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Abstract: The variability and mechanisms of multi-decadal megadroughts over eastern China
during the last millennium were investigated using a control, full-forcing, and four sensitivity
experiments from the Community Earth System Model (CESM) Last Millennium Ensemble (LME)
archive. The model simulated megadroughts have comparable magnitudes and durations with those
derived from reconstructed proxy data, although the megadroughts are not temporally synchronous.
In all experiments, the megadroughts exhibit similar spatial structures, corresponding to a weakening
of the East Asia summer monsoon (EASM) and a strengthening of the East Asia winter monsoon
(EAWM). The results show that internal climate variability within the coupled climate system plays
an essential role in triggering megadroughts, while different external forcings may contribute to
persistence and modify the anomaly patterns of megadroughts. A pattern of meridional tripolar
(warm-cold-warm) sea surface temperature (SST) anomalies in the western Pacific stretching from
the equator to high latitude is responsible for the EASM weakening and EAWM strengthening.
The weakening of the EASM and strengthening of the EAWM are essentially caused by negative
SST anomalies over the northwestern Pacific and positive SST anomalies over the equatorial western
Pacific, which are associated with a La Niña-like SST gradient across the tropical Pacific. The external
forcings prolong the megadroughts through maintenance of the meridional tripolar SST anomalies
and enlarge the megadrought spatial extent by magnifying the meridional tripolar SST anomalies.
Keywords: large-scale circulation; megadrought; EASM

1. Introduction
Drought is one of the most severe natural disasters to impact society and the economy.
Observations have shown that the frequency and intensity of droughts has increased in many regions
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since 1950 [1]. Among different drought definitions, a megadrought is usually defined as a persistent
period of drought conditions that lasts longer than a decade and up to centuries. Megadroughts
have attracted more attention recently because they can have much more severe societal impacts than
short-term droughts [2–4].
To improve the accuracy of future megadrought projections, it is critical to advance our
understanding of the mechanisms influencing the occurrences and magnitudes of megadroughts
on different time scales. Although there are progresses on megadrought studies, the underlying
mechanisms of megadrought remain unclear [4]. Internal atmospheric variability is usually considered
a major triggering mechanism for megadroughts [5,6]. Many other mechanisms, such as solar
radiation and volcanic activity [7], internal climate variability [8–10], sea surface temperature (SST)
anomalies [11–13], and human land degradation [14] have been hypothesized as potential causes
of megadroughts.
Previous studies have shown that many prominent, large-scale circulation modes, such as the
North Atlantic Oscillation (NAO) [15,16], Pacific Decadal Oscillation (PDO) [17] and El Niño–Southern
Oscillation (ENSO) [18] have strong influences on the mean climate and climate extreme events over
different regions [19–21]. These large-scale circulation modes also have significant influences on
regional megadroughts [4]. For example, Cook et al. [22] found that the development of La Niña-like
SSTs in the eastern tropical Pacific region is conducive to drought occurrence over North America.
Herweijetr and Seager [8] suggested that the global pattern of persistent drought appears to be a
low-frequency version of interannual ENSO-forced variability. Strong La Niña events that occurred
during 1946–1956 contributed to the droughts over the southwestern U.S. [9]. Cook et al. [23] also
found that the occurrence, severity, and fingerprint of several Asian megadroughts have close linkages
to both PDO and ENSO.
Eastern China has a large human population and rapid societal and economic development,
so eastern China is sensitive to the impacts brought by the megadroughts. The megadroughts severely
impacted society across Chinese history; for example, the Ming Dynasty drought in 1634–1644 is one
of the most severe sustained droughts that contributed to the collapse of the Ming Dynasty [23,24].
During recent decades, eastern China has experienced significant increasing trends in extreme climate
events, including droughts and extreme precipitation [10,25–29]. Consequently, eastern China is
uniquely challenged to understand, adapt to and mitigate the effects of extreme climate events.
Previous studies have shown that many modes of large-scale internal climate variability, such as
the South Asian High, have impacts on the occurrences and magnitudes of extreme climate events
over eastern China [30,31]. Yang et al. [10] found that the combined effects of PDO and AMO have
strong decadal modulation of droughts over eastern China. Li and Wang [32] found that decadal
variations in the East Asia summer monsoon (EASM) land precipitation are primarily linked to cooling
over the central eastern tropical Pacific (CEP) and warming over the extratropical North Pacific and
western tropical Pacific (NWP). The numerical experiments conducted by Li and Wang [32] suggest
that both the forcings from the CEP and the atmosphere–ocean interaction in the NWP control the
decadal variations in EASM land precipitation.
