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Abstract

Volcanic eruptions exert a profound influence on tropical hydroclimate,
including interannual variability associated with the El Niño–Southern
Oscillation. This review synthesizes recent advances in understanding these
impacts through an energy framework that links radiative forcing to shifts in
the Intertropical Convergence Zone (ITCZ) and global monsoon systems.
While global responses are robust in climate models, regional expressions
remain uncertain due to biases and limitations in both simulations and pa-
leoclimate reconstructions. Nonetheless, consistent patterns emerge—such
as ITCZ displacement and reduced monsoon precipitation—that align with
energetic theory, offering a physically grounded explanation for observed
hydroclimatic anomalies following eruptions. This framework also pro-
vides a basis for estimating potential hydroclimate impacts of future volcanic
events.
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■ Volcanic eruptions strongly influence tropical hydroclimate, but the mechanisms linking
radiative forcing to large-scale responses are not fully understood.

■ We assess evidence from climate models and paleoclimate reconstructions, noting robust
global responses but regional differences due to model biases and data limitations.

■ The energy framework provides a physically based foundation for anticipating tropical
hydroclimate responses to future volcanic eruptions.

■ Consistent patterns emerge such as ITCZ shifts and weakened monsoons, explained by
energy theory and underpinned by observed posteruption climate anomalies.

1. INTRODUCTION

Strong explosive volcanic eruptions temporarily enhance the stratospheric sulfate aerosol layer,
which is a major natural driver of climate variability. This enhanced aerosol layer increases plane-
tary albedo, leading to global surface cooling, suppression of the hydrological cycle, and potentially
severe ecological and societal impacts (see overview articles Timmreck 2012,Marshall et al. 2022,
Büntgen et al. 2026). However, quantification of these responses remains poorly constrained in
spite of decades of scientific research (e.g., Zanchettin et al. 2022), with increasing uncertainties
for regional responses (e.g., Marshall et al. 2022, Villamayor et al. 2023). These knowledge gaps
reflect the complexity of aerosol–climate interactions and the dynamics underlying climate re-
sponses. This complexity is compounded by the limited number of observed events available for
characterization, model validation, and hypothesis testing.

The 1991 eruption of Mt. Pinatubo remains the paradigm for studying volcanic impacts on
climate, as it is the best-observed event in the historical record (e.g., Kremser et al. 2016). It pro-
vides a crucial reference for numerical experiments investigating uncertainties in volcanic forcing
(e.g., Quaglia et al. 2023), for evaluating climate impacts of eruptions and their predictability (e.g.,
Zanchettin et al. 2022, Bilbao et al. 2024), and for calibrating reconstructions of volcanic forcing
(e.g., Toohey et al. 2016, Aubry et al. 2025). Studying earlier eruptions—similar in size or larger
than Pinatubo but less well-constrained—has become crucial for understanding the wider range
of volcanic impacts on climate beyond the specifics of the Pinatubo event (e.g., Zanchettin et al.
2016).

For near-surface air temperature, large networks of instrumental temperature measurements
stretch back into the nineteenth century and encompass several additional large volcanic eruptions.
Global cooling robustly emerges as a typical response to volcanic forcing (see, e.g., Marotzke &
Forster 2015, Eyring et al. 2021), notwithstanding eruption specificities regarding magnitude, lo-
cation, timing, and background climate conditions. Instrumental observations covering the 1809
unidentified event and the 1815Mount Tambora eruption indicate the potential of strong volcanic
clusters to produce global cooling on decadal timescales (e.g., Brönnimann et al. 2019). Instrumen-
tal data, together with proxy reconstructions and documentary evidence, reveal recurring regional
patterns in posteruption temperature anomalies, most notably equatorial Pacific warming resem-
bling a positive ElNiño phase (e.g.,McGregor et al. 2020,Dogar et al. 2023).However, studies also
reveal inconsistencies between observations, reconstructions, and simulations, which challenges
the idea of well-constrained expected regional responses to volcanic forcing (e.g., Zanchettin et al.
2015, Timmreck et al. 2021).

The dynamical interpretation of global and regional posteruption temperature anomalies is
supported by an increasing number of climate model experiments. These range from realistic his-
torical full-forcing simulations to idealized volcanic forcing and mechanistic experiments, carried

366 D’Agostino et al.
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ENSO: a natural
climate pattern of
warming and cooling
in the tropical Pacific
Ocean that disrupts
global weather,
shifting rainfall,
storms, and
temperatures every
few years

Hadley and Walker
circulations:
large-scale convective
motions in the tropics;
the Hadley moves air
north–south between
the equator and
subtropics, while the
Walker moves air
east–west across the
Pacific, together
shaping rainfall and
climate around the
tropics

Lapse-rate feedback:
climate feedback that
arises because
warming alters the
vertical temperature
gradient of the
atmosphere, which
enhances outgoing
radiation to space and
thus weakens the
overall greenhouse
effect

Cloud feedbacks: the
processes by which
changes in clouds,
induced by climate
forcing (such as
greenhouse gas
increases and volcanic
emissions), act to
either amplify (positive
feedback) or dampen
(negative feedback) the
overall climate
response

out with numerical models of varying complexity. Recently, the increasing use of multi-model and
large ensemble approaches has underlined the critical dependency of the temperature response on
initial conditions. For instance, climate models yield a too-strong expected posteruption cooling
compared to observations (e.g., Chylek et al. 2020), but this is partly explained by sampling biases
of initial conditions, primarily related to the El Niño–Southern Oscillation (ENSO) phase (e.g.,
Lehner et al. 2016).Modes of climate variability therefore not only contribute to determining ex-
pected dynamical responses but also can significantly affect statistics of posteruption temperature
anomalies (e.g., Zanchettin et al. 2022).

Volcanic effects on the hydrological cycle are less understood than temperature responses. A
robust decrease in global and tropical mean precipitation has been detected within a few years af-
ter major volcanic eruptions (e.g., Trenberth &Dai 2007; Iles &Hegerl 2014, 2015). Despite this,
in principle agreeing with a slowdown of the hydrological cycle under global cooling, regional
patterns indicate that the global response stems from drying of climatologically wet regions while
climatologically dry regions become wetter (e.g., Iles & Hegerl 2014, Zuo et al. 2019b). This re-
sponse pattern is opposite to what is expected under global warming (e.g., Iles et al. 2013, Schurer
et al. 2020).

