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Abstract Much previous modeling work on the climate response to volcanic eruptions has focused on
specific past events. Here, we explore the climate response over a whole range of amplitudes covering (and
exceeding) all events of the last six millennia, by simulating eruptions with 5, 10, 20, 40, 80, and 160 Tg of
stratospheric injected sulfur. Our simulations show a strongly non‐linear relationship between eruption
magnitude and climate response, with temperature and precipitation responding differently. Global mean
surface cooling saturates at 40 TgS, whereas precipitation decreases all the way to 160 TgS.We also find that the
precipitation responds and recovers faster than the temperature, especially for the larger events. Our findings
imply that a severe reduction in precipitation, rather than a dramatic surface cooling, might be the most
important climatic impact associated with very large eruptions.

Plain Language Summary Records from past climates suggest that volcanic eruptions can cool the
Earth and affect rainfall patterns. Most previous studies have focused on individual past eruptions. But, in this
study, we use climate model simulations to look at how the Earth responds to a wider range of volcanic eruption
sizes by simulating progressively larger amounts of sulfur injections into the stratosphere. Our wide range of
eruptions covers all events that occurred in the last 6,000 years. We find that the relationship between eruption
size and climate effects is not straightforward. Cooling of the Earth's surface stops increasing after a certain
eruption size (40 Tg of injected sulfur), but the global rainfall continues to decrease all the way to our largest
eruption size (up to 160 Tg of injected sulfur). We also find that rainfall recovers faster than temperature after an
eruption. This suggests that for very large volcanic eruptions, the most significant impact might be severe
reductions in rainfall, rather than extreme surface cooling.

1. Introduction
Historical and paleoclimatic records have unveiled global impacts of volcanic eruptions on Earth's climate
system (Lamb & Sawyer, 1970; Robock, 2000; Timmreck, 2012). It is well known that large eruptions cause a
global cooling for several years following the events (e.g., Robock & Mao, 1995; Tejedor et al., 2021a).
Additionally, volcanic impacts on precipitation have been suggested, in models and observations, both
globally and regionally (e.g., Gao & Gao, 2024; Gillett et al., 2004; Iles & Hegerl, 2014; Iles et al., 2013;
Tejedor et al., 2021b; Zuo et al., 2019). The associated effects on human societies are of broad interest. Recent
work suggests that severe hydroclimate risks are spatially limited, even after the largest eruptions of the
historical period, yet highlights that volcanic risks warrent carful further investigation (McGraw & Polvani,
2025).

While interest in post‐eruption climates largely arises from purported impacts on human populations of the past
(e.g., Ambrose, 1998; McConnell et al., 2020; Stommel & Stommel, 1979), the only well‐observed climatically
significant eruption events have been smaller than those in popular theories of past climates. Further, given the
rarity of large eruptions, insights on post‐eruption climates have largely been established by jointly examining
historical eruption events of different magnitude, in what is known as a “superposed epoch analysis,” whereby all
the events are averaged together to best bring out the volcanic signal. This method prevents one from determining
how the climatic impacts scale with the magnitude of the eruption, that is, with the amount of sulfur injected into
the stratosphere.
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Fortuitously, climate models can be used to determine this scaling. Performing a sufficiently large ensemble of
simulations for a given eruption magnitude we can separate the volcanic signal from internal variability. And
spanning a broad range of injected sulfur masses allows us to determine the scaling. Two recent studies have taken
this approach with respect to the specific question of whether volcanic aerosols cause winter warming over
Eurasia (Azoulay et al., 2021; DallaSanta & Polvani, 2022). More recently Timmreck et al. (2024) used this
approach to examine the global climate responses to eruptions with injected sulfur masses spanning from 2.5 to
40 TgS with the MPI‐ESM model. The key finding of that study is that both the temperature and precipitation
responses scale linearly with the injected sulfur mass. In contrast, with smaller ensembles of a different model, but
over a broader range from 9 to 1,000 TgS, McGraw et al. (2024) reported that post‐eruption cooling is highly non‐
linear, and saturates somewhere between 50 and 150 TgS.

