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Abstract

Volcanic flood basalt eruptions have been linked to or are contemporaneous with major climate disruptions, ocean anoxic events,
and mass extinctions throughout at least the last 400M years of Earth’s history. Previous studies and recent history have shown
that volcanically-driven climate cooling can occur through reflection of sunlight by H2SO4 aerosols, while longer-term climate
warming can occur via COg emissions. We use the Goddard Earth Observing System Chemistry-Climate Model to simulate a
four-year duration volcanic SO2 emission of the scale of the Wapshilla Ridge member of the Columbia River Basalt eruption.
Brief cooling from H2SOy4 aerosols is outweighed by dynamically and radiatively driven warming of the climate through a three

orders of magnitude increase in stratospheric HoO vapor.
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Key Points:
e Volcanic emission of SOz produces warming through climate feedbacks.

e The warming is driven by a three orders of magnitude increase in stratospheric HO
vapor.

e (limate cooling by H>SO4 aerosols persists for less time than the eruption itself.
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Abstract

Volcanic flood basalt eruptions have been linked to or are contemporaneous with major climate
disruptions, ocean anoxic events, and mass extinctions throughout at least the last 400M years of
Earth’s history. Previous studies and recent history have shown that volcanically-driven climate
cooling can occur through reflection of sunlight by HoSO4 aerosols, while longer-term climate
warming can occur via CO2 emissions. We use the Goddard Earth Observing System Chemistry-
Climate Model to simulate a four-year duration volcanic SO emission of the scale of the Wapshilla
Ridge member of the Columbia River Basalt eruption. Brief cooling from H>SO4 aerosols is
outweighed by dynamically and radiatively driven warming of the climate through a three orders
of magnitude increase in stratospheric H>O vapor.

Plain Language Summary

Volcanic flood basalt eruptions are linked to mass extinctions and climate change through Earth’s
history. Using model experiments, we show that a massive release of sulfur dioxide gas, as would
happen in such an eruption, can warm the climate through feedback mechanisms linked to an
increase in stratospheric water vapor.

1 Introduction

Flood basalt eruptions are the largest in Earth’s history by volume of emitted material (Rampino
et al., 1998; Self et al., 2005; Reichow et al., 2009). They have covered vast areas with basalt,
released massive amounts of climatically-relevant gases into the atmosphere, and are nearly
contemporaneous with many of Earth’s mass extinctions or ocean anoxic events (Wignall, 2001;
Courtillot and Renne, 2003; Sobolev et al., 2011). Flood basalts appear common on other
terrestrial worlds in the Solar System (Bond and Sun, 2021; Head et al., 2011; Lancaster et al.,
1995; Jaeger et al., 2010; O’Hara, 2000). Unlike explosive eruptions of stratovolcanoes such as
Toba, Tambora, and Pinatubo that last only for hours to weeks, flood basalt eruptions continue for
years if not millenia (Courtillot and Renne, 2003; Jerram and Widdowson, 2005; Barry et al.,
2010). The climate impact of such eruptions is still being debated in the literature with the cooling
provided by shortwave sunlight reflection from H>SO4 aerosols balanced against the warming
influence of CO» emissions (Self et al., 2005; Schmidt et al., 2016; Self et al., 2006; Black et al.,
2018; Armstrong McKay et al., 2014). Such eruptions have been implicated in producing
“hyperthermal” periods in Earth’s history such as the Permian-Triassic hothouse and the
Paleocene-Eocene Thermal Maximum, but the volume of emitted CO» seems insufficient for such
warming (Bond and Sun, 2021; Gutjahr et al., 2017).

