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Abstract In the late 1920’s, a mega-drought in China resulted in widespread crop failure and famine. Sufficient evidence
suggests that this drought belonged to a dry period ranging from approximately 1922 to 1932. To understand the characteristics
and the cause of this persistent drought period, we combined various data, including observations, tree ring proxy data, reanalysis
data, simulation results of the Fifth Phase of the Coupled Model Intercomparison Project and numerical downscaling simula-
tions. The results show that during 1922–1932, most regions in eastern China suffered from a persistent drought that lasted for six
years, and the maximum negative precipitation anomaly reached −1.5 times the standard deviation. Given its spatial coverage,
duration, and strength, the 1920s drought was unique for the 20th century. The 1920s drought was primarily caused by internal
variability. Strong easterlies in lower latitudes, strong monsoon circulation, and abnormally high geopotential heights at middle
and upper levels were responsible for the 1920s drought conditions in eastern China; these drought conditions could be further
attributed to the joint impact of the Atlantic Multidecadal Oscillation, Pacific Decadal Oscillation and Indian Ocean Basin Mode.
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1. Introduction

Drought is the most influential natural disaster in China. The
monsoon region in China (mainly the eastern part of the
country) is vulnerable to drought disasters because of its
large interannual and decadal variability in precipitation
during rainy seasons. The dry and wet conditions in the
monsoon region are closely related to the strength of the East
Asia summer monsoon (EASM, e.g., Huang et al., 2008;
Zhou et al., 2009; Zhang and Zhou, 2015). Determined by
the land-sea thermal contrast, the strength of the EASM can
be affected by the internal variability of the climate system,
such as the Pacific Decadal Oscillation (PDO, e.g., Ma,

2007; Qian and Zhou, 2014; Pei et al., 2015), the Atlantic
Multidecadal Oscillation (AMO, e.g., Lu et al., 2006; Wang
et al., 2009; Wang et al., 2013), the El Niño and Southern
Oscillation (ENSO, e.g., Su and Wang, 2007; Huang et al.,
2012; Li et al., 2019), and the North Atlantic Oscillation
(NAO, e.g., Wu et al., 2009; Zhang et al., 2021), as well as
external forcings such as solar activity (Currie and Fair-
bridge, 1985; Ge et al., 2016), volcano eruptions (Shen et al.,
2007; Peng et al., 2014; Chen et al., 2020), anthropogenic
aerosols (Zhang et al., 2017), and greenhouse gases (GHGs,
e.g., Chen and Sun, 2016; Naumann et al., 2018).
Historical documents show that a mega-drought (a drought

with large spatial coverage, long duration and severe impact)
occurred in China in 1928 and 1929. Large areas ranging
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from the North China Plain and the Loess Plateau to the
middle and lower reaches of the Yangtze River experienced
rainless growing seasons and crop failure. Severe drought
and civil war resulted in millions of people starving to death
and tens of millions of people losing their homes (Chen,
1987; Deng, 1998; Ding, 2008). Some studies suggest that
the 1928/1929 mega-drought belonged to a longer dry peri-
od. For instance, Liang et al. (2003) found that the tree rings
they sampled in North China showed a growth decline in
1922–1932, mainly due to persistent drought. Based on
historical documents and instrumental records, Qian et al.
(2007) indicated that 1920–1930 was an anomalous warm
and dry period in China. Shi et al. (1991) noticed a con-
tinuous low runoff anomaly in the record of the Shanxian
stream gauge station (which is located in the middle reach of
the Yellow River) during 1922–1932. Xiao et al. (2009) in-
vestigated the drought impact on terrestrial carbon dynamics
by using a process-based biochemistry model. Their results
showed that the countrywide terrestrial carbon sink in
Eastern China turned into a carbon source due to the long-
lasting drought in the 1920s. Our previous study employed
five reanalysis datasets to analyze the temporal-spatial evo-
lution of this drought (Luo et al., 2019). The results showed
that the middle reach of the Yellow River suffered from more
severe and durable drought conditions than the North China
Plain.
Since there were only sparse meteorological observation

records in China in the early 20th century, previous studies
about the 1920s drought mainly employed climate proxy
data such as tree rings (Liu et al., 2005; Gou et al., 2007; Li et
al., 2007; Fang et al., 2009, 2012; Zhang et al., 2011; Lu et
al., 2013). However, proxy data usually have large un-
certainties and poor spatial representativeness. The lack of
meteorological data also makes it difficult to assess drought
strength and analyze the cause. Until now, the understanding
of drought characteristics at a large spatial scale as well as
the cause of severe drought has been insufficient. In addition,
previous studies seldom combined various sources of ob-
servational data with numerical simulations, and this is what
we want to resolve.
In this study, we not only focus on the main disaster-af-

