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Abstract. Explosive volcanic eruptions affect surface cli-
mate, especially in monsoon regions, but responses vary in
different regions and to volcanic aerosol injection (VAI) in
different hemispheres. Here, we use six ensemble members
from the last-millennium experiment of the Coupled Model
Intercomparison Project Phase 5 to investigate the mecha-
nisms of regional hydrological responses to different hemi-
spheric VAls in the Asian monsoon region (AMR). Northern
hemispheric VAI (NHVAI) leads to an intensified aridity over
the AMR after northern hemispheric VAI (NHVAI); spatially,
a distinct inverse response pattern to the climatological con-
ditions emerges, with an intensified aridity in the relatively
wettest area (RWA) but a weakened aridity in the relatively
driest area (RDA) of the AMR. Southern hemispheric VAI
(SHVAI) shows a weakened aridity over the AMR, but the
spatial response pattern is not that clear due to small aerosol
magnitude. The mechanism of the hydrological impact re-
lates to the indirect change of atmospheric circulation due
to the direct radiative effect of volcanic aerosols. The de-
creased thermal contrast between the land and the ocean af-
ter NHVAI results in a weakened East Asian summer mon-
soon and South Asian summer monsoon. This changes the
moisture transport and cloud formation in the monsoon and
westerlies-dominated subregions. The subsequent radiative
effect and physical feedbacks of local clouds lead to differ-
ent hydrological effects in different areas. Results here indi-
cate that future volcanic eruptions may temporarily alleviate
the uneven distribution of precipitation in the AMR, which
should be considered in the near-term climate predictions and
future strategies of local adaptation to global warming. The
local hydrological responses and mechanisms found here can

also provide a reference for stratospheric aerosol engineer-
ing.

1 Introduction

The Asian monsoon region (AMR; 8.75° S-56.25° N, 61.25-
143.75° E; Cook et al., 2010) is the most densely populated
region over all the world. As part of the largest continen-
tal landmass, the climate here shows large regional differ-
ences. Figure 1 shows the dominant climate systems and
climatological precipitation distribution in the boreal sum-
mer (June—July—August, JJA) in 1981-2010. The purple line
indicates the modern Asian summer monsoon limit (Chen
et al., 2008); to the northwest are the westerlies-dominated
arid areas, and to the southeast are the monsoon-dominated
humid areas, which are due to the contrast between the
landmass and the Indian and Pacific oceans (Dando, 2005;
Chen et al., 2008). It includes two monsoon subsystems: the
East Asian summer monsoon (EASM) and the South Asian
summer monsoon (SASM), which are usually separated by
100° E longitude (Chiang et al., 2017). The precipitation is
unevenly distributed, with a diminishing scale from southeast
to northwest in the AMR. In comparison to the monsoon-
dominated subregion, there is much less precipitation in the
westerlies-dominated subregion. The southwestern part has
the least precipitation (dashed black box, hereafter marked
as the relatively driest area (RDA)). Here, because westerly
wind brings limited moisture to this region, the transport of
air mass from its adjacent areas may play a key role in con-
trolling the moisture conditions (Chen et al., 2008). In the
monsoon-dominated subregion, precipitation is largely af-
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Figure 1. Hydrological distribution and climate systems in the
Asian monsoon region (8.75° S-56.25° N, 61.25-143.75° E). The
colors indicate the climatological June—July—August mean precipi-
tation (mm month_l) in 1981-2010, which is based on the monthly
global land surface precipitation of the Global Precipitation Clima-
tology Centre Full Data Reanalysis version 7. The solid and dashed
black boxes indicate the relatively wettest area (RWA) and the rela-
tively driest area (RDA), respectively.

fected by the evolution of the South and East Asian sum-
mer monsoons (Wang et al., 2005). The southern part af-
fected by the SASM has the most precipitation (solid black
box, hereafter marked as the relatively wettest area (RWA)).
This large uneven precipitation distribution makes the AMR
a region susceptible to perturbations, which has a large im-
pact on the local environment and society. Understanding the
hydrological variation to perturbations and potential mecha-
nisms are both biophysically and socioeconomically impor-
tant (Dando, 2005).

Volcanic eruptions are one of the important natural forc-
ings that cool the surface (Robock, 2000; Timmreck, 2012)
and cause strong hydrological perturbations, especially in
monsoon regions (Iles and Hegerl, 2014; Trenberth and Dai,
2007; Zambri and Robock, 2016; Zhuo et al., 2014, 2020).
Some studies focused on global impact show a significant de-
crease of Asian summer monsoon precipitation after volcanic
eruptions in both observation (Trenberth and Dai, 2007)
and model simulations (Iles and Hegerl, 2014; Zambri and
Robock, 2016). A few studies focused on Asian summer
monsoon response to volcanic eruptions. Model simulations
(Peng et al., 2010; Man et al., 2014; Man and Zhou, 2014)
show a reduced precipitation due to a reduced land—sea ther-
mal contrast that in favor of a weakened monsoon circula-
tion; hydrological proxy reconstructions (Anchukaitis et al.,
2010; Gao and Gao, 2018; Zhuo et al., 2014) generally agree
on the temporal drying trend in the monsoon region, but dis-
crepancies exist in spatial responses to volcanic classifica-
tions among different reconstruction data. Besides, most of
them only focused on part of the AMR, except Zhuo et al.
(2020), who studied temporal and spatial characteristics of
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the hydrological impact in subregions of the AMR through
comparing proxy reconstruction data and models.