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change (Douville
et al. 2021) expresses high confidence in posteruption precipitation declines in tropical wet regions
but also notes low confidence in the regional and seasonal characteristics of volcanic impacts on
precipitation in the tropics. Low confidence stems from the scarcity and noisiness of precipitation
observations providing for a low signal-to-noise ratio on volcanic fingerprints (Hegerl et al. 2015).
Further uncertainty arises from the inherent complexity of the tropical hydrological cycle: Rainfall
patterns depend on monsoons and the position of the Intertropical Convergence Zone (ITCZ),
and their response is not always consistent across different regions, as it depends on the forcing
characteristics. Additionally, observational studies have mostly looked at specific areas rather than
the whole tropics. For example, records show that large eruptions often lead to weaker summer
monsoons (e.g., Joseph&Zeng 2011): In India, rainfall was reduced for up to two years after major
eruptions in the nineteenth and twentieth centuries (e.g., Fadnavis et al. 2021). In the Sahel, severe
droughts have been more likely after large Northern Hemisphere (NH) eruptions, which may be
linked to the ITCZ shifting toward the warmer hemisphere (Haywood et al. 2013).These findings
highlight the response of regional rainfall patterns, but they do not yet provide a clear, consistent
picture for the whole tropics—something this review aims to address.

From a climate modeling perspective, the tropics are a key region where inconsistencies in
posteruption climate and especially hydroclimate variability are found across different models
(e.g., Tejedor et al. 2021a, Zanchettin et al. 2022). Current climate models suffer from simi-
lar limitations as previous generation models regarding the simulation of tropical precipitation,
which is invoked to explain the enduring bias in the response to volcanic forcing, seen as an
overly strong reduction of precipitation (Fiedler et al. 2020). Beyond forcing, much of the un-
certainty arises from the dynamics and thermodynamics of tropical systems. Key factors include
major circulation patterns (monsoons, Hadley and Walker circulations), climate modes such as
ENSO, and feedbacks such as lapse-rate feedback, cloud feedbacks, and moisture–convection
feedback.

This literature review synthesizes and discusses recent advances in the knowledge and un-
derstanding of volcanically forced tropical hydroclimate variability. It integrates results from
instrumental records, proxy reconstructions, climate modeling, and theories based on an en-
ergy framework. We primarily focus on literature published since 2015, reflecting the significant
methodological and conceptual developments in the field over the last decade.
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Moisture–convection
feedback: climate
process where a
warmer atmosphere
holds more water
vapor, enhancing
convective instability
and leading to
stronger precipitation
and latent heat release,
which can further
amplify atmospheric
circulation and sustain
convection

Our focus is placed on the understanding of the underlying fundamental physical processes
and mechanisms, with the aim of disentangling the complexity arising from interactions between
radiation, large-scale circulation of the ocean and atmosphere, feedbacks, and local processes.
We specifically concentrate on a core set of physical processes, including ITCZ shifts, and
monsoon modulation, and we explore how different data sources and methods contribute to
our understanding of volcanically forced tropical hydroclimate variability over the Common
Era.

This review is structured as follows. In Section 2, we introduce the theoretical argument we
use for interpreting hydroclimate response to volcanic forcing, i.e., an energy framework that
connects energy budget anomalies to tropical atmospheric overturning and precipitation changes.
In Section 3, we characterize reconstructed volcanically forced tropical hydroclimate variability
over the last millennium from available proxy-based datasets. Section 4 focuses on recent advances
on the volcanic impact of tropical hydroclimate with modeling studies. Section 5 concludes the
review with an outlook on future implications.

2. AN ENERGY FRAMEWORK FOR UNDERSTANDING TROPICAL
PRECIPITATION AND ATMOSPHERIC CIRCULATION RESPONSE
TO VOLCANIC ERUPTIONS

Scanning through recent literature (Colose et al. 2016, Erez & Adam 2021, D’Agostino &
Timmreck 2022), we see that the response of the tropical hydroclimate to volcanic eruptions
has often been interpreted through the moist static energy (MSE) framework. First introduced
by Neelin & Held (1987), it provides a theoretical basis for predicting tropical precipitation
changes under external forcings. This framework has been widely used to analyze hydroclimatic
responses to global warming, Atlantic Meridional Overturning Circulation slowdown, orbital
forcing, and volcanic eruptions—particularly those introducing large interhemispheric energy
asymmetries (Kang et al. 2008, 2009;Marshall et al. 2014; Lionello et al. 2024;McGraw&Polvani
2024).

In brief, model simulations indicate that large tropical volcanic eruptions induce tropospheric
cooling, particularly over land, leading to cloud suppression, weakened deep convection, and
weaker updrafts in the Hadley cell (HC). These changes are accompanied by an equatorward
contraction of the ITCZ and have been shown to affect tropical regions for up to two summers
after the eruption. Proxy reconstructions and model simulations over the last millennium provide
further evidence for these hydroclimatic responses (e.g., Ridley et al. 2015, Colose et al. 2016,
Alfaro-Sánchez et al. 2018).

When a volcanic eruption creates an energy imbalance between the NH and the Southern
Hemisphere (SH), the tropical rain belt and the ITCZ tend to shift toward the hemisphere that
is relatively warmer and receives more energy (i.e., the one less affected by the eruption). This
means that rainfall patterns can change across large parts of the tropics depending on where the
imbalance occurs.

In this section we show the basics of the energy framework and MSE budget (Section 2.1), and
we describe the response of the tropical overturning and thermodynamics and dynamics according
to the theoretical expectations in Sections 2.2 and 2.3, respectively.

2.1. Energy Framework and Moist Static Energy Budget

The central idea of the energy framework is that the net import of MSE into the atmospheric
column—balanced by latent heating associated with precipitation—determines the spatial

368 D’Agostino et al.
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Net surface flux: the
sum of energy
exchanges between
Earth’s surface and the
atmosphere, including
absorbed and emitted
radiation, turbulent
fluxes of sensible heat
(from temperature
differences), and latent
heat (from evaporation
and condensation), as
well as small
contributions from
conduction

Moist adiabatic
processes:
thermodynamic
processes in which a
saturated air parcel
ascends or descends
without exchange of
heat with its
environment, such that
expansion or
compression occurs
adiabatically while
condensation or
evaporation of water
vapor takes place
within the air parcel

distribution of tropical rainfall. In the steady-state approximation, the vertically integrated
atmospheric energy budget is ⟨∇ (ūh)

⟩ ≈ NEI = RTOA − Fsfc, 1.

where
⟨∇ (ūh)

⟩
is the divergence of the vertically integrated total MSE flux, NEI is the net energy

input, RTOA is the net radiative flux at the top of the atmosphere, and Fsfc is the net surface flux.
MSE is defined as

h = cpT + Lvq+ gz, 2.

where cpT is sensible heat, Lvq is latent heat, and gz is potential energy.MSE is conserved in moist
adiabatic processes and serves as a tracer of large-scale energy transport. Regions of net MSE
convergence coincide with strong precipitation, while divergence characterizes dry zones. The
assumption of steady state makes the atmospheric storage term small under seasonal and other
long-term means (e.g., annual, interannual) (Adam et al. 2016).

In the zonal mean ([·]), Equation 1 becomes

∂y⟨[vh]⟩ ≈ NEI. 3.

In local Cartesian coordinates, the spatial derivatives can be expressed as the meridional distance:
y = aϕ, where a is Earth’s radius and ϕ denotes latitude.