Building on this work, we here analyze large ensembles of simulations that capture (and exceed) the entire
magnitude range of the last six millennia, by progressively doubling the injected sulfur masses from 5 to 160 TgS.
The largest event of the last 6,000 years is the 1257 CE eruption of Mt. Samalas, with an estimated sulfur injection
of nearly 60 TgS (Sigl et al., 2022; Toohey & Sigl, 2017) and has been linked to widespread famines in Europe
and pestilence in the Middle East (Campbell, 2017; Stothers, 1984). Our largest assessed eruption is 2.5 times
larger than this event, placing it within the plausible mass range of volcanic super‐eruptions (Oppen-
heimer, 2002). As shown below, our analysis confirms the existence of a linear response up to 20 TgS, but reveals
a breakdown of the linear response for 40 TgS and above. In addition we show that while the temperature response
saturates above that level, the precipitation response does not, as the controlling mechanisms change from the
weak to the strong eruptions, as detailed below.

2. Methods
The model used for our simulations is the Goddard Institute for Space Studies (GISS) ModelE2.2, a “high‐top”
version of the NASAGISSModelE earth systemmodel, with well‐resolved stratospheric climate dynamics (Orbe
et al., 2020). The volcanic aerosols in this model are prescribed by reading in aerosol extinction and size pa-
rameters constructed with the Easy Volcanic Aerosol (EVA) forcing generator (Toohey et al., 2016). The
advantage of using EVA is that identical volcanic aerosols can be prescribed across different models, reducing
one source of uncertainty. The key parameter controlling the eruption magnitude is the mass of sulfur injected into
the stratosphere: we choose injection masses of 5, 10, 20, 40, 80, and 160 TgS to cover the entire range of
amplitudes of eruptions since the mid‐Holocene (see Figure 7a of Sigl et al. (2022)). For each magnitude, we
analyze 20 ensemble members to separate the forced response from internal variability. The vertical and lat-
itudinal distributions of the EVA aerosols used in our model can be found in Figure 1 of DallaSanta and Pol-
vani (2022), who originally performed these simulations.

To quantify the climatic impact of these volcanic eruptions, we compare the temperature and precipitation fields
following each event to those of a long control run with no volcanic aerosols. Each forced simulation is paired to
the control run, matching the same years and same initial conditions, to account for low‐frequency natural
variability (DallaSanta & Polvani, 2022). For each simulation, then, the response of any variable is defined as the
difference (Δ hereafter) between the forced simulation and the paired control run. Averaging over all 20 members
for each forcing amplitude yields what we refer to as the “forced response” caused by the eruption (Deser
et al., 2012).

To delve deeper into the mechanism of the precipitation response, we separate the response caused by the colder
sea surface temperature (SST), known as the “slow” response, from the one caused by the SST‐independent
atmospheric adjustments, known as the “fast” response. This separation is widely used to analyze the precipi-
tation response to abrupt CO2 forcing (e.g., Andrews et al., 2010). It was recently extended to the study of the
response to volcanic eruptions by McGraw and Polvani (2024), who found that the global post‐eruption reduction
in precipitation can be separated into a slow component driven by volcanic cooling of the surface that lasts for
several years, and a fast 1–2 year response triggered by volcanic aerosols absorbing and emitting longwave ra-
diation. To compute these two components one needs to perform—for each simulation—a companion run with
volcanic aerosols prescribed in the atmospheric model alone, and with the SST and sea‐ice prescribed from the
corresponding years in the control runs with no volcanic aerosols. The difference in precipitation between the
control run and the prescribed‐SST run with volcanic aerosols gives the SST‐independent precipitation response
to the eruption (the fast response).
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3. Results
3.1. Post‐Eruption Temperature and Precipitation Responses

The global mean surface temperature and precipitation responses to volcanic eruptions, with sulfur emissions
ranging from 5 to 160 TgS, are shown in Figure 1. The time series for temperature (Figure 1a) reveal a pronounced
cooling effect following each eruption, with larger eruptions causing stronger cooling. More interesting, however,
a saturation effect is apparent for the three largest injection masses: note how 40, 80, and 160 TgS injection yield
very similar global cooling. As for the recovery time, we see that even for the smaller injections, the forced
response is non‐zero over the first four post‐eruption years (Figure 1a). As shown in Figure S1 in Supporting
Information S1, it takes 7–10 years for the forced response (solid colored lines in each panel) to vanish, depending
on amplitude.