Climate impacts of volcanic eruptions depend on the dis-
tribution of volcanic aerosols and the associated radiative
forcing structures (Haywood et al., 2013; Toohey et al., 2019;
Yang et al., 2019). Haywood et al. (2013) reported the po-
tential inverse climate effects that the interhemispherically
asymmetric volcanic aerosol distributions may have on Sa-
helian precipitation. Further studies found potential inverse
climate impacts of interhemispherically asymmetric volcanic
aerosol injection (VAI) in China (Zhuo et al., 2014), the
tropics (Colose et al., 2016) and monsoon regions (Iles and
Hegerl, 2014; Liu et al., 2016; Zuo et al., 2019a; Zhuo
et al., 2021). These studies were mostly focused on global
or regional mean responses; local hydrological variations are
rarely studied.

The mechanisms of the hydrological responses in the
AMR were roughly investigated. Precipitation can be re-
duced as a result of a weakening of the summer mon-
soon after volcanic eruptions (Dogar and Sato, 2019; Liu
et al., 2016; Man and Zhou, 2014; Man et al., 2014; Zhuo
et al.,, 2021; Zuo et al., 2019a). This was generally based
on qualitative analysis of the altered land—sea thermal con-
trast. The Intertropical Convergence Zone (ITCZ) moving to-
ward a warmer hemisphere with less volcanic aerosol loading
leads to inverse climate impacts in two hemispheres (Colose
et al., 2016; Haywood et al., 2013; Iles and Hegerl, 2014;
Zhuo et al., 2021). With moisture budget analyses over the
hemispheric arid regions, Zuo et al. (2019b) showed wet-
ter conditions in arid regions due to an enhanced cross-
Equator flow after southern hemispheric VAI (SHVAI) and
a monsoon—desert coupling mechanism after northern hemi-
spheric VAI (NHVAI). However, these analyses cannot fully
explain the mechanisms of local hydrological responses to
volcanic eruptions, as regional responses and local feed-
back processes were not considered. Based on spatial anal-
yses, Zhuo et al. (2021) showed that dynamical responses
to NHVAI change local cloud cover. A subsequent physical
feedback of local temperature and adjusted horizontal and
vertical motions of local water vapor lead to decreased pre-
cipitation in the SASM region. Responses in different subre-
gions of the AMR and related mechanisms need further in-
vestigation.

This study tries to fill in the gap with regards to investigat-
ing mechanisms of local hydrological responses in monsoon
and westerlies-dominated subregions of the AMR to differ-
ent hemispheric VAIs. We perform spatiotemporal analyses
on multi-model ensemble means of the last-millennium (LM)
experiments from the Paleoclimate Modeling Intercompar-
ison Project Phase 3 (PMIP3) and the Coupled Model In-
tercomparison Project Phase 5 (CMIPS). This study aims to
answer the following questions: what different hydrological
impacts do hemispheric volcanic aerosol injections have in
different subregions of the AMR? What is the mechanism
behind the local hydrological responses to hemispheric VAI?
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Figure 2. Volcanic years and the hemispheric volcanic aerosol in-
jection magnitudes (Tg) in the GNH (red lines and text) and GSH
(blue lines and text) classifications based on the GRA volcanic forc-
ing (following Schmidt et al., 2021, reconstructed by Gao et al.,
2008). Model ensemble members used in this study are shown in
the green box.

After this introduction, we describe the data and methods
in Sect. 2, followed by our results and discussions in Sect. 3.
In Sect. 4, we give our summary and conclusions.

2 Data and methods

2.1 Model data

Nine models participated in the last-millennium experiments
of PMIP3 and CMIP5 (Schmidt et al., 2011). Two different
volcanic-forcing indices, namely GRA (Gao et al., 2008) and
CEA (Crowley et al., 2008), were freely chosen in the model
simulations. Zhuo et al. (2020) calculated two multi-model
ensemble means (MMEMSs) based on six ensemble members
of four models that separately adopted the GRA and CEA
volcanic-forcing indices; these MMEMSs were then compared
with proxy reconstruction data. Results indicate the reliabil-
ity of MMEMs in reproducing the hydrological effects of
volcanic eruptions in the southern Asian monsoon region.
Since similar patterns were shown between two MMEMs,
and because significant and pronounced patterns were shown
in the MMEM with model members adopting the GRA vol-
canic forcing (GRA-based MMEM), in this study, we further
use the GRA-based MMEM to investigate the mechanism of
the hydrological impacts of VAI in subregions of the AMR.
The green box of Fig. 2 shows model ensemble members
employed in the GRA-based MMEM, which are the same
as in Zhuo et al. (2020). Similarly, we choose the data from
1300-1850 CE and calculate the MMEM after regridding the
model outputs to 2.5° x 2.5° spatial resolution.
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2.2 \Volcanic classifications