By expanding the zonally averaged MSE flux around the equator (Equation 3) to first order
in latitude, and assuming it is zero at the ITCZ, one obtains the following (Bischoff & Schneider
2014):

ITCZϕ ≈ −1
a

⟨[vh]0⟩
∂y⟨[vh]0⟩ ≈ AET0

NEI0
, 4.

where a is Earth’s radius and AET is the atmospheric energy transport—the vertically integrated
meridional MSE flux at the equator. Subscript 0 indicates area-weighted average along equatorial
values: specifically, between 5°N and 5°S for AET and 10°N and 10°S for NEI.

The energy flux equator (EFE)—the latitude where AET energy balances out to zero—is par-
ticularly informative. When AET is directed northward, the ITCZ shifts southward, and vice
versa.

Volcanic aerosols perturb the top-of-atmosphere energy balance by scattering incoming solar
radiation, reducing surface heating, and inducing asymmetric cooling across hemispheres. The
magnitude of this asymmetry depends on eruption location and season (see Figure 1) and could
be summarized as shown in the sidebar titled Eruption-Latitude-Specific Responses.

In all cases, the direction and magnitude of ITCZ migration correspond to the energy flux
adjustments required to balance hemispheric radiative anomalies.

2.2. Atmospheric Energy Transport, Hadley Circulation,
and Tropical Precipitation

Volcanic eruptions alter the whole tropical circulation, including the ITCZ and HC. The MSE
framework links these changes in overturning circulation to precipitation anomalies via energy flux
(Geen et al. 2020).When aerosol-induced surface cooling is greater over land than over ocean—as
often occurs followingNHeruptions—the land–oceanMSE gradient weakens, reducingmonsoon
inflow and suppressing precipitation. Being a thermally direct circulation that transports moisture
and energy away from the equator, the HC responds sensitively to volcanic forcing, particularly
in the years immediately following large eruptions (Erez & Adam 2021, D’Agostino & Timmreck
2022). NH eruptions are typically followed by drying across the NHmonsoons (i.e., Indian,West

www.annualreviews.org • Volcanic Eruptions and Tropical Hydroclimate 369
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NH extratropical
eruption

SH extratropical
eruption

Tropical
eruption

180° 120°W 120°E60°W 60°E 120°W 120°E60°W 60°E0° 0°180° 180° 180°
Temperature anomalies (K)

–4 –3 –2 –1 –0.8–0.6–0.4–0.2–0.1 0 0.1 0.2 0.4 0.6 0.8 1 2 3 4

Precipitation anomalies (mm/day)

30°N30°N

30°S30°S

30°N30°N

30°S30°S

30°N30°N

30°S30°S

EQEQ

EQEQ

EQEQ

–6.4 –1.6 –1.2 –0.8 –0.4 –0.1 0 0.1 0.4 0.8 1.2 1.6 6.4

Figure 1

Hydroclimate response to NH extratropical, tropical, and SH extratropical eruptions (top,middle, and bottom rows, respectively) from the
Max Planck Institute Grand Ensemble EVA-ENS experiment (Azoulay et al. 2021, Timmreck et al. 2024). Ensemble mean 1992 (i.e.,
the first year after an eruption imposed in June 1991) precipitation anomalies in mm/day are shown in brown-to-green colors, and
temperature anomalies are shown in blue-to-red colors. Anomalies are computed as the difference between the experiment with the
strongest emission (40 TgS) and the control run without volcanic forcing. All values shown are statistically significant among the
100-member ensemble. On the left side of the figure are sketches of anomalous Hadley circulation: Northern circulation is the solid
line, and the southern counterpart is the dashed line. Fewer/more isolines of the meridional mass stream function indicate a
weaker/stronger circulation. Red arrows indicate the anomalous AET, toward the cooler hemisphere. In the tropical eruption case,
anomalous AET is invariant. Abbreviations: AET, atmospheric energy transport; EVA-ENS, Easy Volcanic Aerosol ensemble; NH,
Northern Hemisphere; SH, Southern Hemisphere.

African, North American) and enhanced rainfall in SH regions (i.e., South America and South
Africa). In response to asymmetric volcanic forcing, anomalous AET is directed toward the prefer-
entially forced hemisphere, along the imposed temperature gradient.The equatorial AET for NH
(SH) eruption is northward (southward), but the ITCZ position is negatively correlated to AET
(Erez & Adam 2021). As a result, the HC is stronger in the cooler hemisphere with NEI deficit

ERUPTION-LATITUDE-SPECIFIC RESPONSES

1. NH extratropical eruptions (e.g., Laki 1783, Katmai 1912) preferentially cool the NH, resulting in a south-
to-north AET and a southward ITCZ shift. This weakens NH monsoons and enhances SH monsoons.

2. SH extratropical eruptions (e.g., Kuwae 1458) generate the opposite effect, shifting the ITCZ northward and
strengthening/weakening NH/SH monsoons.

3. Tropical eruptions (e.g., Tambora 1815, Pinatubo 1991) tend to produce hemispherically symmetric cooling
but still elicit asymmetric responses due to differences in background climate, aerosol dispersion patterns, and
land distribution. These events often weaken global monsoon strength without strong ITCZ displacement.
It should be noted that some tropical eruptions have a strong asymmetric aerosol load. For example, in the
1963 Agung eruption, the volcanic cloud was predominantly located in the SH, and in the 1984 El Chichón
eruption, the volcanic cloud was predominantly located in the NH. The response to these eruptions is more
comparable to that of extratropical eruptions.

370 D’Agostino et al.
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Global monsoon: the
aggregation of all
regional monsoon
systems, reflecting the
seasonal reversal of
winds and rains across
the tropics as a single,
interconnected climate
pattern

and weaker in the warmer hemisphere with NEI gain. Tropical eruptions result in more sym-
metric changes: Monsoons decline in both hemispheres, and the HC is weaker and narrower
(Erez & Adam 2021, D’Agostino & Timmreck 2022). These changes are well-represented
in climate models with idealized NH and SH extratropical eruptions and tropical eruptions
(Figure 1). High-resolution model simulations (e.g., the Geophysical Fluid Dynamics Labora-
toryHigh-Resolution AtmosphereModel (HiRAM)AtmosphericModel Intercomparison Project
at 50- and 25-km horizontal resolution) and reanalysis datasets show that eruptions such as El
Chichón (1982) and Pinatubo (1991) led to HC weakening and equatorward contraction of its
ascending branch. These shifts were accompanied by equatorward displacement of subtropical
jets and changes in the thermal contrast between the stratosphere and troposphere (Dogar 2018).
The more poleward latitude of El Chichón (17°N) compared to Pinatubo (15°N) led to a stronger
hemispheric asymmetry and a more pronounced ITCZ shift. On longer timescales, sequences of
large eruptions—such as those linked to the onset of the Little Ice Age—have contributed to
persistent global cooling and sustained southward ITCZ displacement (e.g., Winter et al. 2015,
Atwood et al. 2020, Steinman et al. 2022).These slow-evolving changes can be interpreted through
shifts in the EFE, which migrates toward the hemisphere experiencing greater net radiative in-
put. Moreover, the zonal mean annual ITCZ position being north of the equator implies that
ITCZ shifts due to NH versus SH eruptions produce distinct zonal wind stress anomalies. These,
in turn, modulate ocean–atmosphere interactions in the Pacific, leading to contrasting ENSO-
like responses (Haywood et al. 2013, Atwood et al. 2020) (see Section 4). Later we discuss in detail
that the resulting hydroclimatic anomalies are consistent across both paleoclimate reconstructions
(Section 3) and model simulations (Section 4).