Turning now to global mean precipitation response (Figure 1b), we notice several differences. First, unlike
temperature, the reduction in precipitation shows no sign of saturation past 40 TgS, with large decreases all the
way to 160 TgS. Second, the recovery rate for precipitation is not the same as for temperature. Notice how the
very large precipitation response decreases rapidly after the first year, unlike the temperature response. And on
longer time scales (Figure S1 in Supporting Information S1), the forced response in precipitation is not a linear
function of time, unlike the temperature response.

It is most important to place these forced responses in the context of internal variability, which is quite large, even
for globally averaged quantities. In each panel of Figure S1 in Supporting Information S1, the two black dotted
horizontal lines represent the ±2σ (standard deviation) of the control run, while the shaded colored area indicates
the spread across each 20‐member ensemble. For simplicity, we will here consider the forced response to be
significant if it lies outside the ±2σ range. In our simulations, neither temperature nor precipitation responses are
significant for the smallest eruptions (5 TgS). Even for 10 TgS eruptions, a mass of injected sulfur roughly
corresponding the one of the 1991 Pinatubo eruption, the temperature response is not significant; and, while the
ensemble‐mean precipitation response exceeds the 2σ line in years 1 and 2 (Figure S1d in Supporting Infor-
mation S1), the time series of individual members (not shown here) is very noisy, and the ensemble spread in-
cludes the abscissa. This supports the finding of Timmreck et al. (2024), who reported that 20 TgS is the threshold
beyond which the response exceeds the range of internal variability.

The substantial differences between the post‐eruption temperature and precipitation, particularly the clear satu-
ration of the temperature but not the precipitation response (Figure 1), suggest that we need to more carefully
examine the non‐linear dependence of these responses on the magnitude of the eruption. This is done in Figures 2a
and 2b where we present the surface temperature and precipitation responses, here averaged over the first 4 years
following an eruption, and as a function of injected sulfur mass. Note that the uncertainty (not shown) was found
to be very small. The solid line shows the forced response and the gray line shows the linear approximation,
calculated using the 20 TgS eruptions as a reference (extrapolating the slope from 5 to 20 TgS, assuming line-
arity). It is clear that both surface temperature and precipitation respond linearly between 5 and 20 TgS, but for
40 TgS and above, the response increasingly deviates from the linear curve.

Figure 1. Time series of global mean (a) surface temperature and (b) precipitation response, averaged over the 20‐member
ensembles, for eruptions of 5–160 TgS amplitude, from the fully coupled model simulations. The dotted line in panel
(b) shows atmospheric energy flux (the right‐hand side of Equation 2).
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Although both precipitation and temperature respond non‐linearly for large enough eruptions, the non‐linearity
manifests itself differently. This difference is illustrated in Figure 2c, where the temperature response is
plotted against the precipitation response, each point corresponding to a different eruption magnitude. Averaging
over the first 4 years following the eruption (solid dots), the temperature and precipitation responses appear
linearly related between up to 20 TgS. However, for eruptions exceeding 40 TgS, the temperature response
saturates while the precipitation response continues to increase, breaking the linear relationship. This behavior is
robust to the averaging interval, and can also be seen using only the first post‐eruption year (empty dots).

When considering the climate response to increasing carbon dioxide (CO2), it is customary to express the
relationship between precipitation and temperature responses as the transient “apparent hydrological sensitivity”
ηa, calculated as the ratio of the response in precipitation ΔP to the response in temperature ΔT (Fläschner
et al., 2016). The time series of ηa, for each eruption magnitude, are shown Figure 2d, with a 3‐month smoothing.
The ensemble mean value of ηa, averaged over the first post‐eruption year, is given in Table S1 in Supporting
Information S1. Note that ηa is very similar for eruptions with 5 and 10 TgS, but becomes progressively larger for
larger eruptions. It is interesting to contrast this behavior with the one under abrupt CO2 forcing, where ηa remains
very nearly constant over a huge range of CO2 increases (Bonan et al., 2024; Raiter et al., 2023).

