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Dryland hydroclimatic response to large
tropical volcanic eruptions during the last
millennium
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Drylands are highly vulnerable to climate change due to their fragile ecosystems and limited ability to
adapt. In contrast to the global drying after tropical volcanic eruptions shown previously, we
demonstrate that large tropical volcanic eruptions can induce significant two-year hydroclimatic
wetting over drylands by employing the last millennium simulations. During this wetting period, which
extends from thefirst to the third borealwinter after the eruption, several hydroclimatic indicators, such
as self-calibrating Palmer Drought Severity Index based on the Penman-Monteith equation for
potential evapotranspiration (scPDSIpm), standard precipitation evapotranspiration index (SPEI),
aridity index (AI), top-10cm soil moisture (SM10cm), and leaf area index (LAI), show significant positive
anomalies over most drylands. The primary contribution to the wetting response is the potential
evapotranspiration (PET) reduction resulting fromdryland surface cooling and reduced solar radiation,
as well as a weak contribution from increased precipitation. The latter is due to the wind convergence
into drylands caused by slower tropical cooling compared to drylands. The wetting response of
drylands to volcanic eruptions also demonstrates some benefits over the global hydrological
slowdown resulting from stratospheric aerosol injection, which replicates the cooling effects of
volcanic eruptions to address global warming.

Drylands are typically defined as regions where climatological annual pre-
cipitation (P) is well below the annual potential evapotranspiration (PET)1,2.
They aremainly located in subtropical regions inAfrica,Asia,Australia, and
the Americas2–6. Drylands cover approximately 41% of the Earth’s land
surface2,7 and sustain over 38% of the world’s population7,8. Furthermore,
90% of the countries over drylands are developing countries that are vul-
nerable to climate resilience7,8. Drylands play a crucial role in global eco-
systems, as they contribute around 40% of the Earth’s net primary
productivity9,10 and are home to about 30% of the world’s endangered
species11. Due to their fragile ecosystems, combined with limited socio-
economic adaptation and mitigation capacity, drylands are highly vulner-
able to the impacts of climate change2,12. Understanding dryland hydrocli-
matic variations and improving our ability to predict hydroclimatic
variabilities have always been important priorities for scientific
communities13–18.

Dryland hydroclimatic variations mainly include P, runoff, soil
moisture, and drought changes, and they show a drying response to global
warming during the recent decades in observations and climate models,
which can be attributed to internal variability and external forcing, such as
human activities16–25. Volcanic eruptions, a significant natural external
forcing, have been found to cause a significant decrease in global land-
averaged P lasting for 2–3 years after the eruptions26–30. Volcanic eruptions
can inject large amounts of sulfur gas, which forms sulfate aerosols in the
stratosphere28. These aerosols can reflect sunlight, resulting in surface
cooling and a slowdown of the hydrological cycle28,30 due to reduced
incoming shortwave radiation31. After tropical volcanic eruptions, however,
positive P anomalies were observed over most drylands except for Africa,
northern Australia, and the Middle East29 and in model simulations except
for parts of Australia controlled by the monsoon-desert coupling
mechanism32. Positive runoff anomalies were also simulated over most
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dryland regions32 and observed over southernNorthAmerica and southern
South America29,33. These positive anomalies, however, are relatively small.

Hydroclimatic variations can occur for both the supply and demand of
land surface water, which are typically represented by P and PET, respec-
tively. The self-calibrating Palmer Drought Severity Index based on the
Penman-Monteith equation for PET (scPDSIpm)33 incorporates both
antecedent and current water supply (P) and demand (PET) to quantify the
cumulative departure of surface water balance34. By considering these fac-
tors, it has been widely used in analyzing hydroclimatic variations over
global land21,29,35,36. From the perspective of water balance, it remains
uncertainwhether theweak positive increase in drylandP following tropical
eruptions, as indicated by previous study32, will lead to significant hydro-
climatic responses in drylands. After the mean of five years before the
eruptions was used as the reference to remove most of the internal varia-
tions, thewetting response andpositive scPDSIpmanomalieswere observed
in most drylands within one year following the 1991 Mount Pinatubo
eruption, except for South Africa and certain regions of Australia29. How-
ever, it is still unclear whether such a response is representative of other
tropical eruptions, as a multi-eruption composite is needed to eliminate
internal variations.