fected area (mainly northern China) but also consider the
drought background under a wider spatial range (eastern
China, EC, 110°E–122°E, 25°N–45°N), particularly from
the perspective of the EASM strength and the land-sea
thermal contrast. Another purpose of this work is to reveal
the causes of this drought, mainly through separating the
independent contributions of natural forcing, anthropogenic
forcing, and internal variability of the climate system. We
employed a modified regional climate model (RCM)
Weather Research and Forecasting Model (WRF) for our
study (see Appendix, https://link.springer.com). The 20th
century reanalysis and the Detection and Attribution (D &A)

experiment ensembles of the Fifth Phase of the Coupled
Model Intercomparison Project (CMIP5) were also selected
to construct the lateral boundary conditions of the WRF
model. The dynamic downscaling procedure can reduce the
systematic bias of the CMIP5 models and improve the spatial
resolution.

2. Materials and method

2.1 Data

We used 20CRv2c reanalysis data (Compo et al., 2011) to
construct the lateral boundary fields for WRF. The reanalysis
data covers a long time range (1850–2014), and it has good
homogeneity and stationarity in time series (without obvious
abrupt changes). Another reanalysis ERA5 was employed for
analyzing the impact of internal variability (Hersbach et al.,
2020). The CMIP5 D & A experimental outputs we adopted
were HistoricalNat and HistoricalMisc (Taylor et al., 2012).
The HistoricalNat experiment has only natural forcing in-
side, namely, solar activity and volcanic eruption. The His-
toricalMisc experiment includes a set of anthropogenic
forcing experiments, with only GHGs, aerosols, ozone, and
land use being considered. The external forcing data used in
the downscaling simulations are identical to the CMIP5
historical experiment (including GHGs, aerosols, solar con-
stant, stratosphere volcanic aerosols, ozone), except for land
use data. Land use data are derived from CLM4, which
considers dynamic vegetation changes.
Several gridded datasets are used for model evaluation and

analysis: the high-resolution monthly mean land surface
temperature and precipitation of the Climate Research Unit
(CRU, version TS 4.01, Harris et al., 2014), the monthly
precipitation data of the Global Precipitation Climatology
Centre (GPCC, version: full V7, Becker et al., 2013), and the
Goddard Institute for Space Studies surface temperature
analysis for the globe (GISTEMP, version: v4, Lenssen et al.,
2019; https://data.giss.nasa.gov/gistemp/). Because the ob-
servations from the early 20th century have large un-
certainties, we also adopted six tree ring chronology series
for cross-verification. These tree ring proxy series include
the oxygen isotope series at the Ordos Plateau (110.725°E,
39.4°N, Liu et al., 2019) and the standard growth index at
Wulan (100°E, 37°N, https://doi.org/10.25921/9ppy-5y73),
Yishan (118.634°E, 36.201°N, Shen et al., 1998), Huashan
(110.083°E, 34.483°N, https://doi.org/10.25921/4wz5-
mn51), Shiren (112.233°E, 33.733°N, Shi et al., 2012), and
Xiaodai (119.45°E, 28.6°N, Shi et al., 2015).
The internal climate modes employed in this study include

three decadal scale variabilities, i.e., the PDO index (Mantua
et al., 1997), AMO index (Enfield et al., 2001), and Indian
Ocean Basin Mode (IOBM) index (Yang et al., 2007), and
two interannual scale variabilities, i.e., the Niño 3.4 index
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(NINO3.4, to represent ENSO events, Rayner et al., 2003)
and the Dipole Mode Index (DMI) of the Indian Ocean Di-
pole Mode (IOD, Saji et al., 1999). The PDO index is cal-
culated as the first principal component of the North Pacific
Ocean (north to 20°N) monthly sea surface temperature
(SST) anomaly. The AMO index is defined as the trend-
removed regional mean SST anomaly of the North Atlantic
Ocean (0°–70°N). The IOBM index is the area weighted
mean of the SST anomaly (SSTA) in the entire Indian Ocean
basin (30°E–120°E, 45°S–20°N). NINO3.4 is the area-
averaged SST from 170°W–120°W and 5°S–5°N. The DMI
is computed by the difference between the regional mean
SSTof the tropical western Indian Ocean (50°E–70°E, 10°S–
10°N) and tropical eastern Indian Ocean (90°E–110°E,
10°S–0°).