Following Zhuo et al. (2020), we pick out volcanic events
in 1300-1850 CE that have larger northern hemispheric vol-
canic aerosol injections (NHVAIs) than that of the 1991
Mount Pinatubo eruption (17 TgSO; based on the GRA
volcanic-forcing index) as GNH classification. To explore the
inverse hydrological impacts of interhemispherically asym-
metric VAls, another classification using volcanic events in
1300-1850 CE that only have southern hemispheric volcanic
aerosol injections (SHVAISs) is constructed as the GSH clas-
sification. Just by coincidence, based on these two criteria,
12 volcanic events are included in each of the classifications.
Figure 2 shows the years and aerosol magnitudes of the vol-
canic events. In comparison to the GNH classification, the
aerosol magnitudes of volcanic events in the GSH classifi-
cation are much smaller. This can result in a limited climate
impact in the GSH classification; thus, the GSH classification
might not be sufficient for showing the inverse hydrological
impact of interhemispherically asymmetric VAlIs. However,
since both classifications have 12 volcanic events, the GSH
classification is sufficient to serve as a reference classifica-
tion without NHVAL

2.3 Analysis indices

Following Zhuo et al. (2020), we use a Palmer Drought
Severity Index (PDSI; Palmer, 1965) to indicate hydrological
conditions. PDSI is calculated from model precipitation and
temperature data, together with latitude and water-holding
capacity (WEBB et al., 2000), using the MATLAB program
produced by Jacobi et al. (2013). It represents normal condi-
tions when PDSI is between —0.5 and 0.5 and indicates in-
cipient drought when PDSI falls below —0.5 and a wet spell
when PDSI goes above 0.5.

Previous studies suggested that decreased precipitation in
monsoon regions results from a weakened monsoon circula-
tion after volcanic aerosol injections — this is based on qual-
itative analysis of a weakened thermal contrast between the
land and the ocean (Man and Zhou, 2014; Man et al., 2014).
In this study, we adopt two indices to better quantify the East
and South Asian summer monsoon (EASM and SASM) vari-
ations. Following the recommendation in Wang et al. (2008),
to assess the strength of the EASM, we calculate the East
Asian summer monsoon index (EASMI) as the difference be-
tween the zonal winds at 850 hPa over the regions 5—15° N,
90-130°E and 22.5-32.5°N, 110-140° E (Wang and Fan,
1999), as it outperforms the other 24 indices in reflecting
the summer precipitation distribution. For the South Asian
summer monsoon index (SASMI), we used the definition of
Webster and Yang (1992), which is defined as the difference
between the zonal wind at 850 hPa over the region 0-20° N,
40-110° E and the zonal wind at 200 hPa over the region 0—
20° N, 40-110°E. This index is widely used to assess the
large-scale intensity of the southern ASM.

Clim. Past, 19, 835-849, 2023
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The moisture transport is reflected by the vertically inte-
grated moisture transport (IVT) and its divergence (IVTD).
We calculate the IVT using the following equation:

model top
IVT = (1/g) / qvdp, o))
surface

where g is the acceleration due to gravity, ¢ is specific hu-
midity, v is the horizontal wind vector, and p is pressure.
The vertical integration of the equation is performed from
the surface to the model top.

2.4 Superposed epoch analysis with Monte Carlo model
test

The superposed epoch analysis (SEA; Haurwitz and Brier,
1981) method is used to study climate responses to the clas-
sified volcanic eruptions. We present 11 years (the eruption
year and 5 years before and 5 years after the eruption) of
the temporal analysis. To test the significance of the results,
Monte Carlo model tests (Adams et al., 2003) are performed
with 10000 resampling processes for each year based on the
null hypothesis that there is no relationship between volcanic
eruption and climate variation. Significant results at the 95 %
and 99 % confidence levels are identified when SEA results
exceed the 95 % and 99 % range of the Monte Carlo sample.
For the spatial distribution of the response, since the largest
hydrological impacts emerge in the eruption year (year 0;
Zhuo et al., 2020), we present anomalies in the eruption
year with respect to the mean of 5 years before the eruption
(Adams et al., 2003; Zhuo et al., 2014). Similar Monte Carlo
model tests (Adams et al., 2003) are performed for signifi-
cance tests but with 1000 resampling processes for anomalies
of each grid in the eruption year.

2.5 Pearson cross-correlation analysis and mechanism
exploration

To explore mechanisms of the hydrological effects, we an-
alyze first the correlation relationship between tempera-
ture, precipitation, and the radiation-, heat- and evaporation-
related variables using the widely used Pearson cross-
correlation value (r) as the indicator. We calculate r in each
grid between variables among the selected 11 years before
and after the aerosol injection, and then we calculate the av-
erage r value of the Asian monsoon region. Hereafter, to ex-
plore the mechanisms of different hydrological responses in
different regions, we show anomalies in the eruption year
and compare the spatial patterns of the highly correlated vari-
ables.

Clim. Past, 19, 835-849, 2023

0.1 T T T T T T T T
0 '_’__/ ~
———— ] ~
041 ]
0.2 = 3
%)
A 03+ 8
e
-0.4
05f 1
=== GNH
=& GSH
0.6 - ]

-0.7 L L 1 L 1 L L 1
-5 -4 -3 -2 -1 0 1 2 3 4 5

Years relative to eruption year

Figure 3. Temporal SEA results of summer (JJA) mean PDSI cor-
responding to the GNH (yellow line) and GSH (green line) vol-
canic classifications in 1300-1850 CE in the Asian monsoon region
(8.75° S-56.25° N, 61.25-143.75° E). The thinner lines stand for
the relative Monte Carlo model results at the 95 % confidence level.
The asterisks represent the years that passed the Monte Carlo model
tests at the 99 % confidence level. Year O represents the eruption
year identified by the volcanic-forcing index; negative and positive
years represent relative years before and after the eruption.