The proposal to inject sulfur aerosols into the stratosphere as amethod
to mitigate global warming by mimicking the cooling effect of volcanic
eruptions has led to the suggestion that thismay result in awetting response,
characterized by an increase in the ratio of P and PET, over drylands in
North America and South America37. In the last millennium simulations of
the Community Earth System Model (CESM), positive anomalies seem to
appear in scPDSIpm over southern North America and southern South
America, as well as in soil moisture in certain dryland regions within two
years after tropical volcanic eruptions38,39, although these studies did not
specially focus on drylands. Furthermore, previous studies have only shown
wetting responses from some certain of surfacewater supply or demand, not
surface water balance. The wetting signal, as indicated by various

hydroclimate indicators, has been observed or simulated over drylands
following a global hydrological cycle slowdown after tropical eruptions or
stratospheric sulfur aerosol injections. This has prompted further investi-
gation into the hydroclimatic response of drylands to tropical volcanic
eruptions.

In this study, we investigate the hydroclimatic response in global dry-
lands to large tropical volcanic eruptions. We analyze the Last Millennium
simulations from 10 climate models that participated in the Paleoclimate
Modeling Inter-comparison Projects (PMIPs) and the CESM Last Millen-
nium Ensemble (CESM-LME) full forcing simulations. Additionally, we
compare these findings with the hydroclimatic responses in the last millen-
niumreconstructions andobservation-deriveddata (seeMethods for details).

Results
Simulated dryland wetting response to large tropical volcanic
eruptions
Themulti-model ensemblemean (MME) of the climatological aridity index
(AI) from 11 Last Millennium (LM) simulations (see Methods) is used to
define the climatic drylands with AI < 0.651 (Supplementary Fig. 1a). The
simulated drylands, which closely match the observed patterns (Supple-
mentary Fig. 1b)2,6,15, are primarily located in subtropical regions, including
southern North America, southern South America, northern and southern
Africa, the Middle East, and Australia.

After tropical volcanic eruptions, the mean aerosol optical depth
(AOD) derived from 114 selected eruptions in 11 LM simulations during
850–1850 AD (see Methods) shows an increasing trend. The average AOD
reaches its peak of about 0.4 (for comparison, the average AOD of the 1991
Mount Pinatubo eruption is 0.18) in the middle of the eruption year
(Fig. 1a). In PMIPs, the eruption season is not considered, and the volcanic
aerosol is typically assumed to reach its peak during themiddle of the year40.
The MME of scPDSIpm, when averaged over global drylands, exhibits a
positive anomaly (up to 0.5) lasting for more than five years after the

Fig. 1 | Simulated global dryland scPDSIpm
response to large tropical volcanic eruptions.
aMME of the globally averaged monthly AOD
before and after the selected tropical eruptions larger
than the Mount of Pinatubo eruption in 1991 (see
Methods) during the period 850–1850 AD for all 11
models (dark green line), as well as the Mount of
Pinatubo eruption in 1991 (light green line), with
zero on the x-axis denoting the eruption time.
b Composite of three-month running mean of
dryland scPDSIpm anomalies relative to the five-
year mean proceeding the selected tropical erup-
tions. Changes significant at the 5% level are in
bolded. “0” on the x-axis represents the start of the
eruption year (Year0), and “+1/−1” represents the
start of the first year after (Year1)/before (Year-1)
the eruption. The monthly scPDSIpm was calcu-
lated using model data following Dai21. c Composite
of scPDSIpm anomalies averaged from November
of Year0 to March of Year3 for eruptions. Brown
contours are used to outline the drylands. Changes
significant at the 5% level are hatched.
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eruptions (Fig. 1b). This significant anomaly in the scPDSIpm can be found
fromNovember of the eruption year (Year0) toMarch of the third year after
the eruption year (Year3). The largest positive anomaly, reaching a value of
0.53, occurs in July of Year1, approximately one year after the peak AOD.