2.2 Experimental design

We designed four downscaling experiments, including the all
forcing experiment (ALL), natural forcing experiment
(NAT), anthropogenic forcing experiment (ANT), and no
volcanic aerosol experiment (NOVOLC). These experiments
had different lateral boundary conditions and external for-
cing.
The driving data of the ALL experiment (DALL) simply use

the reanalysis data (RE). First, we divided the RE into the
sum of the climatological mean (overbar) and anomaly
(prime).

D = RE = RE + RE . (1)ALL

The anomaly can be further divided into three components:
the internal variability within the climate system (IV′), the
response of the climate system to natural (NatRes′) and an-
thropogenic forcing (AntRes′).

RE = IV + NatRes + ANtRes . (2)

The CMIP5 attribution experiment consists of a large
number of ensemble members with different model dynamic
frameworks, physical processes, initial conditions, etc. As a
result, the internal variability within each ensemble member
usually has a different phase. Therefore, the multimodel
ensemble mean (MME) can significantly offset the magni-
tude of internal variability within the climate models if the
sample size is large enough. As the HistoricalNat (Histo-
cialMisc) experiment ingests only natural (anthropogenic)
forcing, the MME of HistoricalNat (HistocialMisc) is a good
approximation of the natural (anthropogenic) forcing re-
sponse signal within CMIP5 models.

NatRes NME , (3)NAT

AntRes MME , (4)ANT

where MME NAT (MME NAT) is the MME anomaly of the
CMIP5 HistoricalNat (HistoricalMisc) experiment. Then,

the driving data of NAT (DNAT) and ANT (DANT) are con-
structed by the MME anomaly plus the climatology of re-
analysis data.

D = RE + MME , (5)NAT NAT

D = RE + MME . (6)ANT NAT

We replace the climatology of MME with the climatology
of RE to calibrate the systematic bias of the CMIP5 models
(because climate model outputs usually have a systematic
bias in their climatology).
When running the downscaling experiments, the external

forcing within the WRF model is consistent with their lateral
boundary driving data. NOVOLC has the same configura-
tions as ALL except that it contains no volcanic aerosols.
To extract internal variability from the ALL experiment,

we used the method of Dai et al. (2015). That is, after ob-
taining the simulation results of ALL, NAT, and ANT, we
used linear regression to remove the forcing response signals
(results of NAT and ANT) at every grid point in the ALL
experiment. The label IV(R) represents the internal varia-
bility signals obtained by regression.

2.3 Index of land-sea thermal difference

To quantitatively measure the strength of the EASM, we
adopt the method of Sun et al. (2001). Although there are
various kinds of EASM indices (e.g., Wang et al., 2008), we
used the ILSTD in this study mainly because it uses only
surface temperature rather than upper air meteorological
variables. The upper air observations in the early 20th cen-
tury were quite sparse, and their data quality usually was
unreliable. Therefore, we try to avoid the upper-level vari-
ables when calculating the EASM index. Several alternative
EASM indices that involve upper air geopotential height or
wind data were also calculated by using 20CRv2c reanalysis
data (Dai et al., 2013; He et al., 2019; He and Zhou, 2020),
and we obtained similar results with ILSTD (See Figure S1
in Appendix).
The index of land-sea thermal difference (ILSTD) is de-

fined as follows:

T
T

ILSTD = 0.8 × ( SST )
+0.2 × ( SST ). (7)

EC STNWP

SC SCS

It considers both the zonal and meridional land-sea thermal
contrast. TEC and SSTSTNWP represent the land surface tem-
perature in the East China monsoon region (east of 105°E,
27°N–35°N, land only) and the SST in the subtropical
Northwest Pacific (120°E–150°E, 15°N–30°N), respectively.
TSC and SSTSCS represent the land surface temperature in
South China (the land east of 105°E and south of 27°N) and
the sea surface temperature in the South China Sea (105°E–
120°E, 5°N–18°N). The index was normalized for its large
interannual variations. A positive value indicates a large
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land-sea surface temperature difference and a strong summer
monsoon and a negative value, vice versa. As the land sur-
face observation data in the early 20th century are hard to
access, we use the surface air temperature (GISTEMP) in-
stead because land surface temperature and surface air
temperature are usually highly correlated.

