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Abstract

The Indian monsoon is an important component of the tropical climate system. Studies
suggest that both precipitation from the NNU-2K AF experiments and Little Ice Age (LIA)
proxy data reveal a significant 56-year period in the Indian summer monsoon (ISM). Vol-
canic activity influences the multi-year and decadal characteristics of Indian monsoon
precipitation. A comparative analysis of multi-decadal variations in ISM precipitation from
the AF experiments and the single-factor sensitivity experiments shows a correlation of 0.45
(p < 0.05), indicating dependence on volcanic activity. The 56-year period of ISM precipita-
tion in the AF experiments is consistent with both the single-factor sensitivity experiments
and precipitation influenced by volcanic activity. Further analysis reveals that cooling
over Eurasia and warming of the Indian Ocean weaken the thermal contrast between land
and sea, thereby reducing ISM intensity and decreasing ISM precipitation. Conversely,
enhanced volcanic activity induces widespread cooling across the Northern Hemisphere,
which shifts the Intertropical Convergence Zone (ITCZ) southward. This reduction in
evaporative capacity and moisture content within the monsoon region ultimately decreases
precipitation across the monsoon belt.

Keywords: Indian summer monsoon precipitation; volcanic activity; multidecadal variation;
climate simulation

1. Introduction
The Indian summer monsoon (ISM) is one of the most significant monsoon systems in

the Earth’s climate system [1,2]. Its precipitation patterns are among the most prominent
features of the global climate system [3]. Known as the South Asian Summer Monsoon
or the Southwest Monsoon, it is considered a crucial component of the global climate
system. Approximately 80% of precipitation in South Asia is controlled by the ISM, while
precipitation in the western Indochina Peninsula and southwestern China is also notably
impacted. The influence of global warming on precipitation has been extensively exam-
ined in climatological research [4–6], and historical warm periods have similarly received
considerable scholarly attention [7,8]. The investigation of precipitation during historical
warm periods facilitates the understanding of the characteristics and causes of modern
warm periods, whereas cold periods have been comparatively understudied. Although
rising temperatures dominate global warming trends, intermittent cold spells occasionally
occur. Understanding precipitation patterns during historical cold periods is essential for
improving predictions of future cold events and their underlying mechanisms.

Atmosphere 2026, 17, 90 https://doi.org/10.3390/atmos17010090

https://crossmark.crossref.org/dialog?doi=10.3390/atmos17010090&domain=pdf&date_stamp=2026-01-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos17010090


Atmosphere 2026, 17, 90 2 of 17

The study of the LIA has long been an important topic in climate science. The concept
of the LIA was first proposed by Matthes in 1939 [9] and, in recent decades, has been
used specifically to refer to the cold period following the Medieval Climate Anomaly
during the past millennium. After more than half a century of debate, the concept is
now widely accepted by geographers, geologists, and climatologists [10,11]. Paleoclimate
reconstructions indicate that volcanic activity during the LIA was intense, with numerous
major eruptions [12–14]. Volcanic eruptions are widely regarded as one of the principal
drivers of the LIA [15,16], and volcanic activity played a significant role in climatic changes
during its multidecadal duration [17–20]. Such eruptions provide valuable opportunities
to observe the climate system’s response to external forcing [21,22].

Changes in the Indian monsoon during the LIA are believed to be driven by the
interaction of multiple climate systems. Research indicates that reduced solar radiation is
considered a key factor in triggering and regulating the intensity of the ISM precipitation,
with a significant correlation observed between diminished solar radiation and weakened
monsoons during the LIA [23]. Additionally, variations in sea surface temperatures across
the Indo-Pacific Ocean exert a substantial influence on monsoon circulation. Studies have
highlighted a certain degree of association between ENSO (Southern Oscillation) and the
ISM [24]. ENSO also influenced ISM precipitation during the LIA. When ENSO weakened,
ISM precipitation decreased [25]. Other studies indicate that sea surface temperatures
and large-scale circulation patterns also affected the ISM precipitation during the LIA [26].
The weakening of the North Atlantic Meridional Overturning Circulation (AMOC) and
associated Northern Hemisphere cooling events were also key factors influencing ISM
precipitation during the Little Ice Age [27]. ISM precipitation is profoundly influenced by
the position and intensity of the Intertropical Convergence Zone (ITCZ), whose displace-
ment is also considered a potential driving mechanism. When the ITCZ is weaker and
shifted southward, ISM precipitation decreases [28,29]. Some scholars further propose that
volcanic forcing drives multidecadal monsoon variability at hemispheric and global scales
by affecting sea surface temperatures, ENSO, and the Atlantic Multidecadal Oscillation
(AMO) [27]. On a global scale, large-scale volcanic eruptions may trigger a reorganization
of the Hadley circulation, shifting the ITCZ away from hemispheres with higher aerosol
concentrations. Studies combining tree-ring data with volcanic activity records suggest
that major tropical volcanic eruptions cause short-term global cooling, which in turn affects
precipitation in monsoon regions [30,31]. The studies mentioned above provide insights
into the factors influencing ISM precipitation during the LIA. However, previous research
has focused solely on either hemispheric or global scales or on the combined effects of
atmospheric-oceanic-solar radiation forcing on ISM precipitation during the LIA. These
studies did not conduct sensitivity experiments targeting individual volcanic forcing to
isolate the contributions of these external forcings to ISM precipitation during the LIA. The
mechanisms by which volcanic activity altered ISM precipitation during the LIA remain
unclear. This study employs a series of experiments using the Community Earth System
Model (CESM) to elucidate how volcanic activity influences the characteristics of Indian
monsoon precipitation. The simulated results are compared with a dataset of multi-use
indicators. We aim to reveal the spatiotemporal evolution of ISM precipitation during the
LIA and gain deeper insights into the key role of external forcings in its variability. We
investigate the response mechanisms of volcanic forcing to the periodicity and intensity of
ISM precipitation during the LIA and elucidate its underlying mechanisms.