For the mechanisms behind megadroughts over eastern China, circulation anomalies, e.g., Western
Pacific subtropical high (WPSH) and Eastern Asia summer monsoon (EASM), are the direct causes
of megadroughts, while external forcing, e.g., solar radiation and volcanic eruptions, may influence
the regional climate by changing large-scale circulation patterns [33–36]. For example, Shen et al. [37]
found that several exceptional droughts over eastern China during the last 500 years may have been
triggered by large volcanic eruptions and amplified by both volcanic eruptions and El Niño events.
Through model simulations, Peng et al. [38] indicated that solar activity may be the primary driver in
the occurrence of several persistent droughts over eastern China, and the influences occurred through
EASM weakening.
A major difficulty in study of regional megadroughts is that observations are not long enough to
examine megadrought variability because megadroughts are rare in instrumental data based on their
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definitions. Proxy-based reconstructions [23,24,39], GCM simulations [12,38], and regional climate
model simulations [40] can provide a larger sample size of megadroughts and can be used to identify
the factors triggering and maintaining megadroughts.
However, megadroughts simulated in the GCM are not temporally synchronous with those in the
paleoclimate record [41]. There are also significant differences between the drought features simulated
in both forced and control runs [42]. These differences suggest that model simulated megadroughts
can result from modeled internal climate variability, rather than as only a response to changes in
exogenous forcings [5,41]. Although GCMs have been used to reproduce the major characteristics
of droughts, it is still unclear how external forcing and internal climate variability contribute to the
frequencies, durations, and magnitudes of droughts on different time scales [4,42].
In this study, millennium-long simulations from the Community Earth System Model (CESM)
Last Millennium Ensemble (LME) Project generated by the CESM Paleoclimate Working Group at the
National Center for Atmospheric Research [43] are used to investigate the variability and dynamics of
megadroughts over eastern China. In addition to assessing the CESM-LME performance in reproducing
the frequency, duration, and severity of historical megadroughts over eastern China during the last
millennium, another important scientific question addressed in the study is how external forcings
contribute to the variations in megadroughts. These analyses will be helpful for improving the
understanding of the mechanisms triggering and maintaining megadroughts over eastern China and
will also be helpful for generating reliable estimates for future megadroughts. The projections of
future megadroughts will provide useful insights to a wide range of decision makers interested in
the influences of regional climate change on water supply, agriculture, environment, and ecosystems,
as well as the corresponding adaption and mitigation efforts [21,22].
2. Data and Methodology
2.1. Reconstructed and Model Data
In this study, the time series of the reconstructed dry–wet index averaged over eastern China
N–40◦ N, 105◦ E–122◦ E) during the period of 850–1850 were used to estimate the observed
variations in historical megadrought events. This data was reconstructed based on Chinese historical
documents and instrument measurements [24]. This data is published as 10-year running mean.
Thus, to be consistent with the reconstruction data, eastern China is selected as the study area in the
CESM (25◦ N–40◦ N, 105◦ E–122◦ E), which is a typical monsoon region with a rainy season mainly
extending from May to October [44]. The monsoon precipitation accounts for about 70% of annual total
precipitation (Figure S1). The gridded reconstructed Palmer Drought Severity Index (PDSI) data [23]
were also used to show the spatial patterns of megadroughts.
The simulations from the CESM-LME archive have a ~2 degree resolution for atmosphere and
land components and ~1 degree resolution in ocean and sea ice components [43]. The ensemble used
in this study includes one control experiment (CTRL), 13 all forcing experiments (ALL), 3 greenhouse
gas emission sensitivity experiments (GHGs), 3 land use and land cover sensitivity experiments
(LULC), 4 spectral solar irradiance sensitivity experiments (SSI), and 5 volcanic eruption sensitivity
experiments (VOLC) using the transient evolution of reconstructions as the external forcing extending
from 850 to 1850.
The simulated monthly mean SSTs are used to represent the atmospheric lower boundary thermal
anomalies that impact the large-scale circulation, but the SST anomalies can be induced either by
the external forcing or by the internal climate variability. The simulated monthly geopotential
heights, u and v component winds, relative humidity, specific humidity, and sea level pressure
(SLP) are used to examine the changes in large-scale synoptic circulation that directly influence the
variation of megadroughts. All the model output has been regridded to a common 2◦ × 2◦ resolution
before calculation.