3 Results and discussions

3.1 Hydrological responses to NHVAI and SHVAI

Hydrological responses to the classified volcanic eruptions
are shown by temporal and spatial SEA results of PDSI. Fig-
ure 3 shows the hydrological responses to two volcanic clas-
sifications in the Asian monsoon region. In the GNH vol-
canic classification, PDSI reduces significantly in the erup-
tion year (year 0), and this reduction extends to 3 years after
the eruption (year 3), indicating an intensified aridity after
NHVALI. For the GSH classification, PDSI does not show
strong changes, but positive PDSI emerges in year 2 and
passed the significance test at the 99 % confidence level,
which indicates a weakened aridity after SHVAI The lim-
ited effect might be caused by the limited aerosol magnitude
that was injected into the SH based on the GRA volcanic-
forcing reconstruction (Gao et al., 2008). However, results in
the GSH classification evidently indicate a large difference
with and without volcanic aerosol injection in the Northern
Hemisphere.

Figure 4 further shows the spatial patterns of PDSI in
the eruption year, when it has the largest drying effect af-
ter NHVAI (Fig. 3). In the GNH classification (Fig. 4a), sig-
nificantly reduced PDSI indicates an intensified aridity in a
large part of the Asian monsoon region. The largest reduc-
tion of PDSI emerges in the southern part of the region (solid
black box), while the largest increase of PDSI is concen-
trated in the southwestern part of the region (dotted black
box). This is exactly opposite to the climatological hydro-
logical conditions in the areas where the RWA and RDA are
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located. In the GSH classification (Fig. 4b), differently from
that in the GNH classification, PDSI increases in the RWA,
while a slight decrease emerges in the RDA. This indicates
inverse hydrological effects between NHVAI and SHVAI in
the Asian monsoon region.

The reduction of PDSI in the GNH classification shows
agreement regarding a weakened Asian monsoon with Liu
et al. (2016), who showed a significant reduction of PDSI in
the first year after tropical eruptions and in the second year
after NH volcanic eruptions. Due to limited aerosol mag-
nitude in the GSH classification, a slight increase of PDSI
emerges after SHVAI and is only significant in year 2. This
also agrees well with Liu et al. (2016), who showed an in-
crease in PDSI in the first year from SH volcanic eruptions,
although without passing the significance tests. The PDSI
spatial patterns indicate distinct hydrological responses to
NHVAI with an inverse aridity pattern between the RDA
and RWA in relation to the climatological conditions. This
may counteract the “wet gets wetter, dry gets drier” precip-
itation response to global warming that is mainly caused by
increased anthropogenic greenhouse gases (Schurer et al.,
2020). This agrees with Zhuo et al. (2021) with regards to
a decreased SASM precipitation after NHVAI and also con-
firms that NHVAI leads to decreased global monsoon pre-
cipitation (Zuo et al., 2019a) and wetter global arid regions
(Zuo et al., 2019b). However, Zuo et al. (2019b) also found
wetter global arid regions after SHVAI, but our results indi-
cate a normal wet condition in the RDA after SHVAI (Fig. 4).
This normal condition might be the result of limited aerosol
magnitude in the GSH classification. The problem that dif-
ferent volcanic classifications have different aerosol magni-
tudes also exists in Zuo et al. (2019b). This brings uncertainty
to the conclusion. Even though Zhuo et al. (2021) avoided
the problem with the same Pinatubo eruption magnitude in
both the NHVAI and SHVAI experiments, the precipitation
response is still invisible in the RDA in Zhuo et al. (2021).
These disagreements indicate that further studies are needed
to understand the hydrological impact of SHVAI in the arid
regions.

3.2 Correlation analysis

To identify the key factors that affect the hydrological vari-
ation, we show correlations between radiation-, heat- and
moisture-related variables and near-surface air temperature
(T) and precipitation (P) in Table 1 using the Pearson cross-
correlation () as the indicator. Since only limited effects are
shown in the GSH classification, which is likely due to the
small magnitude of aerosol injection, we only conduct the
correlation analyses on the GNH classification.

Table 1 shows that T correlates highly with radiation and
specific humidity, with r reaching 0.996 and 0.947 between
T and upwelling and downwelling longwave radiation (LW),
followed by —0.788 and 0.881 between 7 and top-of-the-
atmosphere (TOA) outgoing shortwave radiation (OSR) and

https://doi.org/10.5194/cp-19-835-2023

specific humidity. P correlates with evaporation (E) and la-
tent heat flux (LHF; both » are equal to 0.613) and closely
relates to relative humidity (RH; 7 is equal to 0.611) and spe-
cific humidity (r is equal to 0.575). From these correlations,
we know that, in order to understand the temperature vari-
ation, it is important to investigate shortwave and longwave
radiation responses to volcanic eruptions. For the precipita-
tion variation, the variations of evaporation, latent heat flux
and relative humidity need to be checked. Both temperature
and precipitation are highly correlated with specific humid-
ity, which indicates that the response of the model follows
the Clausius—Clapeyron relation. These correlation analyses
can identify the key factors of the hydrological variation, but
they are not sufficient to explain the inverse hydrological re-
sponses in the RDA and RWA (Fig. 4).