2. Materials and Methods
The dataset utilized in this study is a global climate dataset spanning the past

2000 years, which is derived from the numerical integration of the Community Earth
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Sys-tem Model (CESM) developed by the National Center for Atmospheric Research in the
United States and designated as NNU-2K [32]. The initial external forcing of the model is
based on the condition of 1850 AD, and 2400 years are calculated on this basis. The follow-
ing 2000 model years are taken as the control experiment results for the past 2000 years. For
other experiments, the last year of the Ctrl experiment is used as the initial field for integra-
tion calculations. A series of climate simulations over the past 2000 years was conducted,
including the all-forcing experiment (AF), control experiment (Ctrl), total solar irradiation
experiment (TSI), land cover and land use experiment (LUCC). The vertical resolution
consisted of 26 layers, with a horizontal resolution of 3.75◦ × 3.75◦. The time resolution
is monthly. Proxy data include Jhumar δ18O from JHU-1Cave [33], Kelong tree-ring δ18O
from the Northwest Himalaya [34], and Shi δ18O from South Asia tree-ring δ18O, which is
a composite of 15 tree-ring data [35]. The JHU-1Cave stalagmite record spans 604 years.
The Keylong and South Asia datasets are tree-ring records with temporal spans of 860
and 1104 years, respectively, both possessing annual temporal resolution. According to
the global monsoon definition proposed by Wang and Ding [36], monsoon regions are
classified as those where total ISM exceeds winter precipitation by at least 300 mm, and
ISM constitutes more than 55% of the annual total. According to the definition, the red
area is the Indian monsoon region, 8◦–30◦ N and 68◦–105◦ E (Figure 1). The ISM season is
typically defined as June, July, August, and September (JJAS).

Figure 1. The Indian summer monsoon region (within the red box).

3. Results
3.1. Multidecadal Variation Characteristics of ISM Precipitation During the LIA

The LIA refers to a century-scale period from the 15th to the 19th centuries, charac-
terized by cooler temperatures and glacial expansion, constituting a cold phase of climate
variability. Numerous studies indicate that this epoch was primarily initiated by volcanic
eruptions [10,11], offering valuable insights into the analysis of potential future cold periods
induced by volcanic activity. To identify multidecadal variations in precipitation patterns of
the ISM throughout the LIA, an 11-year moving average was applied to both temperature
and precipitation time series. Figure 2 illustrates the temperature and precipitation changes
in the ISM region during this period (Figure 2a). Regional temperatures exhibited pro-
nounced multidecadal trends, while precipitation displayed comparable periodic behavior.
As shown in Figure 2b, ISM precipitation exhibited a distinct 56-year period during the
LIA (Figure 2b).
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Figure 2. (a) Time series of summer average surface temperature (◦C, red line) and precipitation
(mm/day, blue line) of the ISM precipitation during the LIA (1400–1860) relative to the past 2000 years,
based on the AF experiment (temperature and precipitation data were smoothed using an 11-year
moving average). (b) Periodic analysis of summer monsoon precipitation in India during the LIA.
The blue line indicates significance at the 90% confidence level, the red dashed line indicates the 95%
confidence level, the green dashed line indicates the 99% confidence level, and the black solid line
represents the periodic variation in precipitation.

Figure 3 depicts the power spectral period analysis of simulated and reconstructed
ISM precipitation during the LIA. The AF experiment precipitation data reveal a period
of approximately 56 years, passing the 95% significance level test. To validate reliability,
the periodic variations in ISM precipitation were further analyzed using LIA data. The
figure below shows the power spectrum period analysis of ISM precipitation simulated
by the CESM model NNU-2K and reconstructed ISM precipitation. These are the AF
experiment precipitation (AF) series, proxy data from Jhumar (stalagmite data), proxy
data from Kelong (tree-ring data), and proxy data from Shi (tree-ring data). As shown in
Figure 3a, the AF ISM experiment precipitation demonstrates a 56-year period that passes
the 95% significance level test. The Jhumar, Kelong, and Shi proxies also exhibit similar
56-year periods, all passing the 95% significance level test (Figure 3b–d). These results
confirm that the CESM model simulation data, NNU-2K, can accurately simulate the ISM
precipitation over a 56-year period during the LIA.
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Figure 3. Power spectrum analysis of AF precipitation data and proxy data from the ISM region
during the LIA (1400–1860). (a) AF represents simulated AF ISM experiment precipitation, (b) proxy
data Jhumar δ18O from JHU-1Cave [33], (c) Kelong tree-ring δ18O from the Northwest Himalaya [34],
and (d) Shi δ18O from South Asia tree-ring δ118O, which is a composite of 15 tree-ring datasets [35].
The blue line indicates a 90% confidence level test, the red dashed line indicates a 95% confidence
level test, the green dashed line indicates a 99% confidence level test, and the black solid line indicates
the periodic variation in precipitation.

The multidecadal variation in precipitation in the ISM region during the LIA is char-
acterized by a distinct dipole pattern, typically showing a “positive–negative” spatial
distribution from the southwestern to northeastern regions. Additionally, two principal
centers are identified: one located in the western Indian Peninsula (16◦–22◦ N, 72◦–80◦ E)
and another in the southern Bay of Bengal marine area (14◦–22◦ N, 86◦–100◦ E) (Figure 4).