3.2. Controlling Mechanisms of Temperature and Precipitation Changes

To dig deeper into the reason for the non‐linear behavior of the response with forcing amplitude, we now examine
the net top‐of‐atmosphere (TOA) energy fluxes (FTOA), and their relationship to temperature changes in response
to volcanic eruptions. In the simplest case, one would imagine that the saturation of the cooling response for the
largest eruptions is a simple consequence of the saturation of the effective radiative forcing ΔFTOA, with feed-
backs playing a minor role. That forcing is usually decomposed as follows:

ΔFTOA = ΔFTOA,IRF + ΔFTOA,RA (1)

where ΔFTOA,IRF is the instantaneous radiative forcing due to the presence of the volcanic aerosols, and ΔFTOA,RA
represents the rapid adjustments, that is, the SST‐independent atmosphere changes caused by the eruption that
affect radiative forcing (Sherwood et al., 2015). Both of these are computed from the difference in FTOA between

Figure 2. Ensemble mean, global mean (a) surface temperature and (b) precipitation response, averaged over the first 4 years
after the eruptions; solid lines show the simulated response, and gray lines show the linear approximation based on the
20 TgS case. (c) Global mean surface temperature and precipitation responses, averaged over the first 4 years (black filled
dots) and the first year (empty dots) after the eruption; the size of the dot represents the magnitude of the eruption, from
smallest (5 TgS) to largest size (160 TgS). (d) Time series of the apparent hydrological sensitivity ηa, with a 3‐month
smoothing filter.
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the simulations with volcanic aerosols present and the control simulation: The IRF is calculated in all simulations
using a double radiation call—with and without the volcanic aerosols—and we show the version in the fixed‐SST
simulations. The RA is calculated as the difference between ΔFTOA and the IRF.

First, as seen in Figure 3a, ΔTs (dashed purple) roughly tracks ΔFTOA (solid black) indicating that the saturation of
the temperature response roughly follows from the saturation of the total radiative forcing at TOA (note that we
are not computing radiative feedbacks or ocean heat uptake). Second, from the decomposition in Equation 1
above, it is clear that the instantaneous forcing (orange) dominates over rapid adjustments (blue) for all eruption
amplitudes up to 160 TgS. And, more importantly, it is the instantaneous forcing that saturates, and actually starts
decreasing in magnitude from 80 to 160 TgS. As explained in McGraw et al. (2024), this is due to the increasing
aerosol size for eruptions larger than 20 TgS (explicitly represented in EVA); this dependence of the radiative
forcing on aerosols size is long established (Lacis et al., 1992; Timmreck et al., 2009). In contrast, the radiative
effect from rapid adjustments is negligible for the smallest eruptions, and grows monotonically as the eruption
size increases. Interestingly, for 160 TgS eruptions, the contributions from ΔFTOA,IRF and ΔFTOA,RA are nearly
equal, suggesting that rapid adjustments are important after large eruptions, and could even be the dominant driver
of cooling for super‐eruptions.

Turning now to the global mean precipitation P, we adopt standard energy balance analysis (O’Gorman
et al., 2011):

LΔP ≈ − ΔRATM − ΔSH, (2)

where L is the latent heat of condensation and ΔP is the precipitation response. The term ΔRATM is the change
(with respect to the control run) in column‐integrated atmospheric radiative flux (known as the “radiative
cooling” term); recall that ΔRATM is calculated as the change at the top of the atmosphere minus the change at the
surface. Finally, ΔSH is the change in sensible heat flux.

The accuracy of the energy balance analysis can be seen in Figure 1b. See how closely the dotted lines, repre-
senting ΔP as computed from Equation 2, track the actual the precipitation response (solid lines), even for the
very largest eruptions. Such accuracy was demonstrated by McGraw and Polvani (2024) for 20 TgS eruptions,
and we here show that this approximation remains valid across a wide range of eruption magnitudes.