3.3 Mechanisms of the hydrological responses to
NHVAI

Considering that limited climate impacts are shown due to
limited aerosol magnitude in the GSH classification, we
mainly focus on the GNH classification in the following dis-
cussions to investigate the mechanisms of the hydrological
responses to NHVAL

3.3.1 Cooling and subsequent dynamical responses to
volcanic eruptions

Reflected incoming solar radiation by stratospheric volcanic
aerosols leads to significant surface cooling and further af-
fects the hydrological process (Robock, 2002; Timmreck,
2012). Figure 5 shows temperature responses in the two vol-
canic classifications. The largest temperature decrease over
ASM land emerges in year O in the GNH classification, and
the significant cooling extends to year 2 after the NHVALI. For
the GSH classification, insignificant cooling is shown in year
0 to year 2 (Fig. 5a). Figure 5b shows the temperature differ-
ence between the land and the ocean in the Asian monsoon
region. A significant decrease in the GNH classification con-
firms that the NHVAI causes a decreased land—sea thermal
contrast in the AMR. In the GSH classification, a significant
increase in year O and year 1 indicates an increased land—sea
thermal contrast after the SHVAI This quantitative analysis
result confirms that volcanic eruption leads to an inhomoge-
neous cooling between the land and the sea. The opposite
responses to the GNH and the GSH classification quantita-
tively show different impacts of interhemispherically asym-
metric VAL, which was also reported in the African monsoon
region (Haywood et al., 2013) and the global monsoon do-
main (Liu et al., 2016; Zuo et al., 2019a).

For spatial distributions of the temperature responses,
Fig. 6 shows that, in the GNH classification, the strongest
cooling emerges in the RDA, but slight cooling and warm-
ing emerge in different parts of the RWA. Oppositely, in
the GSH classification, the strongest cooling appears in the
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Figure 4. Spatial distribution of the Palmer Drought Severity Index (PDSI) anomalies in the eruption year with respect to the mean of 5
years before the eruption. The solid and dashed black boxes indicate the relatively wettest area (RWA) and relatively driest area (RDA),
respectively, as shown in Fig. 1. The gray slashes and cross signs indicate the significant results that passed the Monte Carlo model tests at

the 95 % and 99 % confidence levels.

Table 1. Mean Pearson cross-correlation (r) values between near-surface air temperature (7'), precipitation (P), and radiation-, heat- and
moisture-related variables over the Asian monsoon region. Numbers in italics and in bold are significant at the 95 % and 99 % confidence

levels.
Variables Abbreviation T P
Top-of-the-atmosphere incident shortwave radiation =~ TOA ISR 0.678 0.255
Top-of-the-atmosphere outgoing shortwave radiation =~ TOA OSR -0.788 -0.212
Top-of-the-atmosphere outgoing longwave radiation ~ TOA OLR 0.706 0.121
Surface upwelling shortwave radiation USR 0.289 —0.142
Surface downwelling shortwave radiation DSR 0.667 —0.00171
Surface upwelling longwave radiation ULR 0.996 0.251
Surface downwelling longwave radiation DLR 0.947 0.459
Evaporation E 0.691 0.613
Surface upward latent heat flux LHF 0.690 0.613
Surface upward sensible heat flux SHF 0.321 —0.300
Near-surface relative humidity RH 0.00499 0.611
Near-surface specific humidity - 0.881 0.575

RWA. When compared to the spatial pattern of PDSI, in the
GNH classification (Fig. 6a), the area with the strongest wet-
ting effect coincides with the strongest cooling effect in the
RDA, while the driest area is identical to the area with the
weakest warming effect in the RWA. This matching relation-
ship between PDSI and temperature also exists in the GSH
classification (Fig. 6b). This indicates a strong coupling be-
tween temperature variations and hydrological responses to
volcanic eruptions.

Uneven temperature responses between the land and the
ocean after volcanic eruptions (Figs. 5 and 6) lead to sub-
sequent dynamical responses of the climate system. Here,
we quantify summer monsoon circulation changes with the
EASMI and the SASMI. In the GNH classification, the

Clim. Past, 19, 835-849, 2023

EASMI decreases significantly in year 0, and the significant
anomaly lasts to year 3 (Fig. 7a); the SASMI also decreases
significantly in year O and recovers until year 2 (Fig. 7b).
This indicates a significant weakening of the EASM and
the SASM. For the GSH classification, the EASMI does not
show significant change, while a significant increase of the
SASMI in year 0 indicates a strengthening of the SASM. The
opposite weakening and strengthening of the SASM after dif-
ferent hemispheric VAls is in agreement with the findings
shown in Zhuo et al. (2021).

Changes of the EASM and the SASM show the hori-
zontal motion changes of the atmospheric circulation. The
vertical motion changes of the atmospheric circulation are
shown by the vertically integrated moisture transport (IVT

https://doi.org/10.5194/cp-19-835-2023
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Figure 5. Temporal SEA results of the summer (JJA) mean tem-
perature (°C) of land (a) and the difference between land and ocean
(b) in the Asian monsoon region (land and ocean part is 8.75° S—
56.25° N, 61.25-143.75° E). The thinner lines stand for the relative
Monte Carlo model results at the 95 % confidence level. The as-
terisks represent the years that passed the Monte Carlo model tests
at the 99 % confidence level. Year O represents the eruption year
identified by the volcanic-forcing index, while negative and posi-
tive years represent relative years before and after the eruption.

