged over the Meiyu-Baiu 
region (black box in panel c) for 2020 (black line) and its climatology (blue line) whose ±1 standard deviation (STD) range is shown by the shading. (e) Arctic 
SIC in June and July 2020 (shading, %) from ERA5. The red (yellow) curve denotes the 20% SIC contour for 2020 (climatology), and the black box highlights 
the Siberian coastal region (60°–180°E and 70°–80°N). (f) Time series of ERA5 domain-averaged SIC (orange lines, %) and the fraction of open-water surfaces 
(purple lines, %) over the Siberian coastal region (black box in panel e) for 2020 (thick lines) and their climatology (thin lines) whose ±1 STD range is shown by 
the shading. (g) Blocking frequency anomalies (shading, in days) in June and July 2020 relative to the climatology (contours, in days) for this time of the year. 
The black box highlights the region of East Siberian blocking (90°–180°E and 65°–85°N). (h) Anomalies of the 500-hPa geopotential height (shadings, gpm) and 
horizontal winds (arrows, m s−1) during the East Siberian blocking days (results for 850-hPa are similar). The black arrows highlight the significant meridional 
wind anomalies at the 5% level based on a Student's t test.
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only after early May in 2020 (not shown). The other perturbation experiment (GLOBAL) is the same as 
ARCTIC except it used the 2020 SST and SIC over the globe from May to July. We performed 20 ensemble 
simulations with slightly different initial conditions for each perturbation experiment and used the en-
semble mean to reduce internal variabilities. The GLOBAL-minus-CTL (ARCTIC-minus-CTL) differences 
represent the atmospheric response to global (Arctic) SST and SIC anomalies in late spring-early summer of 
2020. Such SST/SIC-forced atmospheric general circulation model (AGCM) simulations have been widely 
used to study atmospheric response to sea-ice changes (e.g., Mori et al., 2014); however, this setup cuts off 
air-ocean-ice interactions and likely results in muted response as the fixed SST/SIC will have a dampening 
effect on the atmospheric response to perturbations. Nevertheless, these experiments may provide qualita-
tive results for the atmospheric responses to 2020 anomaly SST/SIC conditions, although in reality these 
surface and atmospheric conditions concur together.

3.  Results
3.1.  Influence of Excessive East Siberian Blocking on Meiyu-Baiu Rainfall in 2020

In June–July 2020, accumulative rainfall averaged over the Meiyu-Baiu region (black box in Figure 1c) is 
412 mm (69%) above normal (Figure 1c). Its temporal evolution shows 8–15 day variations (Figure 1d), 
implying the effect of atmospheric low-frequency variability such as atmospheric blocking. Meanwhile, 
Arctic SIC is greatly reduced along the Siberian coast, and more open-water surfaces appeared (Figures 1e 
and 1f). Overlying the Siberian coast, blocking frequency greatly increased (Figure 1g). These blockings are 
located at higher latitudes than the Okhotsk Sea blockings that were previously considered as a cause of 
enhanced Meiyu rainfall (e.g., Park & Ahn, 2014; Wang, 1992). The composites of the blocking days (Fig-
ure 1h) over the East Siberian region (black box in Figure 1e) show a large-scale anticyclone that affects the 
Meiyu-Baiu region (Figure 1f). The anomalous northerlies converge with the anomalous southerlies over 
the Meiyu-Baiu region, favoring frontogenesis of Meiyu-Baiu front.

The seasonal northward march of the 2020 Meiyu-Baiu rain belt exceeds the climatology before June 20th 
but lags the climatology during most of the period from June 20th–July 20th (Figure 2a). The intensity and 
position anomalies of the 2020 Meiyu-Baiu rain belt are significantly correlated with Z500 height anomalies 
over the East Siberian blocking region, with positive Z500 anomalies associated with southern positions and 
more Meiyu-Baiu rainfall (Figure 2b). The warm airmass usually advances northward steadily from June to 
July, but in 2020 its northward migration was interrupted by three cold airmass outbreaks in late June, early 
July, and mid-July (Figure 2c). These cold airmass outbreaks correspond to three East Siberian blockings 
(pink shading in Figure 2b) except for the one in mid-June, associated with which the anomalous north-
erlies were seen over the Meiyu-Baiu region in blocking's early development stage (Figure 2b) but shifted 
eastward over the western Pacific as the blocking's zonal size became large in its mature stage (not shown). 
During the blocking periods in June–July 2020, the blocking anticyclone induces anomalous northerly 
winds on its eastern side (Figure 1h) that pushes the Meiyu-Baiu rainbelt southward (Figures 2b and 2c). As 
a result, the northern part of the Meiyu-Baiu region is occupied by northerly winds and cold air (Figure 2c). 
The temperature in its northern part decreases, but the meridional temperature gradient increases across 
the front (Figure 2c). Thus, the East Siberian blockings obstructed the northward movement of the 2020 
Meiyu-Baiu rainfall and increased the thermal contrast across the front. These results are consistent with 
previous studies (e.g., Chen et al., 2007; Li et al., 2001; Ninomiya & Shibagaki, 2007), which suggested that 
Asian high-latitude blocking favors the Meiyu-Baiu frontogenesis and a persistent Meiyu-Baiu front.