In addition to scPDSIpm, we also examined other hydroclimatic
responses, such as SM10cm, SPEI,AI, andLAI. Significant positive anomalies
are simulated for SM10cm, SPEI, AI, and LAI, lasting for three to four years
following the eruption (Fig. 2a). The largest positive anomalies, with values
of 0.4 for SM10cm, 0.7 for SPEI, 0.04 for AI, and 0.03 for LAI, are simulated,
and these amplitudes are comparable to their respective interannual var-
iations. When considering only the current surface water supply and
demand but neglecting the cumulative water budget, both the SPEI and AI
exhibit significant positive anomalies, typically occurring a few months
before the anomalies seen in the scPDSIpm.

During thewettingperiod fromNovember ofYear0 toMarchofYear3,
significant positive scPDSIpm anomalies are simulated over most global
drylands, with the exception of parts of northern Central Asia, India, and a
few other areas (Fig. 1c). Previous studies have identified a drying anomaly
in India related to decreased summer monsoon P after tropical volcanic
eruptions41. The largest wetting response can be found over theMiddle East,
where scPDSIpm anomaly exceeds 2 (for comparison, PDSI <−2.0 is
considered as moderate to severe drought19). The amplitude of the
scPDSIpm response to large tropical volcanic eruptions is comparable to its
interannual variations, which can bemeasured by the standard deviation of
the annual scPDSIpmover drylands,with a value of about 1.0. Furthermore,
the simulated SM10cm, LAI, SPEI, and AI also show positive anomalies over
most drylands (Fig. 2b–e).

The wetting response is also simulated for individual volcanic forcings
(Supplementary Fig. 2). Additionally, themeans of 9 ensembles ofGISS-E2-
R and 12 ensembles of CESM-LME also demonstrate a similar wetting
responseover thedrylandsafter eruptions (SupplementaryFig. 3).Although
divergent responses are simulated for certain indices, such as negative
anomalies in AI and LAI against positive SPEI and SM10cm anomalies over
India and northern Australia, the overall consistent responses across dif-
ferenthydroclimatic indices suggest that thewetting signal over drylands is a
robust response to tropical volcanic eruptions.

Attributions of global dryland wetting response
After the eruptions, the averaged PET in global dryland drops quickly,
reaching a peak decline of −0.32mm day−1 in September of Year0; there-
after, PET begins to recover to climatology in Year4 after the eruption
(Fig. 3a).ThedrylandPexhibits aweak reductiononly inYear 0, followedby
a recovery and a slight increase beyond the climatology inYear 1 andYear 2.
During Year0, the decrease in PET is much greater than the reduction in P,
resulting in large increases in SPEI, AI, SM10cm, and a delayed increase in
scPDSIpm. After Year0, in addition to the positive contribution from the
PET reduction, the weak increase in P fromYear1 also partly contributes to
the global dryland wetting response.

When keeping other variables unchanged after the eruptions, i.e., the
same as the five-year mean preceding the eruption, the changes in PET due
to those of surface air temperature (T) and surface net shortwave radiation
(SW)are very close to all-factors-forcedPETchanges (Fig. 3a). This suggests
that the response of dryland PET to tropical eruptions is mainly driven by
the reductions in T and SW. The linear sum of PET changes due to each T

Fig. 2 | Simulated global dryland SM10cm, SPEI, AI, and LAI responses to large
tropical volcanic eruptions. a Composite of three-month running mean of dryland
SM10cm (red line), SPEI (blue line), AI (multiplied by 10 for comparison, green line),
LAI (multiplied by 20 for comparison, pink line), and scPDSIpm anomalies (black
line) relative to the five-year mean proceeding the eruptions during the period
850–1850 AD from 11 model simulations. Changes significant at the 5% confidence

level are bolded. “0” on the x-axis represents the start of the eruption year (Year0),
and “+1/−1” represents the start of the first year after (Year1)/before (Year−1) the
eruption. Composite anomalies of (b) SM10cm, (c) SPEI, (d) AI, and (e) LAI averaged
from November of Year0 to March of Year3 for the selected eruptions. Brown
contours are used to outline the drylands. Changes significant at the 5% level are
hatched.
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and SW change shows a smaller negative anomaly compared to the com-
bined effect of these two variables. This indicates weak positive nonlinear
feedback for the decrease in PET.