The Columbia River Basalt (CRB) eruption occurred 15-17 Ma in the Pacific Northwest of the
United States (Kasbohm and Schoene, 2018; Reidel, 2015). It is the smallest continental flood
basalt eruption and the most historically recent. It occurred near the Mid-Miocene Climatic
Optimum (MMCO), a globally warm period with possibly enhanced atmospheric CO; levels, and
just before the Mid-Miocene Climate Transition (MMCT), a period of cooling climate and
increasing polar glaciation associated with a significant extinction event (Foster et al., 2012). The
CRB has been proffered as a mechanism to drive either climate warming (as during the MMCO)
or cooling (as during the MMCT) (Schmidt et al., 2016; Hodell and Wodruff, 1994; Kiirschner et
al., 2008; Sosdian et al., 2020). The Wapshilla Ridge member of the Grande Ronde basalt, one
member of the CRB group, was responsible for 20% of the CRB’s emitted volume and may have
emitted up to 300 Gt of SO» into the atmosphere (Kasbohm and Schoene, 2018; Davis et al., 2017
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). For reference, this amount is ~20,000 times the SO, emitted by the eruption of Mt. Pinatubo in
1991 (Bluth et al., 1992). CRB eruptions were likely a mix of explosive events that sent material
high into the upper troposphere and lower stratosphere (~13-17 km altitude) and effusive eruptions
that did not extend above 3 km altitude (Glaze et al., 2017).

Our study examines the climate response to the long duration and massive SO; release by such an
eruption in the Goddard Earth Observing System Chemistry-Climate Model (GEOSCCM). A
model such as GEOSCCM is needed to self-consistently model the conversion of SO> to H2SO4
aerosols, the radiative response to those aerosols, and the dynamical response to the eruption.
Using the Wapshilla Ridge member of the CRB eruption as a template and scaling by 1/10, we
emit 30 Gt of SO into the model over four years through a 80%/20% mix of explosive and effusive
eruptions, respectively (Davis et al., 2017, Fig. S1). We use a pre-industrial atmosphere with a
fixed concentration of 280 ppm of CO,, levels of ozone-depleting substances appropriate for the
year 1850, and otherwise modern surface boundary and initial conditions to isolate the climate
response to the SO; release through an eruption simulation and a baseline simulation without it.
SO, is not radiatively active in the model.

2 Materials and Methods

We conduct two Goddard Earth Observing System Chemistry Climate Model (GEOSCCM)
simulations for this work. The first is a baseline simulation without addition of volcanically-
sourced SO». The second is the volcanic eruption scenario that releases SO; at model gridpoints
in eastern Washington state and Oregon (corresponding to the CRB vents) following the volcanic
eruption scenario detailed below. Both simulations run for 20 years. The simulations use
modern initial and boundary conditions with a pre-industrial atmosphere. The atmosphere has a
fixed CO» concentration of 280 ppm and ozone-depleting substances at levels appropriate for the
year 1850. SO;is radiatively inert in the model.

2.1. Goddard Earth Observing System Chemistry Climate Model (GEOSCCM)

We use the GEOSCCM, which couples a general circulation model (Rienecker et al., 2008; Nielsen
et al., 2017) with dynamic ocean and sea ice modules (Aquila et al., 2021) and a comprehensive
Global Modeling Initiative (GMI) stratosphere-troposphere chemical mechanism (Duncan et al.,
2007; Strahan et al., 2007), to assess the atmosphere-ocean-chemistry coupled response to a CRB-
type volcanic perturbation. The model is integrated with the GOddard Chemistry, Aerosol,
Radiation, and Transport (GOCART) bulk aerosol module (Colarco et al., 2010), to simulate
aerosol evolution and transport and its effect on radiation.

The GMI chemical mechanism includes 117 species, 322 chemical reactions, and 81 photolysis
reactions. The SMVGEAR I algorithm (Jacobson et al., 1995) is used to integrate the chemical
mass balance equations. The mechanism includes a detailed description of O3-NOx-hydrocarbon
chemistry, which is described in (Duncan et al., 2007). In order to better understand the feedbacks
to climate these simulations used a dynamic ocean, from the Modular Ocean Model, Version 5
(MOMYS) (Griffies et al., 2005; Griffies et al., 2012), and the Los Alamos Sea Ice Model (CICE)
(Hunke et al., 2008). The simulations used a horizontal resolution of 1° longitude by 1° latitude in
the atmosphere and ocean components. The atmosphere has 72 vertical levels from the surface to
~80 km and the ocean component has 50 layers down to a depth of 4,500 m.