— vector) and its divergence (IVTD — shaded) in Fig. 8.
Before the volcanic eruptions, the southwest wind trans-
ports a large amount of moisture from the ocean to the
monsoon-dominated subregion, and the RWA is a significant
convergence area, while less moisture is transported by the
northwest wind to the westerlies-dominated subregion, and
the RDA is controlled by the divergence of moisture flux
(Fig. 8a). After the NHVAI, moisture is transported from
the ocean and adjacent eastern highlands by the southwest
and east wind (Fig. 8b — vector) with a strengthened con-
vergence in the RDA (Fig. 8b — shaded). This results in an
enhanced amount and upward transport of moisture, which
favors cloud formation and precipitation, and finally results
in the significantly weakened aridity in this area (Fig. 4). In
the RWA, the weakened southwest wind deceases moisture
transport from the ocean to the land (Fig. 8b — vector), and
a weakened convergence suppresses the upward transport of
moisture (Fig. 8b — shaded). This leads to less cloud forma-
tion and precipitation and thus results in the significantly in-
tensified aridity in this area (Fig. 4).
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3.3.2 Physical feedbacks of local clouds

The dynamical response of the climate system after VAI
leads to changes of cloud cover in different areas; this
has corresponding physical feedbacks, which cause differ-
ent temperature and precipitation variations in different ar-
eas. Volcanic sulfate aerosols in the stratosphere reflect solar
radiation (SR) at the top of the atmosphere (TOA). In clear-
sky conditions, without taking clouds into consideration, a
significant increase of the TOA OSR indicates an increased
reflection of SR after the NHVAI (Fig. 9a). The reflected SR
is relatively homogeneous along the same latitude band but
decreases from low latitudes to high latitudes in the Northern
Hemisphere, and more SR is reflected in the RWA compared
to in the RDA. This indicates the direct radiative effect of
latitude-dependent volcanic aerosols. In comparison, limited
variations of OSR emerge in the GSH classification (Fig. 9b),
indicating a different pattern without NHVAI. However, the
full-sky TOA OSR shows inhomogeneous distribution in dif-
ferent areas (Fig. 10). Specifically, a stronger reflection of SR
emerges in the RDA (Fig. 10a), resulting in a stronger cool-
ing in this area (Fig. 6a). Inconsistent changes of OSR occur
in different parts (Fig. 10a), leading to inconsistent temper-
ature changes, with slight cooling or warming in different
parts of the RWA (Fig. 6a). The temperature responses in dif-
ferent areas reflect the impact of local clouds. As shown in
Fig. 10, the cloud area fraction increases significantly in the
RDA but decreases significantly in the RWA. The TOA OSR
is different in the clear-sky condition compared to that in the
full-sky condition, and the spatial variation of the full-sky
TOA OSR is consistent with the spatial variations of temper-
ature and cloud. These suggest that the regional surface tem-
perature variation is not just due to the direct radiative effect
of stratospheric volcanic aerosols but is more dominated by
the radiative effect of the subsequently formed atmospheric
clouds in different areas.

The temperature variations further affect the hydrologi-
cal process. Precipitation is closely related to evaporation
(E) and relative humidity (RH; Table 1). The spatial pattern
shows an increase of evaporation in the RDA but a signifi-
cant decrease in the RWA. RH increases significantly in the
RDA but decreases significantly in the RWA (Fig. 11a). The
model follows the Clausius—Clapeyron relation, which con-
nects these responses with the temperature variation. In the
RDA, along with the cooling, the saturation humidity is de-
creased. The significant increase of the relative humidity re-
sults from the increase of the actual moisture content in the
air, which favors the formation of more clouds and precipi-
tation and results in the weakened aridity here. Oppositely,
in the RWA, because of the temperature variation, the satu-
ration humidity varies. The significant decrease of the rela-
tive humidity results from the decrease of the actual moisture
content. This reduces the formation of local clouds and pre-
cipitation and results in the intensified aridity.
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Figure 6. Spatial distribution of the temperature anomalies in the eruption year with respect to the mean of 5 years before the eruption. The
solid and dashed black boxes indicate the relatively wettest area (RWA) and relatively driest area (RDA), respectively, as shown in Fig. 1.
The gray slashes and cross signs indicate the significant results at the 95 % and 99 % confidence levels.
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Figure 7. Temporal SEA results of the East Asian summer mon-
soon index (EASMI; m s_l; a) and South Asian summer monsoon
index (SASMI; ms~!; b) anomalies. The thinner lines stand for the
Monte Carlo model results at the 95 % confidence level. The as-
terisks represent the years that passed the Monte Carlo model tests
at the 99 % confidence level. Year O represents the eruption year
identified by the GRA volcanic-forcing index, while negative and
positive years represent relative years before and after the eruption.
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3.3.3 Summary of the mechanism and discussion