Figure 4. The EOF pattern of Indian summer monsoon precipitation (JJAS) during 1400–1860, derived
from the NNU-2K after an 11-year sliding average.
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3.1.1. Attribution of Time Characteristics of Multidecadal Variation in ISM Precipitation
During the LIA

Several studies have suggested that intense and frequent volcanic activity is a charac-
teristic period of temperature and precipitation anomalies that led to the LIA [37]. The Little
Ice Age was a period marked by frequent volcanic activity, with each eruption typically re-
leasing vast quantities of volcanic ash and other materials into the atmosphere. The climatic
effects of volcanic activity exhibit a certain degree of lag, influencing global climate patterns
for the subsequent 2–3 years [38,39]. The cumulative impact of numerous volcanic events
may trigger multidecadal variations in Indian monsoon precipitation—a key issue explored
in this paper. To investigate how volcanic activity triggers multidecadal-scale variations
in precipitation, we analyzed the mechanism by which volcanic activity triggers decadal
variations in ISM precipitation during the LIA. The three reconstructed ISM precipitation
have strong periodic signals from 1400 to 1860, with a peak lasting 56 years (Figure 3).
Therefore, the simulated data also focused on the same period. To confirm the role of
volcanoes, we selected two identical time periods based on the magnitude and frequency
of volcanic eruptions and defined 740–1200 as weak volcanic periods and 1400–1860 as
strong volcanic years. The LIA is a strong volcanic period based on volcanic eruption
magnitude and intensity (Figure 5). The subsequent analyses focus on these two distinct
historical phases.

Figure 5. External forcing sequence of volcanic activity over the past 2000 years, classified according
to differences in volcanic eruption intensity. The blue box indicates weak volcanic years from 740 to
1200, and the red box indicates strong volcanic years from 1400 to 1860, with units of 10−5 kg/m2.

Figure 6 shows the correlation analysis between AF experiment precipitation and
volcanic single-factor experiments precipitation during the strong years (1400–1860). The
correlation coefficients for AF with TSI, Vol, GHGS, and LUCC experiments were 0.20 (32),
0.45 (31), 0.1 (36), and 0.007 (36), respectively. Notably, the correlation coefficient of 0.45,
observed between AF and Vol experiments precipitation, passed the 95% significance test,
indicating that ISM precipitation was predominantly influenced by volcanic activity on a
multidecadal scale (Table 1).
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Figure 6. Correlation analysis between ISM precipitation under the AF experiment and Vol single-
factor sensitivity experiments precipitation. The blue line represents the summer (JJAS) precipitation
anomalies in India under the AF experiment, while the red dashed line represents the ISM precip-
itation anomalies under the single-factor sensitivity experiments: (a) Vol, (b) TSI, (c) LUCC, and
(d) GHGS. All precipitation data were subjected to an 11-year moving average. The numbers in
the upper right corner indicate the correlation coefficients between the AF precipitation and the
precipitation from each single-factor experiment.

Table 1. Correlation analysis and significance level of solar irradiation experiment precipitation (TSI),
volcanic experiment precipitation (Vol), greenhouse gas experiment precipitation (GHGS), land cover
and land use experiment precipitation (LUCC), and AF experiment precipitation (AF).

AF Vol LUCC TSI GHGs

correlation 0.45 * (31) 0.007 (36) 0.2 (32) 0.1 (36)
* Indicating statistical significance at the 95% level. The parentheses represent degrees of freedom.

A 56-year period in ISM precipitation during the LIA (1400–1860 CE) was identified
through periodical analysis (Figure 7). Volcanic precipitation experiments show a period
of approximately 56 years, which passes the 95% significance level test. Similarly to the
research perspectives of other scholars [40,41]. The control experiment demonstrated
the impact of internal variability within the climate system on climate change. Notably,
precipitation in the control experiment lacked such a 56-year period, suggesting that the
precipitation pattern was predominantly influenced by volcanic activity.

Figure 8 presents the correlations, significance levels, and degrees of freedom between
precipitation in AF experiments during weak volcanic years (740–1200 CE) and precipitation
from individual single-factor sensitivity experiments. The correlation coefficients between
ISM precipitation (AF) and TSI, Vol, GHGS, and LUCC in the AF experiments were −0.19
(28), 0.14 (27), 0.024 (32), and 0.024 (32), respectively. The correlation coefficient between
volcanic-year precipitation and AF precipitation was 0.14, with a significance level of 0.48
(Figure 8 and Table 2). This low correlation did not pass the 95% significance level test,
indicating minimal influence of volcanic activity on ISM precipitation during volcanic
years. Conversely, LIA volcanic activity had a significant impact on ISM precipitation,
with a correlation coefficient reaching 0.45 and passing the 95% significance level test.
These results suggest that ISM precipitation during the LIA was primarily influenced by
volcanic activity.
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Figure 7. (a) AF experiment precipitation during the strong volcanic period (1400–1860), (b) Ctrl
experiment precipitation, (c) Vol single-factor sensitivity experiment precipitation. Blue lines indicate
significance at the 90% confidence level, red dashed lines indicate significance at the 95% confidence
level, green dashed lines indicate significance at the 99% confidence level, and black solid lines
represent the periodic variation in precipitation.

  

 

Figure 8. Correlation analysis between all-forcing experiment precipitation and single-factor experi-
ment precipitation in weak volcanic years (740–1200). The blue line represents the ISM anomalies in
India under the AF experiment, while the red dashed lines represent the ISM precipitation anoma-
lies under the single-factor sensitivity experiments: (a) Vol, (b) TSI, (c) LUCC, and (d) GHGS. All
precipitation data were subjected to an 11-year moving average. The numbers in the upper right
corner indicate the correlation coefficients between ISM precipitation and precipitation from each
single-factor experiment.
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Table 2. Correlation analysis between single-factor experiments (TSI, Vol, GHGS, and land LUC)
with ISM AF experiments precipitation.

AF Vol LUCC TSI GHGS

correlation 0.14 (27) −0.12 (32) −0.19 (28) 0.024 (32)
The parentheses represent degrees of freedom.

ISM precipitation showed a 45-year period that did not pass the 95% significance
level test during weak volcanic years (740–1200 CE) (Figure 9). Volcanic activity triggered
multidecadal variations in precipitation, with years of intense volcanic activity exhibiting
approximately 56-year periodicity in ISM precipitation during the LIA. Reconstructed data
has confirmed this roughly 56-year period. Years of weaker volcanic activity, however, did
not show this pattern. Therefore, the 56-year period of ISM precipitation was affected by
volcanic activity (Figure 7). In summary, the multidecadal variation characteristics of ISM
precipitation during the LIA were primarily influenced by volcanic activity.