3. Simulation of drought characteristics and the
associated circulation anomalies

According to the CRU and GPCC datasets, most parts of EC
received less summer (June, July, and August, JJA) pre-

cipitation than the climatological mean during 1922–1932
(Figure 1a, 1b). The negative anomaly covered approxi-
mately 82% and 79% of the grids of the whole EC region for
CRU and GPCC, respectively. The 20CRv2c reanalysis and
ALL experiment generally reproduced the large-area dry
anomaly in EC (Figure 1c, 1d). The results of the NAT and
ANT experiments showed alternating changes in negative
and positive precipitation anomalies, which were different
from the large-area consistent dry anomalies in CRU and
GPCC (Figure 1e, 1f). IV(R) showed high agreement with
the GPCC and ALL experiments. These results indicate that
the persistent drought anomaly was most likely caused by the
internal variability of the climate system. We also found that

Figure 1 JJA precipitation percentage anomaly for observations ((a), (b)), reanalysis (c), downscaled results ((d)–(g)), and MME of CMIP5 models ((h)–(i))
from 1922 to 1932 relative to the climatological mean from 1911 to 1940. Black rectangle: Eastern China (EC, 110°E–122°E, 25°N–45°N). Black dot: tree
ring sampling sites in other studies that showed growth decline during the 1920s. Hollow markers: location of tree ring series used in this study, including
Ordos (upper triangle, 110.725°E, 39.4°N), Wulan (lower triangle, 100°E, 37°N), Yishan (pentagram, 118.634°E, 36.201°N), Huashan (square, 110.083°E,
34.483°N), Shiren (diamond, 112.233°E, 33.733°N), and Xiaodai (hexagram, 119.45°E, 28.6°N).
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the 20CRv2c reanalysis had a wet bias in the upper and
middle reaches of the Yellow River (Figure 1c), and such
bias was corrected after downscaling simulation (Figure 1d).
Similarly, the downscaling results of the CMIP5 MME were
larger and closer to the anomaly magnitude of the observa-
tion than to their driving data, implying that downscaling
was more reliable than either reanalysis or CMIP5 MME.
The regional mean JJA precipitation anomaly series and

six tree ring series are shown in Figure 2. CRU and GPCC
showed that during the 11-year periods, EC received less
than averaged summer precipitation except in 1924 and 1931
(Figure 2a, 2b). The most severe precipitation deficiency
occurred in the summer of 1927, reaching approximately
−1.5 times the standard deviation of the precipitation series.

Furthermore, the continuous precipitation deficiency lasted
for approximately six years. Note the precipitation series
before 1910 in CRU and GPCC also showed large negative
anomaly. However, the gauge stations in EC before 1910
were mainly located in coastal areas or along the Yangtze
River (Figure S2), and the tree ring series had little agree-
ment during this period. Therefore, the negative precipitation
anomaly before 1910 could not represent the large-scale
regional mean characteristics in EC. The 1920s drought in
EC was unique for the 20th century due to its spatial cov-
erage, strength, and duration. From 1922 to 1932, a con-
sistent growth decline occurred across the tree rings sites,
which were widespread throughout the region, confirming
the intensity and extent of this drought. (Figure 2g–2l). The

Figure 2 Area weighted mean JJA precipitation anomaly series ((a)–(f), black line, unit: mm) in EC and six tree ring series ((g)–(l), green line). The red
dashed line indicates the drought period from 1922 to 1932. Blue dashed lines indicate the zero line and the ±1.5 times standard deviations. The tree ring
series in Ordos (g) is the oxygen isotope anomaly series (the anomaly was multiplied by −1 to facilitate comparison with precipitation anomalies). Tree ring
series at other sites ((h)–(l)) are the standard growth index anomaly series.

970 Luo M, et al. Sci China Earth Sci May (2022) Vol.65 No.5



negative precipitation anomalies simulated by NATand ANT
were weaker and shorter than those depicted by GPCC, while
the ALL and IV(R) experiments showed high consistency
with the observations. In consideration of the spatial and
temporal precipitation anomalies, it seems that the 1920s
drought was caused primarily by the internal variability of
the climate system rather than external forcing. This result
can also be confirmed by the external forcing series de-
monstrating little fluctuations during 1922–1932 (Figure
S3).
Based on the temperature anomalies shown by CRU and

GISTEMP (Figure 3a, 3b), the JJA surface air temperature in

EC was higher than usual during 1922–1932. In fact, the
positive anomaly dominated most regions in China. The
ALL experiment generally reproduced the large area of
warm anomalies in EC (Figure 3d). For NAT and ANT,
anomaly modes were much more scattered and weaker
(Figure 3e, 3f). IV(R) had a similar anomaly pattern with
ALL. This suggests that the warm summer in EC during the
1920s was also mainly affected by internal variability. The
ALL experiment still outperformed reanalysis data in the
northern part of China, as reanalysis showed a strong cold
bias.
The atmospheric circulation anomalies during 1922–1932