Based on these results, the mechanism of the hydrological
effects of NHVAI in these two representative areas of the
monsoon and westerlies-dominated subregions can be sum-
marized as follows: the direct radiative effect of stratospheric
volcanic aerosols affects the atmospheric circulation. The
decreased thermal contrast between the land and the ocean
results in the weakened EASM and SASM. It changes the
moisture transport and the formation of clouds in different
areas. The subsequent radiative effect and physical feedback
of the local cloud and moisture content lead to different arid-
ity changes in different areas. Specifically, in the RDA, an
increased moisture transport from the adjacent south and east
areas, together with an enhanced upward motion, contributes
to the formation of clouds and precipitation, which results in
the weakened aridity here. In the RWA, the opposite intensi-
fied aridity results from a decreased moisture transport from
the adjacent ocean to the land due to the weakened summer
monsoon circulation and weakened upward motion.
Although the mechanism is mainly based on the analysis
in the RWA and RDA, where the strongest impact of NHVAI
emerges, similar response patterns can be seen in most of the
areas but with a weaker amplitude. They, therefore, reflect the
pervasive mechanism of the hydrological response to NHVAI
in the monsoon and westerlies-dominated subregions.
Previous studies explored the mechanisms of precipita-
tion responses to volcanic eruptions (Peng et al., 2010; Man
et al., 2014; Iles et al., 2013; Zhuo et al., 2021; Zuo et al.,
2019a; Iles and Hegerl, 2014). The reduction of monsoon
precipitation results in the decreased land—sea thermal con-
trast and the subsequent weakening of summer monsoon cir-
culation (Iles et al., 2013; Man et al., 2014; Zhuo et al., 2021;
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Zuo et al., 2019a). Our quantitative analysis confirms this
in terms of the dynamical responses of the climate system
to volcanic eruptions. The decrease of latent heat flux and
evaporation over tropical oceans led to the reduction of the
summer precipitation in eastern China (Peng et al., 2010).
Zuo et al. (2019b) found a wetting response across arid re-
gions, which is caused by the enhanced cross-Equator flow
after VAI in the other hemisphere and the monsoon—desert
coupling mechanism after VAI in the same hemisphere. This
is well reflected by the moisture transport from the adjacent
area to the RDA (Fig. 8). Joseph and Zeng (2011) found
less cooling in areas near the Equator. The regional warming
was suggested to be associated with the reduction of clouds,
while less evaporation due to less precipitation further con-
tributes to the regional warming. This indicates that regional
temperature and precipitation responses relate to changes of
local clouds. Our findings, based on both temporal and spa-
tial analyses, show the importance of both the dynamical re-
sponse and the physical feedback in terms of understanding
the mechanisms of hydrological responses to NHVAI The
dynamical responses change the moisture transport and the

Clim. Past, 19, 835-849, 2023

formation of local clouds, and the subsequent radiative effect
and physical feedbacks result in different temperature and
hydrological responses in different areas. This agrees with
Dogar and Sato (2019) in terms of the cloud reduction over
the monsoon region and confirms that both dynamical and
physical feedbacks are important to understanding regional
climate responses to volcanic eruptions (Zhuo et al., 2021).
As the first study to explore the mechanisms of different hy-
drological responses to volcanic eruptions in the monsoon
and westerlies-dominated subregions, we give a comprehen-
sive explanation of the mechanisms of different hydrological
responses to volcanic eruptions in different areas of monsoon
Asia.

3.4 Different hydrological responses to SHVAI

The above figures show a clear difference between the GNH
and the GSH classification. In the GSH classification, oppo-
sitely, PDSI increases significantly 2 years after the SHVAI
in the Asian monsoon region (Fig. 3), temperature decreases
slightly over the land (Fig. 5a), and the land—sea thermal con-
trast increases significantly (Fig. 5b), suggesting a cooler ef-
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fect over the ocean than over the land of the AMR. This con-
tributes to an inverse dynamical response and the subsequent
physical feedbacks of the local clouds and precipitation, as
shown in the SASM region by most of the spatial patterns
(Figs. 4b, 6b, 8c and 9b to 11b). The mechanisms of the hy-
drological responses, although inverse, still follow that sum-
marized in Sect. 3.3.3. This further validates our explanation
regarding the mechanisms of the hydrological responses to
the NHVAL

The volcanic classifications are based on the volcanic-
forcing reconstruction (Gao et al., 2008) used in the CMIP5
model simulations (Schmidt et al., 2011), which only identi-
fied small aerosol magnitudes for the events in the GSH clas-
sification. The large difference in terms of aerosol magnitude
between the GNH and the GSH classification brings uncer-
tainty to the conclusion. The small magnitude of volcanic
aerosols in the GSH classification has a limited climate ef-
fect. This makes it imperfect for comparison with the signifi-
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cant climate effect shown in the GNH classification. Despite
this, results are in good agreement with previous studies.
Zhuo et al. (2014), Liu et al. (2016) and Zuo et al. (2019a),
based on different criteria of volcanic classifications, pointed
out the inverse hydrological effects the asymmetric aerosol
loadings may have on monsoon precipitation. Endeavors are
also made to understand the mechanisms of the hydrological
effects over global monsoon regions (Zuo et al., 2019a) and
global arid regions (Zuo et al., 2019b). These studies were all
based on volcanic classifications that include different mag-
nitudes of volcanic aerosols and different numbers of vol-
canic events. Both can bring large uncertainties to their con-
clusions. Zhuo et al. (2021) avoided these uncertainties with
the same aerosol magnitudes as the 1991 Pinatubo eruption
being injected into different hemispheres in their sensitivity
tests, which also show an inverse hydrological response to
NHVAI and SHVALI that is mostly visible in the SASM re-
gion of monsoon Asia. With the same 12 volcanic events
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coincidentally included in the two classifications, results in
this study provide valuable references, especially with regard
to the significant difference between classifications with and
without NHVALIL

4 Summary and concluding remarks

We investigate the mechanism of the hydrological responses
to volcanic eruptions in different regions of the AMR based
on model outputs of PMIP3 and CMIP5. Hydrological pat-
terns after NHVAI and SHVAI are shown with temporal and
spatial analyses of PDSI. We use correlation analysis to iden-
tify key factors that closely relate to climate variation and
compare their spatial patterns to study the mechanisms of
the hydrological responses to volcanic eruptions in different
regions of the AMR.