During the period of dryland wetting after volcanic eruptions, P also
shows positive anomalies over drylands except for parts of southern North
America, southern SouthAmerica, SouthAfrica, andnorthernCentralAsia.
The dryland-averaged anomaly is 0.039mm day−1 (Fig. 3b). However, PET
displays a uniformdecrease over global drylands, with a largermagnitude of
−0.14mm day−1 (Fig. 3c), resulting from uniform decreases in both T and
SW (Fig. 3d, e).

Over southern South America, southern Africa, and northern Central
Asia, the reduction in PET, along with negative feedback from P reduction,
contributes to wetting. Both PET reduction and P increase, however, con-
tribute to the wetting over northern Africa, most of North America, Aus-
tralia, and the Middle East. As for the AI index42, PET contributes much
more to the wetting of drylands compared to P (see Supplementary Fig. 4).

Dryland P increases due to slower tropical cooling
It is easy to understand that volcanic eruptions can reduce T and SW by
reflecting incoming solar irradiance, while it remains puzzling as to why
dryland P increases despite the surface cooling after Year0. As shown in
Fig. 4a, drylandP initially experiences a negative anomaly duringYear0, and
then it becomes above normal starting from the spring of Year1, interrupted
by periods with neutral anomalies. To explain this, we compared P
anomalies between moist tropical regions (including both land and ocean)
and drylands (Fig. 4a). There are two ways to change P: evaporation and

moisture convergence. The latter can be approximated by the vertical
advection of lower-level moisture, which can be represented by the mid-
troposphere vertical velocity at 500 hPa and the specific humidity at
925 hPa43. Here a negative pressure velocity anomaly denotes upward
motion in the atmosphere.

During Year0, the negative thermal contrast anomalies between dry-
lands (primarily located in the subtropics, as shown in Supplementary
Fig. 1) and the tropics reach their peak and play a dominant role in the
change of dryland P (Fig. 4a). This leads to a decrease in dryland P, as winds
converge towards the relatively warm tropical regions through the “Lindzen
and Nigam mechanism”44.

After Year0, the persistent negative thermal contrast anomalies
between drylands and tropical regions (including both tropical land and
ocean), along with negative moisture anomalies (Fig. 4b), cannot account
for the increase in P over drylands. However, the negative dryland-tropic
thermal contrast anomalies start to recover along with a downwardmotion
anomaly (even if insignificant) over tropical regions. The negative moisture
andPanomalies in the tropical regions reach their peak inYear1.Associated
with this suppression of tropical convection, there will be a downward
motion anomaly over the tropical regions, which will induce wind con-
vergence towards the drylands through the “monsoon-desert coupling
mechanism”45,46 and “weakened Hadley circulation mechanism”47. These
circulation anomalies can be observed in the lower troposphere (see Sup-
plementary Fig. 5b). This convergence will cause an upwardmotion and an
increase in P over drylands, despite moisture reduction there. If we take El
Niño into account, increased convergence wind towards drylands and an

Fig. 3 | Attributions of global dryland wetting response after large tropical
volcanic eruptions. a Composite of three-month running mean of global dryland
PET changes forced by all factors (black line), a single variable or their different
combinations (color lines, Supplementary Table 2), as well as P change (blue line),
relative to the five-year mean proceeding the eruptions in the LM simulations.
Changes significant at the 5% confidence level are indicated by bold lines. “0” on the
x-axis represents the start of the eruption year, and “+1/−1” represents the start of

the first year after/before the eruption. Composite dryland anomalies, averaged for
the significantwetting period fromNovember of Year0 toMarch of Year3, are shown
for (b) P (mmday-1), (c) PET (mmday−1) changes forced by all factors, (d) surface air
temperature (T, °C), and (e) shortwave radiation (SW, W m−2) after the selected
tropical eruptions. Brown contours are used to outline the drylands. Changes sig-
nificant at the 5% level are hatched.
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upwardmotion anomaly contribute to amore wetting response of drylands
(Supplementary Fig. 5c).