(25◦
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(c)

Figure 2. Comparison between reconstructed (black circle) and simulated megadrought lengths
((a), unit: day), standardized magnitude ((b), unit: 1), and absolute magnitude ((c), unit: mm) from the
control (CTRL) run (black square), all-forcing (ALL) runs (blue), greenhouse gases (GHGs) runs (red),
land use and land cover (LULC) runs (green), spectral solar irradiance (SSI) runs (pink), and volcanic
eruption (VOLC) runs (orange). The boxes indicate the 25th and 75th percentiles of the distributions.
The bars within the boxes indicate mean values. The whiskers indicate the full range of the distributions.

The average magnitude of megadroughts, defined as the mean standardized regional-averaged
annual precipitation anomalies, in the reconstruction is approximately 1 standard deviation below
the mean (Figure 2b). The magnitudes of the megadroughts simulated in both the CTRL run and
forced runs are also approximately one standard deviation from their means (Figure 2b), indicating
that the magnitude of the megadroughts is determined by the internal climate variability simulated in
the experiments. When defined using precipitation decreases, the mean megadrought magnitudes in
CTRL and forced runs are all approximately −30 mm (one standard deviation, c.f., Figure 1), which are
not significant based on a Student’s t-test (p > 0.1) and the spreads in the forced runs range from
−18 mm to −54 mm.
The spatial patterns of the megadroughts in the reconstructed PDSI and the simulations,
representing the averages of the absolute magnitudes of megadroughts, are shown in Figure 3.
The rectangle in Figure 3a shows the study area. In this analysis and the following analyses,
the significances were calculated through applying Student t-test to the anomalies during the
megadrought years from the long-term mean. In the CTRL run, the droughts are mainly located
over the middle-lower reaches of the Yangtze River Basin. This drought extension is a little bit smaller
than the drought extension in the reconstruction, which shows more significant droughts over the
northern part of eastern China (Figure 3a,b). The maximum annual precipitation magnitudes are
approximately −50 mm in the CTRL experiment. In the forced runs, droughts extend to the southern
part of eastern China with similar but more significant precipitation decreases (Figure 3c–g), indicating
that the drought areas were amplified by external forcing and closer to the drought extension in the
reconstruction (Figure 3a), although the megadrought magnitudes are close to the CTRL run with
averages of approximately −30 mm (Figure 2c).
In general, the comparisons suggest that the GCMs can simulate persistent megadroughts with the
similar severity and frequency compared with the megadroughts in the reconstructed data. However,
since the reconstructed wet–dry index data is filtered and unitless, the accuracy of this comparison
may be influenced. Similar to previous studies [41], the model simulated megadroughts are not
coincident in time across model simulations, despite the fact that the models are forced with similar
external forcings. Moreover, the simulated megadroughts are not temporally synchronous with the
megadroughts in the reconstructed data. This suggests that1 the internal climate variability, rather than
the external forcing, is the predominant driver of the simulated megadroughts.
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These northern wind anomalies are mainly caused by the anomalous cyclonic circulations over
the northwestern Pacific, corresponding to significant negative sea level pressure (SLP) anomalies
(Figure 5). This anomaly pattern implies a weakening of the climatological mean western North
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These northern wind anomalies are mainly caused by the anomalous cyclonic circulations over
the northwestern Pacific, corresponding to significant negative sea level pressure (SLP) anomalies
(Figure 5). This anomaly pattern implies a weakening of the climatological mean western North
Pacific Subtropical High. Meanwhile, over central eastern China, there are positive SLP anomalies
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p = 0.05 level based on a t-test.
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3.3. Origins of the Megadrought Circulation Anomalies
3.3. Origins of the Megadrought Circulation Anomalies
Due to the short memory of the atmosphere, surface heating, such as SST anomalies, may play
Due to the short memory of the atmosphere, surface heating, such as SST anomalies, may play
an important role in maintaining decadal circulation pattern anomalies and the persistence of
an important role in maintaining decadal circulation pattern anomalies and the persistence of
megadroughts. The SST anomalies over the tropical and northwestern Pacific have been found
megadroughts. The SST anomalies over the tropical and northwestern Pacific have been found to
to play important roles in droughts over eastern China on interannual to decadal scales through
play important roles in droughts over eastern China on interannual to decadal scales through
influences on the EASM [48–50]. Therefore, to investigate the reason for these circulation patterns,
influences on the EASM [48–50]. Therefore, to investigate the reason for these circulation patterns,
the SST anomalies associated with the megadroughts are calculated (Figure 7).
the SST anomalies associated with the megadroughts are calculated (Figure 7).