After the NHVAI, PDSI decreases significantly in the
AMR in the eruption year, and this reduction lasts up to 3
years after the eruption. Regionally, it shows a weakened
aridity in the southwestern part of the AMR, while an in-
tensified aridity is concentrated in the southern Asian sum-
mer monsoon region, where the relatively driest area (RDA)
and the relatively wettest area (RWA) are located. The re-
sponse pattern is distinctly inverse to the climatological con-
ditions, which may counteract the “wet gets wetter, dry gets
drier” precipitation response pattern under global warming
(Schurer et al., 2020).

We perform correlation analysis and spatial analyses of
related variables to understand the mechanisms of the re-
sponses. Surface temperature is highly correlated with long-
wave and shortwave radiation, while precipitation is closely
related to evaporation, latent heat flux and relative humid-
ity in climate responses to volcanic eruptions. Spatial pat-
terns of these variables show that, after NHVAI, tempera-
ture gradients decrease between the land and the ocean; this
leads to a weakening of the EASM and SASM that alters the
atmospheric circulation. This alters moisture transport and
cloud formation processes in different regions. The differ-
ent regional hydrological responses to volcanic eruptions re-
sult from the local physical feedbacks of atmospheric clouds,
whose distributions are changed due to atmospheric circula-
tion changes after aerosol injections. After NHVALI, stronger
cooling emerges over the land than over the ocean. This de-
creases the land—ocean thermal contract and thus weakens
the SASM and EASM. This decreases moisture transport
from the ocean to the monsoon-dominated subregions, es-
pecially in the RWA, and, together with a suppressed vertical
motion, results in the decrease of local cloud formation. Less
cloud reflects less SR, which brings a local warming effect.
This forms a positive physical feedback with decreased evap-
oration and relative humidity, thus leading to the local inten-
sified aridity. Opposite to the RWA, shifted circulation trans-
ports more moisture from adjacent areas to the westerlies-
dominated subregion and forms more clouds, especially over
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the RDA. This further decreases the shortwave radiation and
brings a significant cooling in the RDA. The cooling and
strengthened upward motion as a result of convergence fa-
vor condensation. This forms a positive feedback for more
precipitation and causes the local weakened aridity.

In comparison to NHVAL, after SHVALI, an increased PDSI
and an increased land—sea thermal contract are observed,
and spatially, most variables show inverse responses, espe-
cially in the South Asian summer monsoon region. This in-
dicates the different hydrological effects of different hemi-
spheric VAIs. However, uncertainties exist with small vol-
canic aerosol magnitudes in the GSH classification; thus, we
emphasize the different hydrological responses to classifica-
tions with and without NHVALI Further studies on hydrolog-
ical responses to SHVAI will contribute to a better under-
standing of the different hydrological impacts of different
hemispheric VAIs. Future studies with PMIP4 and CMIP6
data (Jungclaus et al., 2017) and with updated volcanic-
forcing reconstructions (Toohey and Sigl, 2017) can con-
tribute to a better understanding of this topic. Except for
forcing inputs, uncertainties in terms of the hydrological re-
sponses can also come from internal variability, especially,
as discussed in Zhuo et al. (2020), the initial state of the
El Nifio-Southern Oscillation (ENSO) and its response to
volcanic eruption. Studies tend towards a consensus on an
El Nifo tendency after tropical and NH volcanic eruptions
(Khodri et al., 2017; Liu et al., 2022; Stevenson et al., 2016),
but this can be an overestimation of the forced response rel-
ative to natural ENSO variability (Dee et al., 2020). The dis-
agreement may result from different initial states of ENSO
used in different studies. Through analyzing the model out-
put from the Model Intercomparison Project on the climatic
response to Volcanic forcing (VolMIP; Zanchettin et al.,
2016), Zanchettin et al. (2022) found that the pre-condition
of ENSO impacts temperature and precipitation responses
after volcanic eruptions. This points out the importance of
investigating the dependency of post-eruption ENSO and hy-
drological responses to pre-eruption initial conditions. More
studies are also needed to understand the ENSO response to
SH volcanic eruptions. Besides, the interaction between post-
eruption ENSO and monsoon precipitation varies in different
monsoon regions. A weakened African monsoon due to post-
eruption cooling in Africa leads to the El Nifio response after
tropical eruptions (Khodri et al., 2017), but a more frequent
occurrence of El Nifio in the first boreal winter after erup-
tions leads to an enhanced EASM (Liu et al., 2022). The in-
teraction among ENSO, monsoon and volcanic eruptions re-
mains unclear. The VoIMIP (Zanchettin et al., 2016) and its
potential future phases, with improved protocols addressing
the pre-eruption ENSO state (Zanchettin et al., 2022), can be
valuable resources for investigating these questions.

Results in this study show the opposite hydrological im-
pacts of volcanic eruptions in the driest and wettest areas of
the AMR and shed light on the mechanisms of the hydrolog-
ical impact in the westerlies and monsoon-dominated sub-
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regions of Asia. Future volcanic eruptions might temporar-
ily alleviate the uneven hydrological condition that exists be-
tween the driest and the wettest area of the AMR. This should
be considered in the design of near-term climate predictions
and future strategies of local adaptation to global warming.
These results can also act as a reference to the local hydro-
logical impact of stratospheric aerosol engineering (Simpson
et al., 2019) and related mechanisms.
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