 

 
Figure 9. Weak volcanic years (740–1200): (a) AF experiment precipitation, (b) Ctrl experiment
precipitation, (c) Vol experiment precipitation. Blue lines indicate significance at the 90% confidence
level, red dashed lines indicate significance at the 95% confidence level, green dashed lines indi-
cate significance at the 99% confidence level, and black solid lines represent the periodic variation
in precipitation.

3.1.2. Attribution of Spatial Characteristics of Multidecadal Variation in ISM Precipitation
During the LIA

In the spatial-scale analysis, the first mode of ISM precipitation is characterized by a
tripartite spatial distribution extending from southwest to northeast, with two major precip-
itation centers: one near 18◦ N on the western side of the Indian Peninsula (Figure 10), and
another in the southern waters of Myanmar, also around 16◦ N. The correlation coefficient
between the ISM precipitation index and the PC1 component of the AF experiment EOF
decomposition time series is 0.49 (p < 0.05), indicating that both PC1 and the EOF decom-
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position sequence of ISM precipitation effectively capture its spatial patterns (Figure 10).
The second mode demonstrates a dipole spatial distribution extending from southwest to
northeast, with a major precipitation center again near 17◦ N on the western side of the
Indian Peninsula (Figure 10). The correlation coefficient between the precipitation index
and the PC2 component of the AFEOF decomposition time series is 0.32 (p = 0.7) (Figure 11),
suggesting that the PC1 sequence reflects multidecadal variations in ISM precipitation,
whereas the PC2 sequence fails to capture these patterns during the LIA.

Figure 10. The empirical orthogonal function decomposition (EOF) pattern of Indian summer
monsoon precipitation (JJAS) during 1400–1860, derived from the NNU-2K data, AF experiments
showing the first (a) EOF1 and second (b) EOF2 spatial mode after an 11-year sliding average.
Volcanic single-factor sensitivity experiments, showing the first EOF1 (c) and second EOF2 (d) spatial
mode after an 11-year sliding average.

In the EOF decomposition of precipitation from volcanic activity experiments during
the LIA, the first mode displays a dipole pattern extending from southwest to northeast.
The second mode presents a triad pattern extending from southwest to northeast, with two
major centers: one near 18◦ N west of the Indian Peninsula and another in the southern
waters of Myanmar, also near 16◦ N. To spatially attribute ISM precipitation, precipitation
fields from the AF experiment were first compared with those from the volcanic-forcing
experiment using EOF analysis. The first mode of the AF precipitation EOF decomposition
exhibited spatial consistency with the second mode of the volcanic-forcing precipitation
EOF decomposition. Furthermore, the correlation coefficient between PC1 of the AF
precipitation EOF decomposition time series and PC2 of the volcanic-forcing precipitation
time series was 0.22 (p < 0.1, Figure 11b). Conversely, the correlation coefficient between PC2
of the AF precipitation EOF decomposition time series and PC1 of the volcanic-forcing EOF
decomposition time series was −0.05 (p = 0.8, Figure 10d). Therefore, the first mode of the
AF precipitation experiment is influenced by the second mode of the volcanic precipitation
experiment in terms of space. This reflects the spatial pattern of multidecadal variability of
ISM precipitation during the LIA.
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Figure 11. Correlation analysis between the ISM precipitation index and AF experiment precipitation
EOF decomposition time series (AFPC1, AFPC2), as well as the correlation analysis between AFPC1,
AFPC2, and Vol experiment precipitation EOF decomposition time series Vol (VolPC2, VolPC1).
(a–c) Linear correlation analysis between the ISM precipitation index and the PC1 and PC2 time
series of the AF experiment precipitation. (b–d) Linear correlation analysis between the PC2 and PC1
time series of volcanic experiment precipitation and the PC1 and PC2 time series of AF experiment
precipitation. The ISM precipitation index was subjected to an 11-year moving average. r denotes the
correlation coefficient, and p denotes the significance level.

3.2. Mechanism Analysis of Multidecadal Variation Characteristics of ISM Precipitation During
the LIA
Influence of Land–Sea Thermal Difference Under Volcanic Activity on Multidecadal
Variation Characteristics of ISM Precipitation

Massive volcanic eruptions are known to release substantial quantities of gases and
volcanic ash. These emissions are transported into the atmosphere. Through the release of
large quantities of aerosols, volcanic activity alters atmospheric composition and modifies
global long-wave irradiation, short-wave irradiation, and latent heat flux. These processes
ultimately result in changes in sea surface temperature (SST), which subsequently influence
precipitation patterns through ocean–atmosphere interactions (Figure 12).

Under volcanic influence, SST underwent significant fluctuations. As a crucial driver
of climate variability, SST fluctuations play a decisive role in shaping global monsoon
precipitation patterns. Previous research indicates that fluctuations in North Pacific SST
significantly influence the weakening or strengthening of Northern Hemisphere mon-
soons [42]. Cooling induced by volcanic activity in the Northern Hemisphere reduces the
equatorial pressure gradient, which hinders the northward advection of low-pressure air
from the western Pacific. This process leads to a weakened Northern Hemisphere and
ISM, resulting in reduced precipitation across monsoon regions (Figure 13a). The thermal
contrast between land and sea remains a key determinant of monsoon formation. ISM
precipitation exhibits a significant correlation (r = 0.67) with land–sea thermal contrast,
validated at the 95% confidence level (Figure 14). Eurasia experienced pronounced cooling,
whereas the Indian Ocean exhibited considerable warming (Figure 13b). The concurrent
cooling of landmasses and warming of oceans impeded the advance of southwest mon-
soons into monsoon regions. The Intertropical Convergence Zone (ITCZ), a major persistent
large-scale system in tropical regions, exerted a profound influence on weather variations
across tropical and subtropical zones at multiple temporal scales. Its dynamic patterns are
increasingly recognized as a primary driving force behind monsoon systems. The strength
and position of the equatorial convergence zone profoundly influence ISM precipitation [43].
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Through the AFPC1 regression of the volcanic single-factor sensitivity precipitation ex-
periment, it can be found (Figure 13c) that there is a clear trend of precipitation reduction
in the ISM region. Furthermore, the ITCZ displayed reduced precipitation, pronounced
meridional gradient variations, and significant southward migration. These combined
factors collectively contributed to reduced precipitation across the Indian subcontinent.