The spatial patterns of the SST anomalies (Figure 7) show that there is a tripolar pattern with
The spatial patterns of the SST anomalies (Figure 7) show that there is a tripolar pattern with
significant negative SST anomalies over the northwestern Pacific, similar to the positive PDO pattern
significant negative SST anomalies over the northwestern Pacific, similar to the positive PDO pattern
and other similar decadal scale patterns [12]. However, this SST anomaly pattern is not exactly the
and other similar decadal scale patterns [12]. However, this SST anomaly pattern is not exactly the
same as the typical PDO pattern [51,52] because the negative SST anomalies extend to the South
same as the typical PDO pattern [51,52] because the negative SST anomalies extend to the South China
China Sea and eastern Indian Ocean. Moreover, surrounding the negative SST anomalies, there are
Sea and eastern Indian Ocean. Moreover, surrounding the negative SST anomalies, there are positive
positive SST anomalies over the Bering Sea and the western tropical Pacific, creating a La Niña-like
SST anomalies over the Bering Sea and the western tropical Pacific, creating a La Niña-like SST
SST gradient over the tropical Pacific, indicating the potential model biases on reproducing spatial
gradient over the tropical Pacific, indicating the potential model biases on reproducing spatial
patterns of internal climate variability. These SST patterns can be considered an internal mode in
patterns of internal climate variability. These SST patterns can be considered an internal mode in the
the model simulations, which represents the multi-decadal variability extracted using the rotated
model simulations, which represents the multi-decadal variability extracted using the rotated
empirical orthogonal function (REOF) analysis with the first 10 empirical orthogonal function (EOF)
empirical orthogonal function (REOF) analysis with the first 10 empirical orthogonal function (EOF)
patterns retained, which is applied to both the CTRL and ALL experiments (Figure 8). All of the
patterns retained, which is applied to both the CTRL and ALL experiments (Figure 8). All of the first
first 3 EOF patterns of both experiments are significantly separated based on North’s Rule of Thumb.
3 EOF patterns of both experiments are significantly separated based on North’s Rule of Thumb. On
On the other hand, this SST anomaly pattern bears similarity to the SST anomaly pattern associated
the other hand, this SST anomaly pattern bears similarity to the SST anomaly pattern associated with
with the multi-decadal variation of the EASM land precipitation, derived using the instrumental
the multi-decadal variation of the EASM land precipitation, derived using the instrumental data
(1901–2016) of Li and Wang [32]. The similarity includes opposing SST anomalies between the WNP
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Figure 8 The third/second rotated empirical orthogonal function (REOF) spatial patterns and
Figure 8. The third/second rotated empirical orthogonal function (REOF) spatial patterns and principle
principle components of the global sea surface temperature (SST) from control (CTRL) (a, b) and allcomponents of the global sea surface temperature (SST) from control (CTRL) (a,b) and all-forcing (ALL)
forcing (ALL) (c, d) experiments.

(c,d) experiments.
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Figure 9. The percentages (unit: %) of megadroughts with sea surface temperature (SST) anomalies
Figure 9. The percentages (unit: %) of megadroughts with sea surface temperature (SST) anomalies
over the Bering Sea (a), NW Pacific (b), WT Pacific (c), and ET Pacific (d) significantly persisting
over the Bering Sea (a), NW Pacific (b), WT Pacific (c), and ET Pacific (d) significantly persisting
throughout the entire drought period relative to the total megadrought events. For clarity, the ranges
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of y-axes are different.
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The regression patterns of the 500 hPa geopotential height anomalies show (Figure 10d–f) that
the strongest responses to the SST anomalies over all three key regions are located over the northern
Pacific with negative geopotential height anomalies, while over the tropical to mid-latitude regions,
there are mainly positive geopotential height anomalies. This is consistent with the results from the
previous composite analyses in which the geopotential height anomalies over the northern Pacific
are more significant than in other areas, and the SLP anomalies are more significant than the 500 hPa
geopotential height anomalies. This indicates that the anomalous cyclonic circulation patterns over
the subtropical western Pacific mainly exist over the lower troposphere.