With this in hand, we next decompose each term on the right Equation 2 into an SST‐mediated and an SST‐
independent component. The latter are obtained from the runs with volcanic aerosols but fixed SST. The SST‐

Figure 3. (a) Radiative forcing and (b) atmospheric energy fluxes, averaged over the first 4 years after a volcanic eruption. In
panel (a), the effect of radiative forcing (black) is decomposed into instantaneous forcing (orange) and the rapid adjustments
(blue), see Equation 1; dashed purple line shows the surface temperature response (note right side axis). In panel (b), the total
energy flux (the right‐hand side of Equation 3) is decomposed into the sea surface temperature (SST)‐mediated part (red, the
first term on the right‐hand side of Equation 5) and the SST‐independent part (green, the second term on the right hand side of
Equation 5), ΔR terms are multiplied by (− 1); the corresponding dashed lines show the actual precipitation from the model
output, multiplied by L.
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mediated components are simply the difference between the fully coupled and the SST‐independent components.
Specifically:

LΔP ≈ − ΔRATM − ΔSH, (3)

≈ − (ΔRATM,SST + ΔRATM,nonSST) − (ΔSHSST + ΔSHnonSST) (4)

≈ − (ΔRATM,SST + ΔSHSST) − (ΔRATM,nonSST + ΔSHnonSST) (5)

≈ LΔPSST + LΔPnonSST (6)

where the subscript “SST” denotes the SST‐mediated component, and the subscript “nonSST” the SST‐inde-
pendent component. All the terms in Equations 3, 5, and 6 are shown in Figure 3b. Note that the black lines are, by
construction, the sums to the corresponding red and green lines.

For the smaller eruptions, the precipitation response (black lines) is dominated by the SST‐mediated component
(green lines), indicating that surface cooling is the main driver of the reduced precipitation. However, as the
eruption size increases, the SST‐independent component (red lines) becomes increasingly significant. For an
80 TgS eruption, both components contribute almost equally to the reduction in precipitation, and for a 160 TgS
eruption, the SST‐independent component becomes dominant. This reversal in the relative importance of the
components highlights a change in the mechanisms driving precipitation responses, and reveals how the non‐
linearity emerges from the weak to the large eruptions. Note that the solid and dashed lines are nearly iden-
tical, indicating that the global mean precipitation response is strongly constrained by the energy balance.

Finally, we again emphasize that the precipitation response does not saturate for very large eruptions, unlike the
temperature response. The decomposition in Equation 6 allows us to understand why. As seen in Figure 3b, the
SST‐mediated component of ΔP does in fact saturate (green), as one would expect from the fact that the SST
cooling saturates beyond 40 TgS. But the SST‐independent component of ΔP continues to increase in magnitude
all the way to 160 TgS. Hence, the continued global drying as eruption magnitude is increased is caused by the
direct radiative effects of the aerosols. This reduction is driven by the aerosols absorbing and emitting longwave
radiation (McGraw& Polvani, 2024), which produces a stratosphere that emits enhanced radiative flux downward
into the underlying troposphere, where it alters cloud and convective processes and in turn inhibits precipitation.
The fact that the global mean precipitation response does not scale with the global mean surface temperature
response for large eruptions is one of the key findings of our study.

3.3. Regional Analysis of the Responses

Finally, to go beyond global mean values, in Figure 4 we present maps of temperature and precipitation responses,
averaged over the first four post‐eruption years. Let us start by examining the temperature response, shown in the
left column for the 20, 40, and 160 TgS cases. Note that the responses for 40 and 160 TgS have been divided by 2
and 8, to bring out the non‐linear character of the response. As one can see, the colors are much more muted for
160 TgS compared to 20 TgS; nonetheless, the area with a statistically significant response is larger for 160 TgS
(for simplicity, we here define the response to be significant if more than 80% of the ensemble members agree on
the sign; using a more common t‐test with 95% confidence level yields a nearly identical figure). Unsurprisingly,
for all eruption magnitudes, the surface temperature response is a cooling nearly everywhere. However, the
Southern Ocean stands out as a region lacking a statistically significant response (notably the Atlantic and Indian
sectors), even for largest eruptions; this is likely related to the transient nature of the forcing, and the ability of the
Southern Ocean circulation to advect the anomaly away from the surface (J. Marshall et al., 2015).