  
  

 
 

Figure 12. Regressed (a) shortwave irradiation (unit: W/m2), (b) longwave irradiation (unit: W/m2),
and (c) latent heat flux (unit: W/m2) on the intrinsic time series PC2 from the EOF decomposition
of precipitation from the LIA volcanic experiment. All variables were smoothed using an 11-year
moving average, and the dotted areas indicate regions that passed the 95% significance level test.

  
  

 

Figure 13. Analysis of the multidecadal causative mechanisms of ISM precipitation during the LIA.
(a) Regression between the time series PC2 of the EOF decomposition of precipitation from the
volcanic single-factor sensitivity experiment and the sea surface temperature field. (b) Regression
field between the PC2 time series of precipitation EOF decomposition from the volcanic experiment
and global surface air temperature. (c) Regression field between the PC1 of precipitation EOF
decomposition from all-forcing and precipitation (shaded) experiments (units: mm/day) and wind
(vector) (units: m/s) from the volcanic experiment. Dotted areas indicate regions passing the 95%
significance level test. All variables were subjected to an 11-year moving average.
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Figure 14. The primary factors controlling ISM precipitation during the LIA (1400–1860).
(a) Multidecadal temperature time series of sea–land thermal contrast (JJAS) (unit: ◦C). (b) Volcanic
external forcing series (unit: 10−5 kg/m2). (c) ISM precipitation (units: mm/day). To obtain multi-
decadal signals, all variables were subjected to an 11-year moving average. The correlation coefficients
and significance levels between the ISM index and the sea–land thermal contrast are shown in the
upper right corner of the figure.

To examine the influence of atmospheric circulation on spatial variations in ISM
precipitation, regression analysis was performed on the PC2 of precipitation time series
decomposed by Empirical Orthogonal Function (EOF) under volcanic experiments, incorpo-
rating 850 hPa wind fields, full-layer water vapor flux, 500 hPa vertical velocity, and other
variables (Figures 15 and 16). Analysis of the 850 hPa pressure and wind fields reveals that
South Asia was affected by an anomalous anticyclone. On the one hand, elevated pressure
over the monsoon region generated a distinct anticyclone center, leading to air divergence
and subsidence. On the other hand, weakening of the Indian Ocean’s Mascarene High
reduced the Somali Current, thereby diminishing southwest monsoon activity and hinder-
ing moisture transport into the monsoon region. Adequate moisture remained essential
for precipitation formation. Regression fields between the PC2 of volcanic experiment
precipitation EOF and 500–1000 hPa water vapor transport indicated elevated pressure over
the Indian Peninsula and pronounced easterly winds, both of which hindered moisture
transport into the monsoon region. Regression analysis of Vol experiments revealed a
significant decrease in vertical water vapor velocity within the ISM region, further con-
straining precipitation formation. In conclusion, volcanic activity during the LIA exerted
substantial influence on atmospheric circulation patterns in the ISM region. Under volcanic
influence, the low-level wind field, water vapor transport, and vertical atmospheric motion
in the ISM region were significantly altered. As a result, ISM precipitation decreased on
multidecadal scales during the LIA.

https://doi.org/10.3390/atmos17010090
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Figure 15. Regressed barometric pressure (shaded) (unit: hPa) and 850 hPa wind field (vector) (unit:
m/s) on the intrinsic time series PC2 from the EOF decomposition of precipitation from the LIA
volcanic experiment. All variables were smoothed using an 11-year moving average, and the dotted
areas indicate regions that passed the 95% significance level test.

  

  

Figure 16. Regressed (a) 500 hPa vertical velocity (shaded) (unit: pa/s) and (b) 500 hPa to 1000 hPa
water vapor transport (shaded) (unit: kg/m/s) on the intrinsic time series PC2 from the EOF
decomposition of precipitation from the LIA volcanic experiment. All variables were smoothed using
an 11-year moving average, and the dotted areas indicate regions that passed the 95% significance
level test.

4. Discussion
Although this paper analyzes the characteristics and causative mechanisms of

multidecadal-scale variations in ISM precipitation during the LIA, the current conclu-
sions may exhibit model dependency. Different models may respond differently to external
forcings, potentially influencing the analytical results. Therefore, multi-model results
should be employed for validation. There are studies indicating that solar radiation is also
one of the factors affecting the LIA [44,45]. Volcanic eruptions release vast quantities of
volcanic ash and aerosols into the troposphere and even the stratosphere, weakening solar
radiation and acting as a sunshade. This subsequently triggers multidecadal variations
in precipitation. The combined effects of volcanic activity, superimposed on solar activity
minima, may have been one of the factors contributing to the LIA [46]. Future research
should examine how solar radiation and volcanic activity interact to influence climate
change during the LIA.

5. Conclusions
This paper uses the CESM model simulation dataset (NNU-2K) to analyze the multi-

decadal characteristics of ISM precipitation in the LIA, to examine its underlying mecha-
nisms, and to derive the following main conclusions:

(1) A multidecadal pattern of precipitation changes was observed in the ISM region
during the LIA. ISM precipitation was characterized by a notable 56-year period. Three
sets of reconstructed data also reveal a roughly 56-year period. The multidecadal variation
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pattern revealed a pronounced dipole distribution, characterized by a spatial transition
from “positive” to “negative” phases extending from the southwestern to the northeastern
regions. Two major precipitation centers were identified: one in the southern Bay of
Bengal (15◦–22◦ N, 86◦–100◦ E) and another over the western Indian Peninsula (17◦–22◦ N,
71◦–80◦ E).