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3.4. Influences of External Forcings on Megadroughts

The regression patterns of the 500 hPa geopotential height anomalies show (Figure 10d–f) that
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The averaged magnitudes of the megadroughts from the reconstructed data, CTRL run, and forced
runs are all approximately one standard deviation below the averages (Figure 2b,c), indicating that
the external forcing likely does not play an important role in driving the mean megadrought severity.
Moreover, the larger megadrought spatial extents with significant precipitation decreases in the forced
runs compared to the megadroughts in the CTRL run (Figure 3) are due to more significant SST
anomalies and corresponding SLP anomalies and 500 hPa geopotential height anomalies in the forced
runs (Figures 5–7).
Therefore, different from some previous studies that found no compelling evidence for an
important and consistent role played by the external forcing in driving the simulated hydroclimate
variability on decadal time scales [42], the megadroughts over eastern China are influenced by external
forcings, especially for durations and spatial distributions. As found in other studies [58], the external
forcings exert influences by changing the variability of the internal climate patterns existing in the
CTRL run, such as the tripolar SST anomaly pattern. However, the responses of the climate system to
the external forcings are different; for example, the responses to the LULC are usually smaller than
the other forcings. Another interesting phenomenon is that for volcanic eruptions that usually show
influences on interannual scales, these volcanic eruptions still show some influences on a multi-decadal
scale, which is similar to findings of previous studies [36].
4. Conclusions
The CESM model simulated megadroughts usually have similar severity and frequency to
megadroughts in the reconstructed data. However, these simulated megadroughts are not temporally
synchronous with the megadroughts found in the reconstructed data, indicating that the internal
climate variability plays an important role in triggering the simulated megadroughts.
The mean megadrought duration in the CTRL simulation is approximately 6 years (~20%) shorter
than the duration of reconstruction data (p < 0.05), while the mean megadrought durations in ALL
are closer to those of the reconstruction data, with a difference of approximately 2 years (~7%) and
significantly longer than CTRL (p < 0.1). Among the four sensitivity experiments, mean megadrought
durations from GHGs, SSI, and VOLC are similar to the ALL, but the mean megadrought durations
from LULC are close to those of the CTRL. This indicates that the GHGs, SSI, and VOLC contributed
to the megadrought durations. However, the possibility that part of these differences may also result
from the inability of the CTRL run to sample megadrought, as well as the single-forcing experiments
due to the small number of available iteration, could not be excluded.
When analyzing the mechanisms behind megadroughts, all the megadroughts are coherent with
EASM weakening and EAWM strengthening with larger contributions from the EASM weakening,
which are consistent with previous studies based on reconstruction data [23]. During EASM season,
the megadroughts are characterized by the low-level circulation anomalies associated with the
weakening of the western Pacific subtropical high (shown as cyclonic anomalies over the western North
Pacific) and the rising pressure in the central eastern China. The circulation anomalies weaken the
southwest monsoon over eastern China and thus the moisture transport and convergence over eastern
China. During the EAWM season, the megadroughts are characterized by the low-level circulation
anomalies associated with strengthening of the Aleutian Low, resulting the rain belt shifting to the
south and precipitation decreases over the eastern China.
Another mechanism is the positive SLP anomalies over eastern China, which directly suppress
precipitation. These positive SLP anomalies are part of a tripolar SLP pattern with negative SLP
anomalies over northeastern and southeastern Asia, which result from a tripolar SST anomaly pattern
with negative SST anomalies over the northwestern Pacific and positive SST anomalies over the Bering
Sea and western tropical Pacific that are persistent on a multi-decadal scale. This tripolar SST anomaly
pattern resembles the observed warm PDO pattern with some differences. This tripolar SST pattern
could be a result of model bias.
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Although the definition of megadrought used in the current study is based on persistence, which is
slightly different from other definitions based on magnitude [2,58], the magnitudes of megadroughts
in current study are about one standard deviation that are comparable with those studies. Moreover,
when using definitions considering both magnitude and different scales of persistence (decadal to
multi-decadal), the dominating mechanisms are similar to the current results (now shown), indicating
that the mechanisms found in the current study are robust.
The physical mechanisms identified in this study can contribute to a better understanding of
multi-decadal precipitation variability over eastern China, and advance understanding of background
megadrought risk in a pre-anthropogenic climate. This study also provide insight about climate
patterns in the CESM associated with megadrought in the EASM. Studying how external forcing
affects these climate patterns may provide insights into how these patterns could shift under future
warming. The external forcings (e.g., GHG slow decreases and volcanic eruptions) can increase the
lengths of megadrought through magnifying the large-scale circulation patterns shown in this study.