Figure 3 JJA temperature anomaly for observations ((a), (b)), reanalysis (c), downscaled results ((d)–(g)), and MME of CMIP5 models ((h)–(i)) from 1922
to 1932 relative to the climatological mean from 1911 to 1940. Black rectangle: Eastern China (EC, 110°E–122°E, 25°N–45°N). Black dot: tree ring sampling
sites in other studies that showed growth decline during the 1920s. Hollow markers: location of tree ring series used in this study, including Ordos (upper
triangle, 110.725°E, 39.4°N), Wulan (lower triangle, 100°E, 37°N), Yishan (pentagram, 118.634°E, 36.201°N), Huashan (square, 110.083°E, 34.483°N),
Shiren (diamond, 112.233°E, 33.733°N), and Xiaodai (hexagram, 119.45°E, 28.6°N).
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are shown in Figure 4. According to the simulation results of
the ALL experiment, a deep high-pressure system dominated
the whole EC region. At the 200 hPa level, the positive
geopotential height anomaly in central Asia and EC gen-
erally showed a Rossby wave pattern. In the middle tropo-
sphere (500 hPa), the abnormally high geopotential height
center corresponds well to its counterpart in the upper level.
At the lower level, the anticyclone center was located in the
lower reach of the Yangtze River. Higher geopotential
heights in the middle and upper troposphere enhanced the
vertical sinking motion (Figure S4), strengthened adiabatic
heating and brought dryer air from upper levels to lower
levels, resulting in higher temperatures and less water vapor
content in the lower atmosphere, thus causing a wide range
of drought conditions in EC. In addition, the strong easterly
wind anomaly above South China and the South China Sea
(SCS) blocked water vapor transportation from the SCS and
the Bay of Bengal, which also promoted drought conditions

in EC. The east wind anomaly in lower latitudes belonged to
an anticyclonic anomaly in the Northwestern Pacific region.
Considering that there was also a positive geopotential
height anomaly at 500 hPa, the anticyclone in the north-
western Pacific implied a stronger-than-normal subtropical
high. This circulation pattern in the ALL experiment differed
from the simulation results of NAT and ANT, but it was
highly consistent with the results of IV(R), implying that the
circulation pattern that favored the 1920s drought in EC was
mainly determined by the internal variability. These analyses
motivate us to pay major attention to the roles of internal
variability in this persistent drought period, as discussed
below.

4. Possible causes of the 1920s drought in EC

The JJA dry-wet conditions in EC are closely related to the

Figure 4 JJA circulation anomalies during 1922–1932. Shaded colors represent the geopotential height anomaly at 500 hPa. Gray lines represent the
geopotential height anomaly at 200 hPa. Arrows represent the wind vector anomaly at 850 hPa.
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strength of the EASM, so we computed the ILSTD to
quantitatively measure the monsoon strength. The correla-
tion coefficient between the ILSTD and the area weighted
mean JJA precipitation series in EC was −0.31 (1901–2005,
based on GPCC), which was significant at the 0.01 level.
This means that the strong land-sea surface thermal contrast
usually leads to less precipitation in EC (Figure 5). In strong
monsoon years, northern China will receive more moisture,
while the Yangtze-Huai River Basin is dryer than usual.
Because the summer rainfall amount in the Yangtze-Huai
River Basin is much larger than that in northern China, the
strong monsoon will lead to a decrease in total precipitation
in EC. A reverse situation was found in the weak monsoon
years.
As shown in Figure 5c and Figure S1, the EASM was

strong during the 1920s, suggesting a stronger land-sea
thermal contrast during this period. In addition to external
forcing, sufficient evidence suggests that the AMO and the

multidecadal components of the PDO together can explain
much of the northern hemispheric or even global surface
temperature change (Semenov et al., 2010; Dai et al., 2015;
Steinman et al., 2015; Meehl et al., 2016; Zhou and Wu,
2016; Wu et al., 2019). Therefore, we pay attention to the
primary SST variabilities in three oceans, i.e., the AMO,
PDO, and IOBM.
The regression coefficients of surface air temperature and

SST onto three SST climate index series are shown in Figure
6. It clearly shows that the East Asian continent surface air
temperature and SST over the northwestern Pacific are clo-
sely related to the three internal modes. The thermohaline
circulation is stronger in the AMO warm phase, strength-
ening the meridional heat transport and the heat flux from
ocean to atmosphere in the North Atlantic Ocean region and
further heating the Northern Hemisphere air temperature
through Rossby wave trains (Wu et al., 2019). The warm
SSTA over the SCS and the northwestern Pacific in Figure 6a