2.3. Thermodynamic and Dynamic Mechanisms

Hydroclimate responses to volcanic forcing can be further diagnosed using a moisture budget
decomposition, which separates precipitation changes into thermodynamic and dynamic compo-
nents (Seager et al. 2010; D’Agostino et al. 2019, 2020). The thermodynamic term accounts for
changes in specific humidity primarily due to cooling, while the dynamic term includes verti-
cal motion and horizontal moisture convergence anomalies associated with circulation changes
(mainly mean flow changes, i.e., the HC in the tropics). Analysis across global monsoon regions
shows that dynamic effects dominate the posteruption hydroclimate response (Zuo et al. 2019a).
Eruption-induced circulation changes—particularly in the Hadley and Walker circulations—
redistribute moisture and modulate precipitation more strongly than changes in atmospheric
moisture content alone.AfterNHextratropical eruptions, the aerosol-induced cooling is strongest
over land, diminishing the land–ocean thermal gradient and weakening the MSE contrast. This
suppresses monsoon flow and rainfall, and it reduces cross-equatorial energy transport from
the SH. The weakened ascent over NH monsoon domains is a key driver of dynamically in-
duced monsoon drying. In contrast, SH extratropical eruptions induce a reversed energy gradient,
strengthening NH monsoons while suppressing SH rainfall. These responses illustrate the tight
coupling between energy transport direction and atmospheric circulation intensity.Tropical erup-
tions, despite producing more symmetric global cooling, can still cause regional asymmetries
in hydroclimate due to heterogeneous aerosol distribution and preexisting climatological differ-
ences. By reducing the land–ocean MSE gradient globally, such eruptions weaken the large-scale
overturning circulation, leading to broadly suppressed monsoon precipitation across both hemi-
spheres. Most of the changes within the tropics in the first year after the eruptions are largely
dynamical. Overall, precipitation anomalies following volcanic eruptions are consistent with dy-
namically mediated responses embedded within the energy framework. This approach helps
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reconcile spatially diverse hydroclimatic outcomes by linking them to large-scale circulation shifts
and energy transport requirements.

3. ASSESSING HYDROCLIMATE IMPACTS OF LOW-LATITUDE
VOLCANIC ERUPTIONS USING TREE-RING AND DATA
ASSIMILATION PROXIES

Large tropical volcanic eruptions are among the most significant natural drivers of climate vari-
ability over the Common Era. Advances in ice-core synchronization have improved the precision
of eruption timing and magnitude estimates (e.g., Toohey & Sigl 2017). At the same time, high-
resolution proxy records—including tree-ring width (TRW),maximum latewood density (MXD),
and coral δ18O—alongside emerging data assimilation (DA) products have become essential tools
for inferring the climate system’s sensitivity to volcanic forcing. DA approaches combine proxy
records with climate model priors to generate spatially and temporally complete reconstructions
of temperature and hydroclimate variables. Key DA products include the Last Millennium Re-
analysis (LMR) (Tardif et al. 2019) and the Paleo Hydrodynamics Data Assimilation (PHYDA)
(Steiger et al. 2018).Despitemethodological differences (e.g., assimilation schemes, priors, tempo-
ral resolution), both provide gridded reconstructions of surface climate across the last millennium,
allowing assessments of hemispheric and tropical climate responses to volcanic eruptions. In
this section, we review and compare the hydroclimatic impacts of large low-latitude volcanic
eruptions—with sulfur emissions larger than the 1991 Pinatubo eruption—over the last millen-
nium. Particular emphasis is placed on the hydrodynamic responses within the tropics, where the
interactions between volcanic forcing and atmospheric circulation remain complex and uncertain.
We explore patterns of agreement and divergence across tree-ring–based drought atlases and DA
products, discuss the persistence of posteruption wetting and drying, and assess the potential role
of mechanisms such as ITCZ displacement, ENSO modulation, and HC weakening in shaping
tropical hydroclimatic variability.

3.1. Reconstructed Temperature Responses

Paleoclimate reconstructions consistently show global surface cooling following major tropical
eruptions. MXD-based reconstructions, such as the NH stack (Schneider et al. 2015, Stoffel et al.
2015), capture sharp summer cooling peaking within 1–2 years posteruption, with recovery by
year five. TRW-based datasets such as N-TREND (Northern Tree-Ring Network Development)
(Anchukaitis et al. 2017) depict similar cooling trends but with attenuated amplitudes due to tree
biological memory and lower sensitivity to short-term temperature extremes. LMR and PHYDA
simulate comparable posteruption cooling (Tejedor et al. 2021b,He et al. 2026), with the strongest
signals over land and in NH mid-latitudes. Typical anomalies range from −0.3°C to −0.6°C,
aligning well with proxy-only estimates. Spatial differences in cooling reflect variations in proxy
coverage and model priors. PHYDA, which assimilates seasonal (e.g., June–August) and annual
proxies, has been evaluated seasonally to align with drought atlases such as the North American
Drought Atlas (NADA) and theGreater EurasianDrought Atlas (GEDA) (Cook et al. 2010, 2024).
LMR, which assimilates only annually resolved proxies, produces annual mean fields; however,
large-scale volcanic signals are broadly consistent across both annual and seasonal reconstructions
(Steiger et al. 2018, Tejedor et al. 2021b). In proxy-based products, the cooling after low-latitude
eruptions within the tropics is generally weaker than in the NH or in climate simulations (Tejedor
et al. 2021b). It remains uncertain whether this weaker signal in the tropics reflects a true cli-
matic response—possibly modulated by oceanic thermal inertia—or is the result of sparser proxy
coverage and reduced signal-to-noise ratio in tropical archives.
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Figure 2

Agreement and disagreement in reconstructed PDSI responses during the first three years (years 0 to 3) following 14 large tropical
volcanic eruptions over the last millennium [i.e., those with stratospheric sulfate injection exceeding that of Pinatubo in 1991 (Toohey
et al. 2019), considering only the later eruption when two occur within 10 years]. The results are based on two drought atlases derived
exclusively from tree-ring data—GEDA (Cook et al. 2024) and NADA (Cook et al. 2010)—and two paleoclimate data assimilation
products: LMR (Tardif et al. 2019) and PHYDA (Steiger et al. 2018). Agreement is classified as follows: strong positive (dark green) or
strong negative (dark brown) where three out of three overlapping products agree on the sign of PDSI anomalies (wet or dry); moderate
positive (light green) or moderate negative (light brown) where only two out of three reconstructions agree; and disagreement (gray)
where the signal is inconsistent. The season used for PHYDA is June–August to ensure comparability with the drought atlases; LMR
reflects annual mean PDSI. The map highlights areas of robust hydroclimatic response to volcanic forcing, as well as regions with high
uncertainty or conflicting signals among reconstructions. Abbreviations: GEDA, Greater Eurasian Drought Atlas; LMR, Last
Millennium Reanalysis; NADA, North American Drought Atlas; PDSI, Palmer Drought Severity Index; PHYDA, Paleo
Hydrodynamics Data Assimilation.