However, under future greenhouse gas driven warming, fast GHG increases may implement some
opposite influences on the megadrought, comparing those external forcings under future greenhouse
gas driven warming induced by cooling of the climate system, but this hypothesis definitely needs
careful examination first.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/1/7/s1,
Figure S1: The seasonal cycle of the model simulated monthly precipitation from the CESM-LME. Figure S2:
The time series of the simulated EASM season precipitation averaged over eastern China from the CTRL run
(a, unit: mm/season), the first member of the ALL experiment (b, unit: mm/season). GHGs experiment (c,
unit: mm/season), LULC experiment (d, unit: mm/season), SSI experiment (e, unit: mm/season), and VOLC
experiment (f, unit: mm/season) with megadroughts highlighted in gray. The black solid lines indicate the mean
values. The green dashed lines indicate the ±1 and ±2 standard deviations. Figure S3: The time series of the
simulated non-EASM season precipitation averaged over eastern China from the CTRL run (a, unit: mm/season),
the first member of the ALL experiment (b, unit: mm/season), GHGs experiment (c, unit: mm/season),
LULC experiment (d, unit: mm/season), SSI experiment (e, unit: mm/season), and VOLC experiment (f, unit:
mm/season) with megadroughts highlighted in gray. The black solid lines indicate the mean values. The green
dashed lines indicate the ±1 and ±2 standard deviations. Figure S4: Simulated ensemble-averaged EASM
precipitation anomalies over eastern China (unit: mm) from the long-term means of the CTRL run (a), ALL runs
(b), GHG runs (c), LULC runs (d), SSI runs (e), and VOLC runs (d). Stippling indicates differences significant
at the p = 0.05 level based on a t-test. The black rectangle indicates the location of the study region. The blue
lines indicate the locations of Yellow River (upper one) and Yangtze River (bottom one). Figure S5: Simulated
ensemble-averaged non-EASM precipitation anomalies over eastern China (unit: mm) from the long-term means
of the CTRL run (a), ALL runs (b), GHG runs (c), LULC runs (d), SSI runs (e), and VOLC runs (d). Stippling
indicates differences significant at the p = 0.05level based on a t-test. The black rectangle indicates the location of
the study region. The blue lines indicate the locations of Yellow River (upper one) and Yangtze River (bottom
one). Figure S6: Simulated ensemble-averaged wind field anomalies at 850 hPa (unit: m/s) during the EASM
season from the long-term means of the CTRL run (a), ALL runs (b), GHG runs (c), LULC runs (d), SSI runs (e),
and VOLC runs (f). The black rectangle indicates the location of the study region. The blue lines indicate the
locations of Yellow River (upper one) and Yangtze River (bottom one). Figure S7: Simulated ensemble-averaged
wind field anomalies at 850 hPa (unit: m/s) during the non-EASM season from the long-term means of the CTRL
run (a), ALL runs (b), GHG runs (c), LULC runs (d), SSI runs (e), and VOLC runs (f). Figure S8: Simulated
ensemble-averaged sea level pressure anomalies (unit: hPa) during the EASM from the long-term means of the
CTRL run (a), ALL runs (b), GHG runs (c), LULC runs (d), SSI runs (e), and VOLC runs (f). Stippling indicates
differences significant at the p = 0.05 level based on a t-test. Figure S9: Simulated ensemble-averaged sea level
pressure anomalies (unit: hPa) during the non-EASM from the long-term means of the CTRL run (a), ALL runs
(b), GHG runs (c), LULC runs (d), SSI runs (e), and VOLC runs (f). Stippling indicates differences significant at
the p = 0.05 level based on a t-test. Figure S10: Simulated ensemble-averaged geopotential height anomalies at
500 hPa (unit: gpm) during the EASM season from the CTRL run (a), ALL runs (b), GHG runs (c), LULC runs (d),
SSI runs (e), and VOLC runs (f). Stippling indicates differences significant at the p = 0.05 level based on a t-test.
For clarity, the ranges of color bars are different. Figure S11: Regression patterns of SLP anomalies (unit: hPa)
with respect to SST anomalies over the WT Pacific from the CTRL run. Stippling indicates regression significant at
the p = 0.05 level based on a r-test.
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