2.2. Columbia River Volcanic Eruption Scenario
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Our Columbia River Flood Basalt eruption scenario is informed by the eruption dynamics of the
Wapshilla Ridge Member of the Grande Ronde Basalt Group within the CRB. As the Wapshilla
Ridge Member represents the largest flow unit of the Grande Ronde, which in turn was the largest
phase of the CRB, this simulated eruption provides a high-end view of the short-term climate
effects produced by the CRB. Total erupted SO, of the Wapshilla Ridge was likely 300 Gt
(Kasbohm and Schoene, 2018; Davis et al., 2017) and thermal modeling informed by geothermal
alteration of host rocks near Wapshilla vents provides an eruption duration of as low as 4 years
(Davis et al., 2017). Assuming that the Wapshilla Ridge was formed through multiple eruptive
episodes (e.g., Davis et al., 2017), our scenario erupts one-tenth of the total estimated SO> mass,
30 Gt, over 4 calendar years. Around 20% of the SO» delivered to that atmosphere during this
eruptive phase passively outgassed from the lava flow itself, with the remaining 80% directly
vented from the fissure. Following (Glaze et al., 2017), we assume that the Wapshilla fissure vents
periodically erupted SO into the Upper Troposphere-Lower Stratosphere (UTLS) from 13-18 km
altitude. We deliver the final 20% of the gas to the Planetary Boundary Layer (PBL) and lower
troposphere (<3 km altitude). To minimize seasonal effects, UTLS injections of SO, are divided
into 4 discrete “eruptions” per year, equally spaced over each calendar. PBL injections, however,
are constant.

3 Results

The initial response to the eruption is rapid cooling, particularly focused over northern hemisphere
continental areas (Fig. 1). Global mean temperatures cool by 2-3 K in the first two years following
the eruption. However, July and August monthly mean temperatures over northern hemisphere
continents are 10-30 K colder than a baseline simulation (Fig. S2). The coldest temperature
anomalies are in central and southwest Asia. Southern hemisphere continents experience more
modest cooling in the first two years, but still experience temperatures 5-15 K below a baseline
simulation, with the coldest area relative to normal in central South America south of the Amazon
basin. Most of Antarctica’s surface area warms 2-8 K, however. By the first northern hemisphere
winter following the beginning of the eruption, these cold temperature anomalies are reversed and
8-15 K warm anomalies blanket the Arctic, Siberia, and north-central North America. Some 5-15
K cold anomalies remain over Australia, South Africa, and Argentina, but they are small in area
relative to northern hemisphere summer. This winter warming and summer cooling is a well-
known response to other volcanic eruptions, including Pinatubo (Kirchner et al., 1999). The
summer cooling is a direct response to the reduction in incoming solar radiation by the volcanic
aerosols, while the winter warming is a dynamically indirect response to a strengthened winter
stratospheric polar vortex (Kirchner et al., 1999). This is true in our simulation as well with an
extremely cold stratospheric winter polar vortex throughout the eruption years and for several
years after. In fact, the stratospheric winter polar vortex sees temperatures as low as -158 to -
168°C, cold enough to condense CO> (although such physics are not included in GEOSCCM).
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Fig. 1. Zonal mean temperature change of the eruption simulation relative to a baseline. (A)
Zonal mean temperature change (K) of the eruption simulation relative to a 20-year average of a
baseline simulation as a function of time and (B) the zonal mean temperature change over
continental areas only. The vertical dashed line represents the end of the eruption.

The cooling response to large volcanic eruptions is well-known in the literature and in modern
history (Schmidt et al., 2016; Self et al., 2006; Black et al., 2018; Kirchner et al., 1999; Stoftel et
al., 2015; Robock, 2000). SO, is rapidly and efficiently converted to H>SO4 aerosols, which are
optically reflective and scatter incoming solar shortwave radiation back to space (Robock, 2000).
Indeed, the volume of emitted SO is so large that the global area-weighted H>SO4 550 nm aerosol
optical thickness (AOT) exceeds 40 at the end of the first year following the start of the eruption.
At the conclusion of the eruption in year four, global mean AOT reaches almost 220 (Fig. S3).
The thickest aerosol layer remains concentrated in the northern hemisphere throughout the
eruption and extends throughout the troposphere and stratosphere. Even the northern hemisphere
surface atmosphere has part-per-million (ppm) level HoSO4 aerosol mixing ratios with the
maximum aerosol concentrations occurring at 200 hPa.