Turning now to precipitation, let us consider the total response shown in the second column (Figures 4b, 4f, and
4j). Note first the very large spatial variance, with both drying and large wetting regions present. This implies that
the global mean value results from large cancellation from these different regions, and hence may not be
representative of regional responses. Second, and more importantly, we emphasize that the regional response is
statistically insignificant almost everywhere for a 20 TgS eruption, which is twice the size of the 1991 Pinatubo
event. And even for a 40 TgS eruption, which is larger than all eruptions of the last several millennia except the
single 1257 Samalas event, the regions with significance are confined to drying bands in the mid‐latitudes.
However, unlike Timmreck et al. (2024), the significant precipitation responses are not confined to the tropics and
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subtropics for the very large eruptions. Third, as for temperature, one can see the non‐linearity in the precipitation
response as the colors are more muted for the scaled 160 TgS eruptions than for 20 TgS.

Fourth, and finally, we highlight large regional cancellation between the SST‐mediated and SST‐independent
components (contrast the third and fourth column). For instance, consider the response to a 20 TgS eruption
over Africa. The SST‐mediated component is a wetting of that continent (opposite to what one might naively
expect to accompany a global cooling), whereas the SST‐independent component is a drying. Surprisingly, it is
the latter component that dominates the total signal, unlike for the global mean precipitation response, which is
controlled by the SST‐mediated component (see Figure 3b). And, to add more complexity, for the very largest
forcing the response in most regions is clearly dominated by the SST‐independent component (note the similarity
between Figure 4j and Figure 4k). Hence, the regional responses are complex, and not necessarily represented by
the global mean response.

4. Summary and Discussions
Our systematic exploration of the climate response to volcanic eruptions over a broad range of magnitudes
spanning all the major events since the mid‐Holocene has yielded several new findings. First, our simulations
confirm the fundamentally non‐linear character of the response for stratospheric sulfur injections larger than
40 TgS, not simply in global mean surface cooling (as reported by McGraw et al. (2024)) but also in precipitation.
Second, we have found that the non‐linear response differs markedly between temperature and precipitation: the
former actually saturates, so that 40, 80, and 160 TgS eruptions cause basically identical global cooling, whereas
precipitation continues to decrease all the way to 160 TgS, albeit at a slower than linear rate. Third, we have
shown that while SST dominates the precipitation response for eruptions up to 40 TgS, the direct radiative
aerosol‐induced warming of the lower stratosphere dominates the precipitation response at 160 TgS. As a
consequence, for the larger eruptions the time scale of the precipitation response is shorter than the time scale of
the temperature response.

Our findings give new insights on potential risks associated with very large eruptions. Unlike surface temperature,
the precipitation response does not saturate with increasing eruption mass, and this could pose the greatest global‐
scale threat after super‐eruptions and other very large volcanic events. Therefore, although there is evidence that
temperature effects of super‐eruptions are limited (McGraw et al., 2024; Timmreck et al., 2009), our findings
suggest a need to probe the existence of exceptional post‐eruption precipitation, and specifically in the first
1–2 years after these extreme events. While the precipitation impacts of large holocene eruptions have been

Figure 4. Scaled maps of ensemble mean surface temperature (first column) and precipitation (second column) response,
averaged over the first 4 years after the eruption, for 20, 40, and 160 TgS eruptions. The sea surface temperature (SST)‐
mediated and SST‐independent components of the precipitation response are in the 3rd and 4th column. Stippling indicates
regions where more than 80% of the ensemble members agree on the sign.
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demonstrated to pose limited threats (McGraw & Polvani, 2025), our new finding gives a basis for potentially far
strongerthreats rom super‐eruptions. We note however, that models disagree on the magnitude of fast precipi-
tation responses to stratospheric aerosols (Ferraro & Griffiths, 2016) and hence, further evaluation is warrented.

While our findings provide valuable new insights into the climate response to volcanic eruptions, we acknowl-
edge several uncertainties that we hope to address in future research. First we emphasize that the poorly con-
strained aerosol size after large eruptions drives considerable uncertainty in the volcanic forcing, which in turn
affects the temperature and precipitation responses (McGraw et al., 2024; McGraw & Polvani, 2025). Addi-
tionally, injection height, location, and season are also potential sources of uncertainty, as different injection
scenarios can lead to varying climate responses (L. Marshall et al., 2019). Finally, we recognize that our study
relies on a single model (GISS ModelE2.2). These caveats highlight the need for multi‐model and large ensemble
approaches to robustly quantify climate responses to volcanic eruptions and ensure more reliable uncertainty
estimates.
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