3.2. Hydroclimate Patterns and Regional Agreement

In contrast to the relatively robust temperature response, reconstructed hydroclimatic changes—
particularly those reflected in the Palmer Drought Severity Index—are more spatially heteroge-
neous.Tree-ring–based drought atlases such asNADA andGEDAoffer regionally detailed insight
into posteruption moisture variability. These reconstructions reveal patterns of wetting in regions
such as western North America, the Mediterranean, and southern South America—findings cor-
roborated by DA products and consistent with model simulations (Colose et al. 2016, Stevenson
et al. 2016). The convergence across proxy- and DA-based reconstructions supports the physical
plausibility of posteruption hydroclimatic responses, often linked to shifts in atmospheric circula-
tion.Enhanced precipitation in theMediterranean, the westernUnited States, and southern South
America aligns with storm track displacement and thermodynamic land–sea contrast (Figure 2).
These regions of agreement suggest that volcanic signals can override internal variability. Over
Eurasia, the forced response appears tied to a negative phase of the East Atlantic Pattern (Rao et al.
2017), which drives spring uplift over the westernMediterranean, southward-shifted storm tracks,
and a weakenedmeridional pressure gradient.This leads to wetting in theMediterranean and dry-
ing in northwestern Europe. The precise mechanisms—possibly involving weakened equatorial
convergence or West African monsoon suppression—remain uncertain.
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3.3. Tropical Hydroclimate Responses and Mechanisms

Tropical hydroclimate reconstructions remain comparatively uncertain due to limited proxy cov-
erage and seasonal resolution. While drought atlases provide valuable regional records, they
offer sparse information for equatorial and monsoonal zones (only drought atlases spanning the
last millennium have been taken into account here). Consequently, DA products such as LMR
and PHYDA are essential for assessing tropical hydroclimatic responses. Despite differences in
assimilation strategy and seasonality, both reconstructions show coherent drying in key regions—
including the Maritime Continent, equatorial Africa, and Central America—after major tropical
eruptions (Tejedor et al. 2021a, He et al. 2026) (Figure 2). These dry anomalies are often in-
terpreted as the result of southward displacement of the ITCZ. Hemispheric asymmetries in
posteruption cooling—particularly stronger cooling in the NH—reduce northward energy fluxes,
shifting the ITCZ southward and weakening NH summer monsoons (see Section 2). This shift
suppresses convection in typically rain-rich zones near the equator and alters the tropical Walker
circulation, which can become weakened or spatially shifted, reducing moisture convergence
over the western Pacific and tropical Americas. Reconstructions and models alike support this
mechanism, with evidence of reduced rainfall in South Asia, West Africa, and Central America.

3.4. ENSO Response: Diverging Evidence

One of the most debated tropical responses to volcanic eruptions is their influence on ENSO.
Several modeling and proxy studies have proposed that large tropical eruptions favor or trigger
El Niño–like conditions (e.g., Ohba et al. 2013, Maher et al. 2015, Pausata et al. 2015, Khodri
et al. 2017). However, other analyses based on coral proxies and DA products (Dee et al. 2020,
Dee & Steiger 2022, Zhu et al. 2022) find inconsistent or statistically weak posteruption Niño
3.4 anomalies. Some reconstructions indicate warming; others show neutral or even La Niña–like
conditions (e.g., Zhu et al. 2020). This lack of consensus likely reflects multiple factors, including
internal ENSO variability, eruption seasonality, and uncertainties in proxy sensitivity and eruption
dating. In addition, methodological differences may play a role. For instance, some studies do not
adopt a relative sea-surface temperature (SST) framework—i.e., they examine Niño 3.4 absolute
SSTs instead of anomalies relative to broader tropical averages—making it difficult to disentangle
ENSO-specific responses from basin-wide radiative cooling. A recent reconstruction of Pacific
Ocean sea-level pressure gradient suggests that volcanic eruptions trigger El Niño–like Walker
circulation weakening, similar to the response simulated by climate models (Falster et al. 2023).
Within these uncertainties, the prevailing view is that volcanic forcing may modulate the prob-
ability distribution of ENSO states without reliably triggering a canonical El Niño or La Niña
event. A detailed explanation of physical mechanisms is discussed in Section 4.

3.5. Persistence of Hydroclimatic Anomalies

The duration of hydroclimatic anomalies varies across datasets. In PHYDA, wetting persists for
up to a decade in some regions, such as the Middle East and southern South America. LMR
shows prolonged wettening in western North America, potentially reflecting biological memory
effects in tree-ring proxies (He et al. 2026). By contrast, model simulations [e.g., Community
Earth System Model version 1 Last Millennium Ensemble (CESM1-LME)] generally simulate
shorter-lived responses (2–3 years), potentially due to the absence of memory processes or un-
derrepresentation of key feedbacks. Recent efforts to reconcile these differences emphasize the
role of proxy-model integration. Lücke et al. (2019) showed that incorporating autoregressive
memory into models improves spectral agreement with proxy data. Zhu et al. (2020) demon-
strated thatmodel-reconstruction discrepancies in volcanic cooling can be narrowed by comparing
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Matsuno-Gill-type
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understanding how
diabatic heating drives
large-scale tropical
circulation

seasonal responses at proxy sites and prioritizing high-sensitivity proxies such as MXD. These in-
sights highlight how methodological details—including proxy selection, temporal resolution, and
site-specific comparisons—affect the detection and interpretation of forced hydroclimatic sig-
nals. Although reconstructions (includingDA products) reveal persistent hydroclimatic anomalies,
their relationship to the underlying energetic constraints of the climate system remains debated.
In theory, postvolcanic cooling reduces net radiative input, leading to large-scale energy imbal-
ances that should be compensated by changes in atmospheric circulation and moisture transport.
However, the lack of consistency in ENSO responses across reconstructions complicates this in-
terpretation, suggesting that internal variability, nonlinear dynamics, and regional feedbacks may
influence the system’s response in ways that are not fully accounted for by energetic theory alone.
Bridging the gap between reconstructed persistence and physically based frameworks remains a
key challenge for future research.