Figure 5 The spatial distribution of the composite JJA precipitation anomaly in high ILSTD ((a), when ILSTD>1) and low ILSTD ((b), when ILSTD<−1)
years and the time series (c) of the JJA ILSTD (black line) and standardized precipitation anomaly in EC.
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is supported by numerical simulations (Wang et al., 2013).
The PDO-related cooling in eastern and northeastern Asia
(Figure 6b) is possibly caused by the northerly anomalies
associated with the low-pressure system ranging from
northeast Asia to the north Pacific (Figure 9b), while the
warming SSTA in the SCS and the Indian Ocean may reflect
the close connection between the SST variabilities in the
tropical eastern Pacific and the Indian Ocean (Xie et al.,
2009). The warm SSTA in the SCS and northwestern Pacific
in Figure 6c suggest the capacitor effect of the Indian Ocean,
which can preserve the ENSO signal and prolong its effect to
the following summer (Yang et al., 2007). Summer surface

temperature regressions on the previous spring and winter
climate indices were also conducted, and the results were
generally similar to the contemporaneous regression results,
except in the winter PDO and summer temperature regres-
sion map, where Northeast Asia showed a positive regression
coefficient that was not significant (figure not shown).
During the 1920s dry period, the summer AMO showed a

transition from a negative phase to a positive phase at the
decadal time scale (with the turning point at approximately
1926), while the IOBM was in its negative phase throughout
the period (Figure 7). It is worth noting that the summer PDO
index was in a negative phase before 1926 and around its

Figure 6 Regression coefficients of the JJA surface temperature anomaly on the AMO (a), PDO (b), and IOBM (c) indices. Stippled area means the
regression coefficient is significant at the 0.05 level. Black box means the region for calculating the ILSTD index.
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neutral phase with frequent transitions thereafter, although
the annual mean PDO exhibited a positive phase since 1922
(green line in Figure 7b, the winter series was similar to the
annual mean series). This seasonal mismatch may be due to
the “reemergence” phenomenon, which is related to the
abrupt shallowing of the ocean mixed layer in the North
Pacific region from spring to summer (Newman et al., 2016).
This “reemergence” mechanism enables the summer SSTA
signal to be isolated from the winter signal. Therefore, we
consider the summer PDO to be in a negative phase before
1926 and around its neutral phase thereafter. To analyze the
contrary surface temperature and upper-level circulation
patterns in different phases of SSTA modes (Figures 6 and
9), we divided the dry period into two sub-periods (1922–

1926, 1927–1932) and further inspected the relationship
between drought evolution and the surface temperature
anomaly (Figure 8). The results clearly show that the surface
temperature anomalies among the East Asian continent and
the surrounding seas were different before and after 1926.
During 1922–1926, cooling over the northwestern Pacific

exceeded cooling over southern China (Figure 8a), resulting
in a larger than normal land-sea thermal contrast and stronger
monsoon circulation. Meanwhile, the precipitation anomaly
also showed a typical north-wet-south-dry pattern in strong
monsoon years in EC (Figure S5). Note that the land and sea
surface temperature anomalies in East Asia (Figure 8a)
generally present as the linear superposition of the three re-
gression patterns in Figure 6 (the negative phases of the

Figure 7 The JJA mean series (gray line) and their 11-year running-mean series (thick black line) of the AMO (a), PDO (b), and IOBM (c). The long-term
trend has been removed from all the series. The running mean annual series are shown by green lines. Orange dashed lines indicate the dry period during
1922–1932. Dashed lines in blue and red colors represent the interannual events of IOD and El Niño, respectively, that occurred during this period. Dashed
lines in black represent the volcanic aerosol peaks during the 20th century.
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AMO, PDO, and IOBM all favor cooling over the SCS and
the northwestern Pacific, while the negative phase of the
PDO tends to raise the surface air temperature over north-
eastern Asia, resulting in stronger cooling over the sea sur-
face than over land areas), implying the significant impact of
internal variabilities on the land-sea thermal contrast. We
also found that frequent interannual SSTA events occurred
during this period (two IOD warm events and one El Niño
event, see Figure 7). However, the IOD and El Niño are
usually related to the north-dry-south-wet pattern over EC
(Saji and Yamagata, 2003; Zhao et al., 2009; Zhang L et al.,
2018; Hao et al., 2019), which is opposite to the actual
conditions. Therefore, the concurrent negative phase of
AMO, PDO, and IOBM seems responsible for the larger
land-sea thermal contrast in East Asia, thus favoring strong

EASMs and drought conditions in southern EC during 1922–
1926.
In 1927–1932, the dominant warm anomaly in EC was

stronger than the SST anomalies over surrounding seas,
which also resulted in a larger thermal difference between
land and sea areas (Figure 8b). Such temperature patterns are
also similar to the superposition of positive AMO and ne-
gative IOBM (see Figure 6, according to the above text, the
PDO was considered in the neutral phase and had little in-
fluence on surface temperature during 1927–1932), with
significant warming over land (mainly due to the tele-
connection from AMO) and no obvious warming in the SCS
and northwestern Pacific (possibly due to the contrary effect
of positive AMO and negative IOBM). However, precipita-
tion at that time showed a concurrent dry anomaly in the