3.2.  The Link Between Low Arctic Sea Ice and East Siberian Blocking

The positive height anomalies over the East Siberian blocking region persisted for more than one month 
(Figure  2c), which is much longer than a normal atmospheric signal, implying a lower-boundary forc-
ing of such a long-lived atmospheric anomaly. In June–July 2020, an unusual narrow warm belt occurred 
along the Siberian coast (Figure 3a), together with reduced sea ice cover over the marginal sea off Siberia 
in the late spring-early summer (Figure 1c). Based on ERA5, absorbed shortwave radiation, upward long-
wave radiation, surface sensible and latent heat fluxes averaged over the Siberian coastal ocean (black box 
in Figure 3a) in June–July 2020 were, respectively, 13.1%, 2.1%, 19.9%, and 11.8% above normal, due to 
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Figure 2.  Daily evolutions of the Meiyu-Baiu rain belt and the associated atmospheric circulation. (a) Time-latitude 
distribution of ERA5 daily precipitation (shading, mm/day) averaged over the Meiyu-Baiu region (black box in 
Figure 1a) in 2020 and its climatology (contours, mm). The black line denotes the latitude position of the maximum 
daily precipitation in 2020 and the pink line denotes its climatology. (b) Normalized time series (in units of STD) of 
daily Z500 (red line) averaged over the East Siberian blocking region (black box in Figure 1g), precipitation averaged 
over the Meiyu-Baiu region (blue line), latitude position of the daily maximum Meiyu-Baiu precipitation (black line, 
obtained from the black line in panel a). Pink shadings denote the days with instantaneous East Siberian blockings. The 
correlation coefficients (r1 = 0.46 and r2 = −0.36) are for Z500 versus precipitation and Z500 versus rain belt position, 
respectively. (c) Time-latitude distribution of ERA5 daily 850-hPa air temperature (T850) averaged over the Meiyu-Baiu 
longitude sector in 2020 (shading, °C) with the 18°C contour highlighted by the blue line, and its climatology (contours, 
°C) with the 18°C contour highlighted by thick pink line. The gray (red) arrow denotes 850-hPa southward (northward) 
wind anomaly significant at the 10% level, and the black line is same as panel a.
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increased open-water surfaces (Figure 1d), which are a heat source to the atmosphere during cold seasons 
(Dai et al., 2019). This indicates that increased open-water surfaces in June–July 2020 absorbed more solar 
radiation and released more heat to warm the atmosphere, contributing to the surface air warming along 
the Siberian coast (Figure 3a). This warming extends into the mid-upper troposphere from late June to late 
July, corresponding to positive height anomalies in the mid-upper troposphere (Figure 3d).

The CAM6 simulations provide a partial estimate of atmospheric response to the SIC and SST anomalies. 
The GLOBAL-minus-CTL differences for surface air temperature (SAT) and Z500 over mid-high latitude 
Eurasia resemble the ERA5 results with reduced amplitudes (Figures 3a and 3b) and are similar to the ARC-
TIC-minus-CTL differences (Figure 3c). This indicates that the Siberian coastal warming and East Siberian 
blockings can be partially attributed to the Arctic SIC/SST anomalies in the late spring-early summer of 
2020. Similar to the ERA5 results, the near-surface warming precedes the deep tropospheric warming and 
positive height anomalies in the model simulations (Figures 3e and 3f), suggesting that they are originated 
from surface heating.

Associated with the Siberian coastal warming, the meridional gradient of lower tropospheric temperatures 
(dT/dy) decreases south of the Siberian coast (Figures 4a–4c). A smaller dT/dy would weaken the zonal 
wind according to the thermal wind relation (Figures 4d–4f) and decrease regional baroclinicity and eddy 
momentum flux convergence (Figures 4g–4i). The latter would decrease the eddy-driven component of the 
subpolar jet (Figures 4d–4i) south of the Siberian coast. Previous studies suggest that a weak zonal wind is a 
pre-condition for frequent and persistent blockings (e.g., Luo et al., 2019). Thus, the low sea ice cover along 
the Siberian coast contributes to the warming and high pressure over the region, reduces dT/dy and the zon-
al wind south of it, and thus favors the occurrence and maintenance of East Siberian blockings. This is in 
line with previous studies that suggested summer warming along Arctic coasts can modulate the subpolar 
jet and large-scale waves (e.g., Coumou et al., 2018; Knudsen et al., 2015; Petrie et al., 2015).