The delayed response of the ocean compared with the land after tro-
pical eruptions has been demonstrated by previous studies27,41 since the
ocean has a larger heat capacity than the land. Indeed, the delayed response
also occurs overmoist tropical regions compared to subtropical drylands, as
the former has a larger capacity than the latter. This delayed tropical cooling
can also be represented by the recovery of dryland-tropic thermal contrast
after Year0. Thus, the tropical cooling will suppress evaporation and reduce
tropical moisture and convection25.

In summary, the main reason for the delayed reduction in P over the
tropics is the slower cooling response compared to the drylands. This slower
response results inwind converging towards the drylands and an increase in
P there, which helps counteract the moisture deficiency after Year0.
Although the dryland P increase is weak, our point is that there is no
significant reduction in dryland during this period, so the significant
reduction in PET will lead to significant wetting.

Reconstructed and observation-derived dryland wetting
response
So far, we have utilized LM simulations to illustrate the two-year-wetting
response of drylands to large tropical volcanic eruptions. It is currently
unknownwhether this simulated drylandwetting response can be observed
in the reconstructions and historical data (seeMethods). The average of two
individual reconstructions, Paleo Hydrodynamics Data Assimilation pro-
duct (PHYDA) and Last Millennium Reanalysis version 2 (LMR2), was
taken into consideration. The reconstructed scPDSIpmovermost drylands,
with the exception of theMiddle East, parts of southern South America and
northern Africa, indicates a wetting response after the selected eruptions
from 850 to 1850 AD. However, the amplitude of the response is relatively
weak compared to the simulations, and a significantwetting response is only
observed over the central Sahel (Fig. 5a). In the reconstructions, the internal
variability of dryland scPDSIpm, as represented by the LM standard
deviation, is approximately 0.5, which is half of the simulated response of
1.0. For each of these two reconstructions, similar spatial patterns are
observed over most drylands, with differing responses noted over southern
South America and western Australia (Supplementary Fig. 6).

For the three recent eruptions, namely the 1963 Agung, 1982 El Chi-
chón, and 1991 Pinatubo eruptions, a wetting response can be found over
most northernAfrica and theMiddle East for the 1963Agung eruption; and

over southern South America, southern North America, and Australia for
the 1982 El Chichón eruption. As for the 1991 Pinatubo eruption, most
drylands show wetting responses, except for southern Africa, parts of
Australia, and other regions (Fig. 5b–d). For individual events, using the
five-yearmeanbefore the eruption as the baselinemaynot be able to remove
all internal variations, which may differ before and after an eruption.

Discussion
Contrast to the global drying observed after tropical volcanic eruptions,
our analysis of LM simulations exhibits a two-year hydroclimatic
wetting response over drylands following these eruptions. The wetting
response can be identified in different hydroclimatic indicators such as
scPDSIpm, SM10cm, SPEI, AI, and LAI, instead of solely focusing on the
response of P48. The reduction in PET, resulting from surface cooling
and reduced SW radiation over drylands, is large enough to induce
substantial wetting of these regions after large tropical volcanic erup-
tions. Additionally, the weak increase in dryland P, unlike the strong
reduction in P over tropical regions, also contributes partially to the
wetting of drylands. The slower cooling response over the tropics
relative to drylands leads to a delayed reduction in tropical P, which will
cause wind convergence towards the drylands, increasing P and
counteracting moisture deficiency after Year0 over drylands. Asso-
ciated with this hydroclimatic wetting response following tropical
volcanic eruptions, the increased soil moisture and greening LAI
response over drylands show some benefits over the global hydrological
slowdown for proposed geoengineering such as the stratospheric
aerosol injection that can replicate the cooling effect of volcanic erup-
tions to address global warming48,49. Indeed, these changes over dry-
lands have also been identified in global crop fields, exhibiting an
increasing trend under the stratospheric aerosol injection scenario50.