Figure 8 JJA surface temperature anomaly (unit:°C) during 1922–1926 (a), 1927–1932 (b), and 1922–1932 (c).
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north and south EC regions (Figure S6). Furthermore, the
strong easterlies in lower latitudes (Figure 4) that impel
water vapor transport into the EC region are not seen in the
high monsoon index year composite circulation anomalies
(Figure S7). Therefore, it seems that other factors in addition
to surface temperature contributed to drought in the northern
EC region during 1927–1932.
In addition to their near-surface impact, internal vari-

abilities can also influence upper-level atmospheric circula-
tions and further affect distant regions through the

teleconnection effect (e.g., Fletcher and Cassou, 2015; Xie et
al., 2015; Han et al., 2016). The regression coefficients of
low-level horizontal wind and mid-high-level geopotential
height of ERA-5 reanalysis data onto three internal varia-
bility modes are shown in Figure 9. The AMO in the positive
phase tends to significantly raise the middle- and upper-level
geopotential height over most regions in East Asia, as well as
to generate the anticyclonic circulation anomaly at the lower
troposphere over the northwestern Pacific (and the strong
easterly anomaly in the south of the anticyclonic circulation).

Figure 9 The regression coefficients of JJA wind at 850 hPa (gray and black arrow) and geopotential height at 500 hPa (filled color) and 200 hPa (green
contour lines, solid: positive values, dashed: negative values) on the AMO (a), PDO (b), and IOBM (c) index. Significant coefficients are represented by thick
black arrows, dots, and thick contour lines. Significant levels are 0.1 and 0.05 for lower-level wind and middle-upper level geopotential height, respectively.
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Such circulation anomaly patterns are in good agreement
with our downscaling experimental results (Figure 4). In
addition, the AMO turned to its positive phase in 1926, co-
inciding with the strengthening of the drought, suggesting
that the AMO might have an important influence on the
1920s drought. The PDO tends to impose opposite geopo-
tential height anomalies over the northern and southern parts
of EC (Figure 9b). However, considering that the PDO was
around its neutral phase during this period, it seems that the
circulation anomaly in EC was not primarily driven by the
PDO. The IOBM-related circulation pattern was not statis-
tically significant (Figure 9c), implying that its effect might
be overwhelmed by the AMO teleconnection. The leading
winter and spring regressions were also computed, and the
AMO-related circulation pattern was similar to the summer
regression (figure not shown).
A recent study has shown that the opposite sign of SSTA

over the North Pacific and North Atlantic (this condition was
generally fitted in our study period, see Figure 8) can gen-
erate a wave train along the Great Circle route and cause
anomalous dry conditions in the Yellow-Huai River basin
and Yangtze River basin (these two regions generally coin-
cide with the EC region used in our study, see Zhang Z et al.,
2018). The IOBM can modulate this teleconnection effect by
influencing the Indian summer monsoon precipitation
(ISMP), although the ISMP is mainly determined by the
wave train originating from the North Atlantic. We computed
the JJA wave activity flux (Takaya and Nakamura, 2001)
during three periods to further inspect the relationships be-
tween internal variabilities and drought in EC (Figure 10).
During 1922–1926, a stationary Rossby wave train domi-
nated the upper troposphere in high latitude areas of the
Northern Hemisphere, propagating along the Arctic Circle
(Figure 10a). In northeastern Europe, the wave train divided
into two branches, with a southern branch propagating to
central Asia and northeast Asia. The northern part of EC was
influenced by a small branch of wave activity from north-
eastern China, resulting in the opposite geopotential height
anomalies in northern EC and Japan. In the period of 1927–
1932, the wave train in the Eurasian continent was more to
the north than during 1922–1926, propagating from northern
Europe to the southern Ural Mountains, central Siberia, and
northwestern Asia. As a result, the EC region south of the
central Siberian wave pattern was dominated by a positive
geopotential height anomaly (Figure 10b). The wave patterns
in our study were different from those revealed by Zhang Z et
al. (2018), possibly because the AMO and PDO during
1922–1932 were not in their typical form. For instance,
during 1922–1926, the northeastern Pacific was warmer than
usual when in the PDO negative phase (Figures 8a and 6b).
During 1927–1932, the northeastern Atlantic and northern
Europe were colder than the typical surface temperature
anomaly in the AMO positive phase (Figures 8b and 6a).

These specific surface temperature anomalies affected the
upper-level geopotential height anomalies through thermal
forcing and thus resulted in special wave patterns during this
period (Figure 10).