(2) To examine the role of volcanic activity, comparisons were made between weakly
active years (740–1200) and strongly active years (1400–1860). Weak volcanic activity
yielded only a correlation coefficient of 0.14 with the experimental precipitation, which
did not pass the significance test. On the contrary, the relationship between the single-
factor sensitivity experiment precipitation of strong volcanic years and the AF experiment
precipitation is the highest, reaching 0.45 (p < 0.05), and passes the test at a 95% significance
level. It indicates that ISM precipitation during the LIA is mainly affected by volcanic
activity. The Vol experiment precipitation revealed a 56-year period, whereas the control
experiment did not exhibit such periodicity. This indicates that the 56-year period of
ISM precipitation was primarily influenced by volcanic activity. Spatially, their spatial
distribution patterns exhibited strong consistency. Consequently, the spatial distribution
pattern of ISM precipitation during the LIA was also influenced by the second mode of the
volcanic experiment precipitation, indicating two major centers: one on the western side of
the Indian Peninsula and another in the southern waters of Myanmar.

(3) Volcanic activity induced a decline in SST in the northwestern Pacific Ocean during
the LIA. The cooler North Pacific waters reduced the equatorial pressure gradient, thereby
impeding the northward flow of low-level equatorial air currents. This weakening of the
ISM led to a reduction in precipitation across the monsoon region. Simultaneously, Eurasia
experienced cooling while the Indian Ocean warmed, creating unfavorable conditions for
the southwest monsoon to penetrate the monsoon region. The reduction in precipitation
in the equatorial convergence zone, accompanied by its marked southward shift, further
contributed to diminished summer monsoon precipitation in India.

Funding: This research was funded by the Basic Science (Natural Science) Foundation of the Jiangsu
Higher Education Institutions of China-General Program (No. 24KJB170006) and the Jiangsu Voca-
tional Institute of Commerce, Startup Fund for PhD Talents (No. 1042141223050).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The NNU-2Ka experiments used in this study are openly available
from the Yangtze River Delta Science Data Center, National Earth System Science Data Sharing
Infrastructure, National Science and Technology Infrastructure of China (http://dky.njnu.edu.cn,
accessed on 7 December 2025).

Acknowledgments: The authors thank Jian Liu of Nanjing Normal University for his critical reviews
and constructive comments.

Conflicts of Interest: The author declares no conflicts of interest.

References
1. Overpeck, J.; Anderson, D.; Trumbore, S.; Prell, W.L. The southwest Indian monsoon over the last 18000 years. Clim. Dyn. 1996,

12, 213–225. [CrossRef]
2. Trenberth, K.E.; Hurrell, J.W.; Stepaniak, D.P. The Asian monsoon: Global perspectives. In The Asian Monsoon; Springer:

Berlin/Heidelberg, Germany, 2006; pp. 67–87.
3. Webster, P.J.; Yang, S. Monsoon and Enso: Selectively Interactive Systems. Q. J. R. Meteorol. Soc. 2010, 118, 877–926. [CrossRef]
4. Chou, C.; Neelin, J.D. Mechanisms of Global Warming Impacts on Regional Tropical Precipitation. J. Clim. 2004, 17, 2688–2701.

[CrossRef]

https://doi.org/10.3390/atmos17010090

http://dky.njnu.edu.cn
https://doi.org/10.1007/BF00211619
https://doi.org/10.1002/qj.49711850705
https://doi.org/10.1175/1520-0442(2004)017%3C2688:MOGWIO%3E2.0.CO;2
https://doi.org/10.3390/atmos17010090


Atmosphere 2026, 17, 90 16 of 17

5. Wang, B.; Xiang, B.; Li, J.; Webster, P.J.; Rajeevan, M.N.; Liu, J. Rethinking Indian monsoon rainfall prediction in the context of
recent global warming. Nat. Commun. 2015, 6, 7154. [CrossRef]

6. Mani, N.J.; Suhas, E.; Goswami, B.N. Can global warming make Indian monsoon weather less predictable? Geophys. Res. Lett.
2009, 36, L08811. [CrossRef]

7. Chen, F.; Chen, X.; Chen, J.; Zhou, A.; Wu, D.; Tang, L. Holocene vegetation history, precipitation changes and ISM evolution
documented from sediments of Xingyun Lake, south-west China. J. Quat. Sci. 2014, 29, 661–674. [CrossRef]

8. QuaMar, M.F.; Bera, S.K. A 8400-year pollen records of vegetation dynamics and ISM climate from central India: Signatures of
Global Climatic Events. J. Palaeontol. Soc. India 2021, 66, 12–22. [CrossRef]

9. Matthes, R.E. Report of Committee on Glaciers, April 1939. Eos Trans. Am. Geophys. Union 1939, 20, 518–523. [CrossRef]
10. Matthews, J.A.; Briffa, K.R. The ‘little ice age’: Re-evaluation of an evolving concept. Geogr. Ann. 2010, 87, 17–36. [CrossRef]
11. North, G.R. Surface Temperature Reconstructions for the Last 1000 Years. In Proceedings of the AGU Fall Meeting Abstracts, San

Francisco, CA, USA, 11–15 December 2006; SH41A-03.
12. Gao, C.; Robock, A.; Ammann, C. Volcanic forcing of climate over the past 1500 years: An improved ice core-based index for

climate models. J. Geophys. Res. Atmos. 2008, 113, D23111. [CrossRef]
13. Sigl, M.; Winstrup, M.; McConnell, J.R.; Welten, K.C.; Plunkett, G.; Ludlow, F.; Büntgen, U.; Caffee, M.W.; Chellman, N.;