4. MODELING THE IMPACT OF VOLCANIC ERUPTIONS ON
TROPICAL HYDROCLIMATE

Understanding the tropical hydroclimate response to volcanic forcing requires process-based in-
sights from climate models for testing theoretical arguments. In Section 2, we showed how the
altered energy balances at the surface and top of the atmosphere can largely induce perturbations
thatmodify large-scale atmospheric circulation and precipitation patterns,with particularly strong
sensitivity in the tropics where convection and rainfall are tightly coupled to energy fluxes. Cli-
mate models provide a crucial framework to isolate the dynamical and thermodynamical pathways
through which volcanic forcing influences tropical temperature, precipitation, and circulation.
Thus, in this section we examine how models simulate these processes, including their repre-
sentation of ITCZ shifts (Section 4.1), monsoon systems (Section 4.2), and interannual ENSO
variability (Section 4.3).

4.1. ITCZ Shifts

Volcanic eruptions—whether tropical or extratropical—perturb the hydrological cycle, primarily
by altering tropical precipitation patterns and ITCZ seasonal migration (Robock 2000,Timmreck
et al. 2012, Iles&Hegerl 2014,Kremser et al. 2016).Despite uncertainties in observational records
and internal variability, modeling studies consistently link volcanic aerosol forcing to an overall
drying within the core of the ITCZ for tropical eruptions, or to shifts in the ITCZ’s mean latitude
for extratropical eruptions, through changes in the atmospheric energy budget within the year
following an event (Figure 3).

Interhemispherically asymmetric forcing pushes the ITCZ away from the hemisphere that is
cooled. Idealized slab-ocean experiments confirm the theory that the HC and ITCZ respond
strongly to forcing latitude (Kang et al. 2020). Climate models consistently show that NH-
confined volcanic eruptions induce a southward ITCZ shift, weaken equatorial trade winds, and
reduce SST gradients; SH-confined eruptions produce the opposite response (e.g., Pausata et al.
2015, 2020; Colose et al. 2016; Stevenson et al. 2016; Ward et al. 2021) (Figure 3). Tropical erup-
tions with a symmetric aerosol distribution typically cool the NH more than the SH, also driving
a southward ITCZ shift (e.g, Ward et al. 2021, D’Agostino & Timmreck 2022) (Figure 3).

Tropical eruptions can also alter the land–sea energy balance directly: Volcanically induced
cooling is often larger over tropical land (e.g., northern Africa) than over the adjacent ocean. The
resulting tropical drying anomalies remain phase locked to the ITCZ’s annual migration and
sustain a weaker Walker circulation via a Matsuno-Gill-type mechanism (Khodri et al. 2017, Liu
et al. 2022,Dogar et al. 2023, Falster et al. 2023, Pausata et al. 2023). Fully coupled last millennium
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Figure 3

Ensemble mean of anomalous zonal mean surface temperature (blue) and precipitation (green) response to (a) Northern Hemisphere,
(b) tropical, and (c) Southern Hemisphere 40-TgS eruptions minus the control run without volcanoes from 100 members of the Max
Planck Institute Grand Ensemble Easy Volcanic Aerosol ensemble (MPI-GE EVA-ENS) experiment (Azoulay et al. 2021, Timmreck
et al. 2024). The means are computed during the second year from the volcanic eruption (1992), and the shadings are two times the
standard error.

Paleoclimate Modeling Intercomparison Project (PMIP) simulations systematically show the
ITCZ migrating away from the hemisphere experiencing greater radiative cooling (Colose et al.
2016, Villamayor et al. 2023), as do isotope-enabled CESM runs (Stevenson et al. 2018) and large
ensemble simulations with idealized volcanic forcing experiments (Figure 3). Other simulations
further confirm that NH-constrained aerosol forcing drives a clear southward ITCZ shift, while
SH-constrained forcing drives a northward shift (Pausata et al. 2020), emphasizing the energy
budget control on tropical precipitation.

4.2. Monsoons

Large volcanic eruptions reduce global precipitation, including monsoonal rainfall, by reducing
shortwave radiation reaching the surface, lowering evaporation, and stabilizing the atmosphere.
Detection and attribution studies, as well as climate model simulations, show that this response
results from a combination of thermodynamic effects and circulation changes—particularly ITCZ
displacement and a weakening of the HC circulation (e.g., Gillett et al. 2004, Pausata et al. 2015,
Liu et al. 2016, Zuo et al. 2018, Dogar & Sato 2019, D’Agostino & Timmreck 2022).

Although regional monsoon responses vary, idealized experiments and large ensemble simu-
lations of the last millennium generally show that eruptions in one hemisphere tend to suppress
monsoon rainfall in that hemisphere, while enhancing it in the opposite one, due to the resulting
interhemispheric energy imbalance and ITCZ migration (e.g., Liu et al. 2016, Zuo et al. 2018,
Dogar & Sato 2019, D’Agostino & Timmreck 2022). In western Africa, eruptions in the NH have
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been associated with reduced rainfall (Villamayor et al. 2023), while eruptions in the SH tend
to produce wetter conditions (Haywood et al. 2013). For the Indian summer monsoon, multiple
model simulations consistently indicate a weakening following major eruptions, particularly those
located in the tropics or NH (Trenberth &Dai 2007, Liu et al. 2016, Fadnavis et al. 2021). In con-
trast, the East Asian summermonsoon shows a weaker ormixed response as it is less constrained by
the energy framework, due to its sensitivity to both tropical and extratropical circulation dynamics.

On the other hand, the effect of tropical eruptions on monsoons is more uniform, as the vol-
canic aerosols are transported poleward in both hemispheres and result in a worldwide cooling
(Liu et al. 2016), often larger over tropical land than over the adjacent ocean (see Figure 1). The
result, one year after the eruption, is a general weakening of themonsoonal flow, i.e., dynamic term
of the moisture budget and reduced precipitation in the global monsoon domain over land. Ide-
alized experiments with Max Planck Institute Grand Ensemble (MPI-GE) Easy Volcanic Aerosol
ensemble (EVA-ENS) have assessed that only a stronger Pinatubo-like eruption (>10 TgS) could
result in a significant monsoon decline in every region; otherwise, the response is largely affected
by internal variability (D’Agostino & Timmreck 2022).

4.3. Tropical Interannual Variability (ENSO)

As discussed in Section 3, the ENSO response to large tropical eruptions remains a subject of on-
going debate within the proxy-based literature. However, the majority of Model Intercomparison
Project on the climatic response to Volcanic forcing (VolMIP) and Coupled Model Intercompar-
ison Project (CMIP) model ensembles are converging, displaying a robust El Niño–like anomaly
once direct radiative cooling is accounted for (McGregor et al. 2020, Zanchettin et al. 2022,Dogar
et al. 2023).