5. Discussion

Due to the lack of observational data in the early 20th cen-
tury, the gridded data used for model evaluation, as well as
the reanalysis data and the CMIP5 simulation results, may
have large uncertainties during the 1920s. The impact of
internal variability at regional scales is much larger than that
at the global scale. The sample size of CMIP5 ensembles
used in this study may not be able to completely offset the
internal variability in NAT and ANT experiments. This is
because the models participated in the D & A experiments
are relatively few. No more than fifty-member ensembles are
obtainable at this time.
We examined the possible impact of volcanic aerosols on

the 1920s drought in EC (a volcanic aerosol enrichment
episode was found during 1928–1930, see Figure S3h).
Strong volcanoes can reduce the surface downward short-
wave radiation and result in surface cooling. The cooling
effect on land surface will be larger than on sea surface due to
their different thermal capacity, leading to a weakening
monsoon and drought conditions in northern China. We
compared the impact of three volcanic events in the early
20th century (1903, 1912, and 1929). The results show that
stronger events (the 1903 and 1912 events) can indeed re-
duce the land-sea thermal contrast and result in the weak-
ening monsoon and drought conditions in the northern part of
EC. However, the 1929 volcano event was too weak to re-
verse the warm anomalies in EC, implying that it had little
influence on the strengthening drought in northern China in
the late 1920s (Figure S8).
In addition to remote impacts from SST variabilities, the

East Asia summer climate is largely modulated by forcing
from the Tibetan Plateau (e.g., Duan et al., 2011; Wu et al.,
2012; Wang et al., 2014). Studies have shown that the in-
creasing diabatic heating effect (particularly latent heating)
of the Tibetan Plateau can result in the strengthening of the
EASM circulation (e.g., Duan and Wu, 2008; He et al.,
2019). According to the 20CRv2c reanalysis, during the
1920s, the spring and summer latent heating over the Tibetan
Plateau was stronger than that in normal years (figure not
shown), perhaps due to the enhanced snow amount in winter
and snow melt in spring. Such an impact should have led to a
south-dry-north-wet pattern in EC, but this expected pattern
did not agree with the coincident dry conditions over the
whole region. Therefore, diabatic heating from the Tibetan
Plateau might have contributed to EASM strengthening
during the 1920s, but the primary reason for this drought
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period was likely the anomalous anticyclonic circulation
above EC induced by the teleconnection effect of the SSTA
patterns.

6. Conclusions

This paper focuses on a severe drought period that occurred
in eastern China during the 1920s. To obtain drought features
at a large spatial scale as well as the mechanism of drought
formation, this paper combines a group of downscaling at-
tribution experiments, observational datasets, reanalysis

data, and tree ring proxy data. The main results are as fol-
lows:
(1) In the summer of 1922–1932, eastern China underwent

persistent and extensive dry conditions throughout the re-
gion. The positive geopotential height anomaly at middle and
high levels strengthened the vertical sinking movement and
the adiabatic warming effect, suppressing the ascending
motion and precipitation in EC. Meanwhile, although the
monsoon circulation was stronger than normal during this
period, the east wind anomaly at lower latitudes reduced the
water vapor supply and resulted in concurrent summer pre-
cipitation deficiency in both the northern and southern parts

Figure 10 Summer geopotential height anomaly (filled colors, unit: m) and its climatological mean (gray contour lines) at 300 hPa and wave activity flux
(black arrows, unit: m2 s−2) during 1922–1926 (a), 1927–1932 (b), and 1922–1932 (c), based on 20CRv2c reanalysis.
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of EC. The main cause of this decadal drought was internal
variability rather than external forcing. It implies that al-
though human influence and natural forcing are relatively
weak, the climate system itself can also triggers a decadal
scale persistent drought on a wide spatial range.
(2) The severe drought was most likely caused by the

composite impact of PDO, AMO, and IOBM. In the early
drought stage (1922–1926), AMO, PDO, and IOBM were all
in their negative phase, leading to the stronger land-sea
thermal contrast over East Asia and the surrounding sea.
Consequently, the EASM was stronger than usual and re-
sulted in the north-wet-south-dry precipitation anomaly in
EC. In the severe drought stage (1927–1932), the AMO
turned into its positive phase, favoring strong easterlies at
lower latitudes. The specific SSTA in the North Atlantic
might have resulted in a more northerly propagated sta-
tionary Rossby wave pattern and thus caused a positive
geopotential height in the EC region. The positive geopo-
tential height anomaly at a high level together with the strong
land-sea thermal contrast at a lower level resulted in con-
current drought conditions in EC.
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