Dahl-Jensen, D.; et al. Timing and climate forcing of volcanic eruptions for the past 2,500 years. Nature 2015, 523, 543. [CrossRef]
14. Zhuo, Z.; Kirchner, I.; Pfahl, S.; Cubasch, U. Climate impact of volcanic eruptions: The sensitivity to eruption season and latitude

in MPI-ESM ensemble experiments. Atmos. Chem. Phys. 2021, 21, 13425–13442. [CrossRef]
15. Robock, A. Volcanic eruptions and climate. Rev. Geophys. 2000, 38, 191–219. [CrossRef]
16. Crowley, T.J.; Lowery, T.S. How warm was the medieval warm period? AMBIO J. Hum. Environ. 2000, 29, 51–54. [CrossRef]
17. Mass, C.F.; Portman, D.A. Major Volcanic Eruptions and Climate: A Critical Evaluation. J. Clim. 1989, 2, 566–593. [CrossRef]
18. Robock, A. Volcanic Eruptions and Climate: Outstanding Research Issues. In Proceedings of the EGU General Assembly

Conference Abstracts, Vienna, Austria, 17–22 April 2016; pp. 2016–3699.
19. Crowley, T.J.; Kim, K.Y. Modeling the temperature response to forced climate change over the last six centuries. Geophys. Res. Lett.

1999, 26, 1901–1904. [CrossRef]
20. D’Arrigo, R.; Wilson, R.; Tudhope, A. The impact of volcanic forcing on tropical temperatures during the past four centuries. Nat.

Geosci. 2009, 2, 51–56. [CrossRef]
21. Soden, B.J.; Wetherald, R.T.; Stenchikov, G.L.; Robock, A. Global cooling after the eruption of Mount Pinatubo: A experiment of

climate feedback by water vapor. Science 2002, 296, 727–730. [CrossRef]
22. Dee, S.G.; Cobb, K.M.; Emile-Geay, J.; Ault, T.R.; Edwards, R.L.; Cheng, H.; Charles, C.D. No consistent ENSO response to

volcanic forcing over the last millennium. Science 2020, 367, 1477–1481. [CrossRef]
23. Li, M.; Zheng, M.; Ye, C.; Wang, C.; Zhang, X.; Wang, X.; Zhao, Y.; Zhang, Y. Response of Travertine dam to precipitation over the

past 800 years in Zabuye Salt lake, southwestern Tibetan plateau. Minerals 2022, 12, 916. [CrossRef]
24. Kaushik, A.; Gupta, A.K.; Clemens, S.C.; Kumar, P.; Sanyal, P.; Gupta, P.; Jaiswal, M.K.; Maurya, A.S.; Sengupta, S.; Sharma, R.;

et al. Paleoclimatic reconstruction of northwest Himalaya since CE 475 using lake sediments from Tadag Taal, Kumaun, India.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 2023, 619, 111544. [CrossRef]

25. Quamar, M.F.; Banerji, U.S.; Thakur, B.; Kar, R. Hydroclimatic changes in the Core Monsoon Zone of India since the Last
Glacial Maximum: An overview of the palynological data and correlation with the marine and continental records. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 2024, 633, 111844. [CrossRef]

26. Kaushik, A.; Gupta, A.K.; Clemens, S.C.; Kumar, P.; Sanyal, P.; Jaiswal, M.K.; Maurya, A.S.; Sengupta, S. Indian monsoon
variability during the past 600 years. Quat. Int. 2025, 718, 109583. [CrossRef]

27. Mohtadi, M.; Prange, M.; Steinke, S. Palaeoclimatic insights into forcing and response of monsoon rainfall. Nature 2016, 533,
191–199. [CrossRef]

28. Shi, G.; Liu, S.; Zhang, M. The Characteristics and Mechanism of the Inter-Centennial Variations in Indian Summer Monsoon
Precipitation. Water 2025, 18, 17. [CrossRef]

29. Reddy, A.P.; Gandhi, N.; Yadava, M.G.; Krishnan, R. The Indian monsoon variability during the last two millennia and links to
the tropical equatorial Pacific. Clim. Dyn. 2023, 60, 3645–3660. [CrossRef]

30. Fadnavis, S.; Müller, R.; Chakraborty, T.; Sabin, T.P.; Laakso, A.; Rap, A.; Griessbach, S.; Vernier, J.-P.; Tilmes, S. The role of tropical
volcanic eruptions in exacerbating Indian droughts. Sci. Rep. 2021, 11, 2714. [CrossRef]

31. Liang, E.; Dawadi, B.; Pederson, N.; Piao, S.; Zhu, H.; Sigdel, S.R.; Chen, D. Strong link between large tropical volcanic eruptions
and severe droughts prior to monsoon in the central Himalayas revealed by tree-ring records. Sci. Bull. 2019, 64, 1018–1023.
[CrossRef]

32. Wang, Z.; Li, Y.; Liu, B.; Liu, J. Global climate internal variability in a 2000-year control simulation with Community Earth System
Model (CESM). Chin. Geogr. Sci. 2015, 11, 263–273. [CrossRef]

https://doi.org/10.3390/atmos17010090

https://doi.org/10.1038/ncomms8154
https://doi.org/10.1029/2009GL037989
https://doi.org/10.1002/jqs.2735
https://doi.org/10.1177/0971102320210102
https://doi.org/10.1029/TR020i004p00518
https://doi.org/10.1111/j.0435-3676.2005.00242.x
https://doi.org/10.1029/2008JD010239
https://doi.org/10.1038/nature14565
https://doi.org/10.5194/acp-21-13425-2021
https://doi.org/10.1029/1998RG000054
https://doi.org/10.1579/0044-7447-29.1.51
https://doi.org/10.1175/1520-0442(1989)002%3C0566:MVEACA%3E2.0.CO;2
https://doi.org/10.1029/1999GL900347
https://doi.org/10.1038/ngeo393
https://doi.org/10.1126/science.296.5568.727
https://doi.org/10.1126/science.aax2000
https://doi.org/10.3390/min12070916
https://doi.org/10.1016/j.palaeo.2023.111544
https://doi.org/10.1016/j.palaeo.2023.111844
https://doi.org/10.1016/j.quaint.2024.11.001
https://doi.org/10.1038/nature17450
https://doi.org/10.3390/w18010017
https://doi.org/10.1007/s00382-022-06513-9
https://doi.org/10.1038/s41598-021-81566-0
https://doi.org/10.1016/j.scib.2019.05.002
https://doi.org/10.1007/s11769-015-0754-1
https://doi.org/10.3390/atmos17010090