The ARCTIC-minus-CTL precipitation differences (Figure 5a) averaged from June to July reasonably cap-
ture the observed Meiyu-Baiu rainfall anomalies (Figure 1a), and the precipitation differences (Figures 5b 
and 5c) last into July, which is consistent with the ERA5 results (Figure 2a). However, the GLOBAL-mi-
nus-CTL and ARCTIC-minus-CTL precipitation differences only reproduce, respectively, 23.14% and 
27.57% of the ERA5 Meiyu-Baiu rainfall anomalies in June–July 2020 (2.98 mm/day). This implies that our 
atmospheric experiments without two-way air-ocean-ice interactions may underestimate the atmosphere 
responses to sea-ice and SST anomalies.
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Figure 3.  Temperature and height anomalies. (a) ERA5 surface air temperature (SAT, shading, °C) and Z500 (contours, gpm) anomalies during June–July 
2020, and the CAM6-simulated (b) GLOBAL-minus-CTL and (c) ARCTIC-minus-CTL differences of SAT (shading, °C) and Z500 (contours, gpm) averaged 
from June to July over the Eurasian region. The black box highlights the Siberian coastal region (60°–180°E and 70°–80°N, same as the black box in Figure 1c). 
Pressure-time cross-sections of ERA5 (d) air temperature (T, shading, °C) and geopotential height (Z, contours, gpm) anomalies and (e) GLOBAL-minus-CTL 
and (f) ARCTIC-minus-CTL T (shading, °C) and Z (contours, gpm) differences zonally-averaged over the Siberian coastal region (black box in panel a–c). 
Stippled regions are significant at the 5% level for air temperatures based on a Student's t test.
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4.  Summary and Discussion
In this study, we have analyzed observations and ERA5 data and performed atmospheric model simulations 
to examine the causes of the 2020 extreme Meiyu-Baiu rainfall. It is found that the low sea-ice cover in 
late spring-early summer along the Siberian coast contributed to the surface and tropospheric warming. 
The zonal-oriented warming along the Siberian coast decreases the meridional temperature gradient, eddy 
momentum flux convergence, and zonal wind south of the Siberian coast. These conditions favor the East 
Siberian blockings, which caused three cold air outbreaks into the Meiyu-Baiu region from mid-June to 
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Figure 4.  Temperature gradient and wind anomalies. (a) ERA5 meridional gradients of 850-hPa air temperature anomalies (


T
y

, °C km−1) averaged over June 

and July 2020, and (b) GLOBAL-minus-CTL and (c) ARCTIC-minus-CTL differences of the same temperature gradient (°C km−1) averaged over June and July. 
(d) ERA5 500-hPa zonal wind (U500) anomalies (shading, m s−1) averaged over June and July 2020 and its climatology (contours, m s−1) for this time of the 
year. (e) GLOBAL-minus-CTL and (f) ARCTIC-minus-CTL U500 differences (shading, m s−1) averaged over June and July and the U500 climatology in CTL for 
this time of the year (contours, m s−1). The thick green line denotes the approximate position of the subpolar jet axis over Asia. Pressure-latitude cross-sections 

of (g) 
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) anomalies (shading, m s−2) and zonal wind climatology (contours, m s−1) from ERA5, and (h) GLOBAL-minus-CTL and (i) ARCTIC-minus-
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less energy being transferred from eddies to mean flow. Stippled regions are significant at the 5% level.

Figure 5.  ARCTIC-minus-CTL precipitation differences (mm/day) for (a) June–July mean, (b) June, and (c) July. Stippling indicates the difference is 
significant at the 5% level. The black box highlights the Meiyu-Baiu region. GLOBAL-minus-CTL precipitation differences are similar (not shown).
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mid-July 2020. These southward intrusions of cold air stopped the seasonal northward march of the Mei-
yu-Baiu front and increased the thermal contrast across the front, causing intense and prolonged Meiyu 
rainfall in June–July 2020.

Our findings suggest an important role of Arctic sea-ice loss for the record-breaking Meiyu rainfall in June–
July 2020. This provides a contrasting and complementary explanation of the 2020 Meiyu rainfall anomaly 
in comparison with recent studies by Takaya et al. (2020) and Zhou et al. (2021), who suggested a significant 
role of the warm Indian Ocean, which can help explain the enhanced Meiyu rainfall in June but not July 
of 2020 (Zhou et al., 2021). The record-breaking low sea-ice cover during the late spring-early summer of 
2020 likely resulted from natural variations and long-term sea-ice loss. Our results suggest that such sea-
ice anomalies under current warming climate can affect local atmospheric temperatures and atmospheric 
blockings, and therefore influence the Meiyu-Baiu rainfall. As atmospheric greenhouse gases continue to 
increase, Arctic sea ice will decrease further, more warm ocean water surfaces will be exposed in Arctic 
winter, and this will result in enhanced Arctic warming (Dai et al., 2019). As late spring-early summer sea 
ice decreases along the Siberian coast, sea-ice's year-to-year variations may change and disappear eventually 
as sea ice melts away completely (Dai and Deng, 2021). How the long-term sea-ice loss and Arctic warming 
affect East Siberian blocking and the Meiyu-Baiu front requires further investigation. Lastly, although our 
experiments properly simulate the enhanced 2020 Meiyu-Baiu rainfall and provide qualitatively consistent 
results, quantitative estimates of the contribution from the Arctic anomaly SST/SIC conditions require im-
proved experimental designs.

Data Availability Statement
The ERA5 reanalysis data is available via https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanaly-
sis-era5-single-levels?tab=form. The model simulation data analyzed in this study and the raingauge meas-
urement are available through https://doi.org/10.4121/13683703.v1 and https://doi.org/10.4121/13685476.
v1, respectively.
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