The strength and sign of this simulated response are sensitive to magnitude, latitude, and
timing of the eruption. Large eruptions impose a near-uniform shortwave reduction across the
Pacific, producing an immediate surface cooling. As hemispheric gradients develop, the ITCZ
shift weakens equatorial trades and activates the Bjerknes feedback over the following months,
as demonstrated for the first time in Norwegian Earth System Model simulations by Pausata
et al. (2015). Stratospheric aerosol injections confined to the NH drive a southward ITCZ dis-
placement, weakening trade winds and fostering El Niño–like conditions within 6–12 months.
SH-confined injections push the ITCZ northward and can weakly favor La Niña–like anoma-
lies (Pausata et al. 2015, 2020; Ward et al. 2021), but these are largely offset by extratropical
teleconnections that themselves promote El Niño tendencies irrespective of eruption latitude
(see Pausata et al. 2020) (Figure 4). When eruptions produce pronounced cooling of tropical
northern Africa—whether via NH-confined or symmetrically tropical aerosol distributions—this
land cooling generates westerly wind anomalies over the western Pacific that further favor El
Niño–like anomalies (Khodri et al. 2017, Pausata et al. 2023). In strictly tropical eruptions, faster
NH land cooling again skews the response toward El Niño–like conditions (Ward et al. 2021).
Other factors revealed by climate simulations include eruption timing within the seasonal cycle
(Predybaylo et al. 2020), background climate state (Pausata et al. 2016, Zanchettin et al. 2022),
model ENSO biases (Chen & Jin 2020, Chen et al. 2021), and ensemble size (Pausata et al. 2015,
Maher et al. 2019), all of which modulate the ENSO response.

5. DISCUSSION AND FUTURE OUTLOOK

This review synthesizes responses of tropical hydroclimate—including tropical overturning cir-
culation, the ITCZ, monsoons, and ENSO—to tropical and extratropical volcanic eruptions,
interpreted through the integrative lens of the energy framework discussed in Section 2. The
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Figure 4

Schematic of ENSO-like responses to Northern Hemisphere and Southern Hemisphere eruptions. Abbreviations: ENSO, El
Niño–Southern Oscillation; ITCZ, Intertropical Convergence Zone. Figure adapted from Pausata et al. (2020).

rationale for foregrounding the energy budget lies in its capability to elucidate the physical con-
trols on tropical precipitation. The framework provides a coherent basis for interpreting observed
and reconstructed posteruption anomalies and constraining projections of hydroclimate responses
to future explosive volcanism and associated uncertainties. In this view, the position of the ITCZ
and the intensity of tropical overturning circulation are governed by the energetics of the climate
system, which has to balance hemispheric asymmetries in radiative forcing. As shown by modeling
experiments, and to some extent by reconstructions and observations, volcanic eruptions disrupt
this balance in distinct ways primarily depending on their latitude: Tropical eruptions induce a
hemispherically near-symmetric reduction in incoming solar radiation, generally weakening the
tropical energy flux and reducing rainfall across the whole tropical band; in contrast, extratropical
eruptions—especially if the forcing is confined to one hemisphere—generate strong interhemi-
spheric energy imbalances that drive a cross-equatorial AET and a corresponding shift of the
ITCZ away from the perturbed hemisphere. This energetically consistent response helps explain
key precipitation and temperature patterns in both reconstructed and simulated hydroclimate
anomalies following explosive eruptions.

Regarding specific aspects of the tropical hydroclimate response to volcanic forcing, our review
highlights the following major recent advancements in understanding and remaining critical gaps
of knowledge, which we address by providing recommendations for future research.

Idealized model simulations and past millennium experiments confirm theoretical insights that
the ITCZ tends to move away from the hemisphere experiencing stronger volcanic forcing.How-
ever, the ITCZ response intertwines with the ENSO response, and nowadays the use of a large
ensemble simulation approach appears necessary to disentangle the effects on the ITCZ of direct
radiative asymmetries from other dynamical responses of the tropical coupled ocean–atmosphere
system. Such an ensemble approach will be an integrative part of the protocol experiments now
planned in the next PMIP phase 5 (PMIP5)/past2k initiative.

Regarding monsoons, despite regional differences in sensitivity to volcanic eruption diver-
sity, the simulated responses to volcanic forcing broadly follow the energy framework, but with
a strong dependency on the latitudinal position of the eruption. NH extratropical eruptions shift
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the ITCZ southward, weakening NH monsoons relative to their climatological means, and vice
versa. In particular, the Indian summer monsoon shows consistent posteruption weakening, and
northern Africa experiences widespread droughts in the Sahel region, while the East Asian sum-
mer monsoon response is muted or even reversed due to compensating dynamical effects, often
tied to El Niño–like teleconnections. Tropical eruptions, on the other hand, result in worldwide
cooling and a uniform weakening of tropical overturning and reduced monsoonal precipitation
in both hemispheres, with a peak during the second year after the eruption. Still, in the case of
tropical eruptions, the NH cools more than the SH due to large continental masses, and this
induces anomalous southward AET that drives the ITCZ equatorward from its climatological
position—resembling the response to NH extratropical eruptions. Observations after El Chichón
and Pinatubo support these patterns, showing weakened monsoons and equatorward ITCZ shifts
lasting up to two years.

Most of the results we have reported in this review are relative to the tropical mean hy-
droclimate conditions during the second year after the eruption (>12 months), and the energy
framework perfectly describes tropical hydroclimate changes during this period. Few studies have
analyzed transient behaviors and have reported few discrepancies from the energetic arguments
described here, despite uncertainties regarding the relative contributions of ocean and atmo-
sphere to the total meridional heat transport. For example, Erez & Adam (2021) reported the
unexpected predominance of the oceanic energy transport on the atmospheric counterpart dur-
ing the first posteruption year, with the EFE and ITCZ being decoupled. However, their model
setup could not disentangle the relative roles of volcanic forcing and ENSO phases: By affect-
ing the atmospheric and oceanic energy fluxes (as well as surface conditions), the ENSO-like
variations modulate the transient ITCZ response and contribute to the contrasting responses by
the various energy transport elements. In order to disentangle the effects of volcanic forcing and
ENSO changes on tropical hydroclimate, a strong enough volcanic forcing and large ensemble
simulations are necessary.

Concerning ENSO itself, climate models increasingly agree that large tropical eruptions tend
to trigger an El Niño–like response within the first year, once the direct radiative cooling is
accounted for. This tendency arises because aerosol-induced surface cooling and evolving hemi-
spheric temperature gradients drive the ITCZ southward, weaken equatorial trade winds, and
activate the Bjerknes feedback. Eruptions confined to the NH reinforce these El Niño–like
anomalies, while SH-confined injections can briefly favor LaNiña–like conditions, although these
are often offset by extratropical teleconnections that also promote eastern Pacific warming. For
tropical events with symmetric interhemispheric forcing, the tendency toward posteruption El
Niño–like conditions is rooted in the rapid cooling of northern African land areas that trigger
westerly wind anomalies over the western equatorial Pacific via a Matsuno-Gill-like mechanism.
Importantly, eruption magnitude, latitude, seasonal timing, background climate state, and model
characteristics (e.g., ENSO biases, ensemble size) all modulate the strength and sign of the ENSO
response.Moving forward, adopting standardized volcanic forcing protocols (VolMIP) and larger,
isotope-enabled ensembles directly compared against coral and tree-ring records—currently the
most reliable proxies of ENSO—appears to be essential to constrain the full range of volcanic
impacts on Earth’s dominant mode of interannual variability.