Atmosphere 2026, 17, 90 17 of 17

33. Sinha, A.; Berkelhammer, M.; Stott, L.; Mudelsee, M.; Cheng, H.; Biswas, J. The leading mode of Indian Summer Monsoon
precipitation variability during the last millennium. Geophys. Res. Lett. 2011, 38, 532–560. [CrossRef]

34. Managave, S.; Shimla, P.; Yadav, R.R.; Ramesh, R.; Balakrishnan, S. Contrasting centennial-scale climate variability in High
Mountain Asia revealed by a tree-ring oxygen isotope record from Lahaul-Spiti. Geophys. Res. Lett. 2020, 47, e2019GL086170.
[CrossRef]

35. Shi, H.; Wang, B.; Cook, E.R.; Liu, J.; Liu, F. Asian summer precipitation over the past 544 years reconstructed by merging tree
rings and historical documentary records. J. Clim. 2018, 31, 7845–7861. [CrossRef]

36. Wang, B.; Ding, Q. Global monsoon: Dominant mode of annual variation in the tropics. Dyn. Atmos. Oceans 2008, 44, 165–183.
[CrossRef]

37. Mann, M.E.; Steinman, B.A.; Brouillette, D.J.; Miller, S.K. Multidecadal climate oscillations during the past millennium driven by
volcanic forcing. Science 2021, 371, 1014–1019. [CrossRef]

38. Ning, L.; Chen, K.; Liu, J.; Liu, Z.; Yan, M.; Sun, W.; Jin, C.; Shi, Z. How Do Volcanic Eruptions Influence Decadal Megadroughts
over Eastern China? J. Clim. 2020, 33, 8195–8207. [CrossRef]

39. Chen, K.; Ning, L.; Liu, Z.; Liu, J.; Yan, M.; Sun, W.; Yuan, L.; Lv, G.; Li, L.; Jin, C.; et al. One drought and one volcanic eruption
influenced the history of China: The late Ming Dynasty mega-drought. Geophys. Res. Lett. 2020, 47, E2020GL088124. [CrossRef]

40. Dai, Z.; Wang, B.; Zhu, L.; Liu, J.; Sun, W.; Li, L.; Lü, G.; Ning, L.; Yan, M.; Chen, K. Atlantic multidecadal variability response to
external forcing during the past two millennia. J. Clim. 2022, 35, 8103–8115. [CrossRef]

41. Sun, W.; Liu, J.; Wang, B.; Chen, D.; Gao, C. Pacific multidecadal (50–70 year) variability instigated by volcanic forcing during the
Little Ice Age (1250–1850). Clim. Dyn. 2022, 59, 231–244. [CrossRef]

42. Webster, P.J.; Magaña, V.O.; Palmer, T.N.; Shukla, J.; Tomas, R.A.; Yanai, M.; Yasunari, T. Monsoons: Processes, predictability, and
the prospects for prediction. J. Geophys. Res. Oceans 1998, 103, 14451–14510. [CrossRef]

43. Chao, W.C.; Chen, B. The Origin of Monsoons. J. Atmos. Sci. 2000, 58, 3497–3507. [CrossRef]
44. Agnihotri, R.; Dutta, K.; Bhushan, R.; Somayajulu, B. Evidence for solar forcing on the Indian monsoon during the last millennium.

Earth Planet. Sci. Lett. 2002, 198, 521–527. [CrossRef]
45. Palar, B.; Gupta, A.K.; Sanyal, P.; Kumar, P.; Jaiswal, M.K.; Singh, R.K.; Dash, M.K.; Sharma, R. Multi-proxy record of monsoon

variability since 1300 CE from Anshupa Lake, Core Monsoon Zone of India. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2025,
661, 112718. [CrossRef]

46. Singh, A.; Kumari, A.; Sharma, B.; Senthilnathan, R.; Dixit, Y. Assessing the hydroclimate changes in Western Himalayas during
the Little Ice Age. Holocene 2024, 34, 531–540. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/atmos17010090

https://doi.org/10.1029/2011GL047713
https://doi.org/10.1029/2019GL086170
https://doi.org/10.1175/JCLI-D-18-0003.1
https://doi.org/10.1016/j.dynatmoce.2007.05.002
https://doi.org/10.1126/science.abc5810
https://doi.org/10.1175/JCLI-D-19-0394.1
https://doi.org/10.1029/2020GL088124
https://doi.org/10.1175/JCLI-D-21-0986.1
https://doi.org/10.1007/s00382-021-06127-7
https://doi.org/10.1029/97JC02719
https://doi.org/10.1175/1520-0469(2001)058%3C3497:TOOM%3E2.0.CO;2
https://doi.org/10.1016/S0012-821X(02)00530-7
https://doi.org/10.1016/j.palaeo.2025.112718
https://doi.org/10.1177/09596836231225727
https://doi.org/10.3390/atmos17010090

	Introduction 
	Materials and Methods 
	Results 
	Multidecadal Variation Characteristics of ISM Precipitation During the LIA 
	Attribution of Time Characteristics of Multidecadal Variation in ISM Precipitation During the LIA 
	Attribution of Spatial Characteristics of Multidecadal Variation in ISM Precipitation During the LIA 

	Mechanism Analysis of Multidecadal Variation Characteristics of ISM Precipitation During the LIA 

	Discussion 
	Conclusions 
	References