The discrepancies between the reconstructed, observed responses and
the simulated results, particularly in regions, such as Africa and the Middle
East,warrant further investigation.Under different volcanic forcingdatasets,
the largest multi-model spread of scPDSIpm exceeds 0.25 (Supplementary
Fig. 2b). The spread of other values can also be found in Supplementary
Fig. 7. The selection of volcanic forcing dataset, the latitude of volcanic
eruptions, the seasonality of volcanic eruptions, and the influenceofElNiño-
Southern Oscillation (ENSO)51–53 are potential factors. For example, the
inclusion of El Niñowas found to enhance the dryland wetting after tropical
volcanic eruptions, with increased wind convergence towards to the

Fig. 4 | Tropic and dryland responses to large
tropical volcanic eruptions. a Composite of three-
month running mean of dryland-tropic thermal
contrast anomalies (°C, black line), as well as P
anomalies (mm day−1) over global drylands (green
line) and tropical regions (orange line), with respect
to the five-year average proceeding the selected
tropical volcanic eruptions in the LM simulations.
The thermal contrast was defined by global dryland-
averaged surface air temperature (T) minus tropic
(20°S-20°N)-averaged T. Anomalies significant at
the 5% confidence level are represented by bold
lines. “0” on the x-axis represents the start of the
eruption year, and “+1/−1” represents the start of
the first year after/before the eruption. b Same as
a, but for 500 hPa vertical pressure velocity
(ω, Pa s−1, positive downward) over the drylands
(green line) and tropical regions (orange line), as
well as 925 hpa specific humidity (q, Kg Kg−1)
over the drylands (light gray line) and tropical
regions (dark gray line).
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drylands (Supplementary Fig. 5c). Thus, more attention should be devoted
to minimizing the uncertainties among various datasets in the future.

Methods
Model data
We employed the LM simulations from 10 models participating in the
Paleoclimate Modeling Inter-comparison Project Phase 3 (PMIP3)54 and 4
(PMIP4)55, as well as the CESM-LME56, for the period of 850–1850 AD
(Supplementary Table 1). The analyzed monthly variables and their
abbreviations for these LM simulations are listed in Supplementary Table 2.
Sincemost of themodels only provided one ensemble run, we only used the
first member run of CESM-LME simulations and the GISS-E2-R simula-
tions to ensure that all models had the same weight in deriving the multi-
model ensemble mean. The ensemble means of 12 CESM-LME ensembles
and 9 GISS-E2-R ensembles were also investigated separately.

Four sets of reconstructed volcanic aerosol optical depth (AOD) were
used to force the LM simulations, which were derived from Gao et al.57

(GRA), Crowley, et al.58 (CEA), Ammann, et al.59 (AMM), and Toohey and
Sigl60 (TOO) (Supplementary Table 1). Only tropical eruptions (20°S-20°N)
with intensity stronger than the 1991 Mount Pinatubo eruption were
selected. The number of such strong tropical eruptions ranges from 9 to 12
during 850 to 1850 AD for each model (Supplementary Table 3). The LM
simulations from 11 models were forced by these large eruptions, resulting
in a total of 114 simulated eruption events. Noted that the 1991 referenced
AODwas lacked in the TOO dataset, and was approximated by the ratio of
1815 Tambora between TOO and GRA datasets.

A volcanic eruption is considered to coincidewith anElNiñowhen the
averagedNiño3.4 index during the wetting period from the first to the third
boreal winter after the eruption exceeds 0.5 standard deviation of the last
millennium. The Niño3.4 index is defined as the area-averaged (5°S-5°N,
120°–170°W) sea surface temperature anomaly.

Reconstruction and observation-derived data
The response of scPDSIpm after tropical eruptions were analyzed by using
the long-term reconstructions and observation-derived data based on the

Penman-Monteith equation for PET (Dai-scPDSIpm), respectively. The
formerwas the average of two sets of annualmean reconstructed scPDSIpm,
i.e., LMR261 and PHYDA62 during the last 2000 years. TheDai-scPDSIpm is
an observation-derived data over global land areas from 1850 to 2018with a
2.5° grid resolution20. To analyze scPDSIpm response reconstructed by the
two datasets, the volcanic eruption date of Sigl et al.63 was used, and there
were a total of 22 tropical eruptions for the period of 850–1850 AD. As for
Dai-scPDSIpm, focus was particularly put on three eruptions, i.e., the
Mount Agung in 1963, the Mount El Chichón in 1982, and the Mount
Pinatubo in 1991. The Global Aridity Index and Potential Evapo-
transpiration Database-Version 3 (Global-AI_PET_v3)64 was also used to
define the drylands in observation.