Paleoclimate reconstructions remain essential for assessing the tropical hydroclimate response
to volcanic eruptions. Temperature signals are robust and consistent across reconstruction types
over land, underscoring volcanic forcing as a dominant driver of short-term widespread cooling
in the tropics. In contrast, reconstructed precipitation responses in the tropics are more spatially
variable and sensitive to regional dynamics, internal variability, and methodological choices. De-
spite this uncertainty, certain hydroclimatic patterns, consistent with energetic arguments, emerge
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with greater confidence—particularly in regions with dense coverage of high-resolution proxy
records and coherent signals across multiple reconstruction methods.More specifically regarding
ENSO, while there is a consensus on simulated ENSO responses, the SST-based Niño index in
reconstructions shows contrasting results, with some records indicating weak El Niño or even
La Niña in the first posteruption year. In fact, no significant ENSO response has recently been
found in corals and DA products probably due to the difficulty in detecting the relative warming
respective to the overall tropical cooling. However, reconstructed tropical Pacific zonal sea-level
pressure anomalies point to a significant weakening of the Walker circulation the year after a vol-
canic eruption, which is consistent with an El Niño–like event.Table 1 summarizes the findings
in model simulations and reconstructions and their agreement with theoretical expectations. In
spite of the qualitative agreement on tropical hydroclimate response to volcanic eruptions, there
are still large uncertainties on both the quantification of the emission strength and the overall
climate response, especially at the regional scale.

Uncertainty in simulating volcanic impacts on climate largely stems from difficulties in quan-
tifying radiative forcing. Estimates are typically based on satellite observations of sulfur emissions
combined with global aerosol models, but large discrepancies exist among them due to differences
in transport, chemistry, and eruption parameters (height, duration, strength) (Quaglia et al. 2023).
The SPARC (Stratosphere-troposphere Processes And their Role in Climate) SSiRC (Strato-
spheric Sulphur and its Role in Climate) VolRes (Volcano response plan after the next major
eruption) initiative aims to provide near-real-time emission estimates to reduce these uncer-
tainties (Vernier et al. 2024). Most climate simulations, however, still rely on idealized forcing
prescriptions, which capture broad mechanisms but are difficult to compare with observations
and are less reliable for mid- and high-latitude eruptions. For instance, Marshall et al. (2025)
found notable differences in surface temperature responses between SO2-emissions-driven and
prescribed-forcing simulations of the last millennium, underscoring the importance of the mag-
nitude, latitude, and season of eruptions. Yet, accurately reconstructing eruption season and height
from ice-core records remains essential but challenging without precise eruption locations, while
additional uncertainties arise from ice-core measurement errors and transfer functions used to
infer sulfur emissions (Toohey & Sigl 2017, Sigl et al. 2022).

Then, uncertainties in the climatic response inflate volcanic forcing uncertainty due to lim-
itations in model physics and in constraints in initial conditions. Analysis of simulated tropical
precipitation over three generations of CMIP models (Fiedler et al. 2020) has revealed structural
deficiencies in coarse-resolution global climatemodels.This suggests that current coupled climate
models with parameterized convection generally poorly simulate changes in tropical precipita-
tion,whether due to anthropogenic or natural forcing. Fortunately, global storm-resolvingmodels
(SRMs) with a horizontal resolution of a few kilometers now offer an exciting new approach that
would overcome many of these limitations. At these scales, many physical processes, such as at-
mospheric convection, can be explicitly resolved, thereby improving the reliability of simulated
dynamics, including tropical hydroclimatic response to volcanic eruptions. Studying the impact
of large volcanic eruptions on tropical hydroclimate using global SRMs could help us to better
understand the contribution of the unresolved part of the variability spectrum in low-resolution
climate runs, and how weather patterns and local orography affect simulated changes in tropical
rainfall. However, SRMs are computationally expensive and may not allow for the large number
of realizations that are required to reliably constrain posteruption responses under forcing and
initial condition uncertainties. If feasible, utilizing available model hierarchy by combining SRM
experiments with CMIP-class model ensembles may help to reconcile some existing discrepancies
between model simulations and proxy reconstructions in the aftermath of a volcanic eruption.
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Dedicated model intercomparison experiments—with well-defined protocols and common
evaluation metrics—may also offer a path forward. Standardized forcing protocols (e.g., VolMIP)
and larger, isotope-enabled ensembles sampling the wide range of the past millennium internal
variability (e.g., PMIP5/past2k) compared directly against coral and tree-ring records will be cru-
cial to fully constrain how volcanic forcing contributes to ENSO variability. Idealized volcanic
forcing experiments with interhemispheric forcing asymmetries were recently advocated in an in-
tercomparison study (Zanchettin et al. 2022) whose output would allow fully exploiting the energy
framework proposed here. Intercomparison initiatives have demonstrated how close cooperation
between scientists from different communities—including modeling, DA, proxy reconstruction,
and observational science—is essential for framing relevant scientific questions and improving
our understanding of volcanic impacts on climate. We advocate that the international scientific
community continues fostering such initiatives.

On the proxy-based reconstruction side, future progress will depend on expanding and densi-
fying proxy networks in data-sparse tropical regions, particularly in tropical Africa and tropical
South America. Improved constraints on eruption timing and magnitude are also essential to
reduce uncertainties in event-aligned composites. Enhanced integration between proxy-based re-
constructions and DA frameworks over the past 2,000 years can help isolate forced signals by
testing the climatic response when assimilating selected proxies (e.g., only high-resolution tree
rings, corals, or isotopes). For instance, targeted DA experiments can shed light on the sensitivity
of different proxy types to ENSO-related postvolcanic variability. This would require uncertainty
quantification analysis including that related to the model prior from standardized large ensem-
ble protocols that will be developed as part of the next PMIP5/past2k initiative. Moreover, the
use of forward proxy modeling—such as integrating mechanistic models of proxy formation (e.g.,
water isotope or coral growth models) into assimilation frameworks—would improve physical
consistency between models and proxies. Isotope-enabled simulations are increasingly being used
for this purpose, and ongoing development of isotope-enabled paleoclimate DA systems holds
promise for better capturing hydroclimatic responses across the tropics. High-resolution, pan-
tropical coral-based SST reconstructions extending into the last millennium (Dee & Steiger 2022,
D’Olivo et al. 2024) will be key for resolving ENSO dynamics, as reliable estimates of Niño 3.4
variability require not just local SSTs but also the basin-wide SST gradients that define ENSO-
relative anomaly patterns. Such expanded coverage will allow for more robust assessment of the
tropical Pacific response to volcanic forcing.
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