Composite and significance
Superposed epoch analysis (SEA65) was employed to analyze the
hydroclimatic responses to the selected large tropical volcanic erup-
tions. To isolate the climatic signals from the background noise, the
climatological annual cycle of the five years preceding each eruption
was removed for each eruption. An 11-year window spanning 5 years
before and after each eruption was used for the SEA analysis. To avoid
any single eruption from dominating the entire 11-year window, we
also checked the effect of normalization within the window, and similar
results were obtained (Supplementary Fig. 8). A significant test at the
5% confidence level was performed by randomly resampling the data
10,000 times to generate a probability density distribution, with an
assumption that there was no correlation between volcanic eruptions
and other climate variations66.

Hydroclimatic indicators
We calculated five indicators, including scPDSIpm, SM10cm, SPEI, AI,
and LAI, to analyze the hydroclimatic response to large tropical vol-
canic eruptions. The scPDSIpm, SPEI, and AI indices represent the
balance between land surface water demand and supply, and have been
widely used in analyzing global aridity changes. Among them, SPEI and
AI account for the current surface water balance, while scPDSIpm takes

Fig. 5 | Reconstructed and observational scPDSIpm responses after large tropical
volcanic eruptions. a Composite scPDSIpm anomalies relative to five-year average
preceding the eruption, in the reconstructions (see Methods) for Year1-Year2
average after tropical volcanic eruptions from850 to 1850AD.Changes significant at

the 5% level are hatched. TheDai-scPDSIpm anomalies averaged fromNovember of
Year0 toMarch of Year3 after the (b) 1963 Agung, (c) 1982 El Chichón, and (d) 1991
Pinatubo eruptions.

https://doi.org/10.1038/s41612-024-00636-y Article

npj Climate and Atmospheric Science |            (2024) 7:85 6



precedent and current conditions into account. The scPDSIpm mea-
sures the cumulative departure in surface water balance67. The SPEI
represents climatic water balance that is calculated at different time
scales68. AI is measured by the ratio of annual P to PET6. Meanwhile,
SM10cm represents the water in land surface, and LAI represents the
total leaf area per unit ground area69. To calculate scPDSIpm, SPEI and
AI, the PET is an important factor, which denotes atmospheric demand
for water, and is calculated by the following equation70:

PET ¼ Δ

Δþ γ
ðR þ AÞ þ γ

Δþ γ

6:43ð1þ 0:536U2ÞD
λ

ð1Þ

whereR is thenet surface radiation (converted tommday−1),A is the surface
horizontal energy convergence (mm day−1, ignored here), Δ is the slope
vapor pressure curve (kPa °C−1), γ is psychrometric constant (kPa °C−1), λ is
the latent heat of evaporation (MJ day−1), D is surface vapor pressure deficit
(kPa), U2 is 2 m wind speed (m s−1). The specific calculation of Δ, λ, γ have
beendescribedby Shuttleworth70.Monthly datawere used for these drought
indices.

Data availability
All data used in this study were obtained from publicly available sources.
The CMIP model outputs are distributed by the Earth System Grid Fed-
eration (ESGF) at https://esgf-node.llnl.gov/projects/esgf-llnl/ (see Supple-
mentary Table 1 for model details and references). Output from the CESM
Last Millennium Ensemble (CESM-LME) can be downloaded at https://
www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.cesmLME.html. Reana-
lysis datasets are distributed by NOAA Paleo Data Search at https://www.
ncei.noaa.gov/access/paleo-search/study/24230 andhttps://www.ncei.noaa.
gov/access/paleo-search/study/27850. Dai-scPDSI dataset is available at the
NCAR Research Data Archive via https:// NCAR RDA Dataset ds299.0
(ucar.edu). Global-AI_PET_v3 is available at the FigshareOpenRepository:
https://figshare.com/articles/dataset/Global_Aridity_Index_and_
Potential_Evapotranspiration_ET0_Climate_Database_v2/7504448/3.

Code availability
Codes for creating the figures and analysis were written in NCAR Com-
mand Language Version 6.5.0. and are available from the corresponding
author upon a reasonable request.
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