This extremely opaque aerosol layer radically alters the planet’s net radiative budget (Fig. S4, S5).
It drives a 140-150 W/m? reduction in surface downward shortwave radiation flux and a somewhat
larger (180 W/m?) decrease in planetary outgoing longwave radiation. Concurrently, there is a
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brief 35% reduction in global cloud cover (Fig. S5) with a nearly order-of-magnitude reduction in
precipitation rate (Fig. S6). Past research has also implied that large volcanic eruptions reduce
monsoon intensity in the northern hemisphere (Zambri et al., 2017). Our eruption simulation
similarly sees a drastic reduction of Indian and southeast Asian monsoon precipitation (and
throughout the northern hemisphere summer intertropical convergence zone) during the eruption
and for 4-6 years after, before a multiyear period with enhanced monsoon precipitation coinciding
with the warmest global temperature anomalies (Fig. S7). We also see dramatically increased
precipitation in South America, particularly the Pacific coast of Ecuador and Peru.

Despite the initial near-surface cooling, the very thick H>SO4 aerosol layer efficiently absorbs
longwave radiation from the surface (Kirchner et al., 1999) and warms the troposphere and
stratosphere. Tropical (20°S-20°N) temperature profiles warm through the troposphere and
become more stable. However, this warming also completely eliminates the tropical tropopause—
the atmosphere’s cold trap for water vapor. Tropical tropopause temperatures warm by as much
as 60 K and this occurs rapidly following the initial months of the eruption, even while the surface
and lower troposphere are still cooling (Fig. 2). Indeed, during and continuing for almost four
years after the end of the eruption, there is no tropical temperature inversion in monthly mean
vertical temperature profiles. Despite a less convectively unstable vertical temperature profile, the
complete lack of a temperature inversion allows water vapor to flood into the stratosphere. Starting
almost immediately after the eruption begins, stratospheric water vapor levels increase by up to
three orders-of-magnitude (Fig. 3), reaching part-per-thousand mixing ratios, neatly following the
Clausius-Clapeyron relation for such a temperature change in the upper troposphere and
stratosphere.
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Fig. 2. Vertical temperature profile response to the eruption. (A) Zonal mean vertical
temperature (K) profile in the tropics (20°S-20°N) of the eruption simulation as a function of time
and pressure and (B) the change in the vertical temperature profile relative to a baseline simulation.
The vertical dashed line represents the end of the eruption.

It is this change to stratospheric water vapor mixing ratios that is responsible for the subsequent
climate warming. Rather than having a strengthening net cooling response due to the increasing
aerosol optical thickness over the four years of the eruption, downward longwave flux from this
stratospheric water vapor counteracts the reduction in surface shortwave flux. This water vapor
provides 50 W/m? of downward longwave flux at the surface when the stratospheric water vapor
mixing ratio is maximized. This causes global mean surface temperatures to return to those of the
baseline simulation prior to the end of the eruption, late in the fourth year of the simulation. Global
temperatures continue to warm well past the end of the eruption, peaking nearly four years later
with global mean surface temperature anomalies of +5-6 K (Fig. 1). At this point, typical
seasonality also returns to global mean temperatures with an annual minimum in northern
hemisphere winter and maximum in northern summer.
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Fig. 3. Stratospheric water vapor increases as a result of the eruption. (A) Factor change in
the zonal mean specific humidity at the 90 hPa pressure level in the eruption simulation relative to
the baseline simulation as a function of time and (B) the same at the 190 hPa pressure level.
Locations with 100 and 1000 times the specific humidity of the baseline simulation are indicated
within the solid black contours. The vertical dashed line represents the end of the eruption.

As was the case with the initial global cooling following the eruption, the subsequent climate
warming is regionally variable. The combination of the downwelling longwave from the increased
stratospheric water vapor and the very cold and consolidated stratospheric winter polar vortex
drives 15-30 K warm anomalies in January in northern North America and Siberia four years after
the eruption ends (Fig. 1, Fig. S8). In July of simulation year 8, +10-20 K anomalies occurred on
all continents with widespread +20-25 K in Antarctica. Nearly all continental areas on the planet
have warmer than normal temperatures for years 5-13 of the simulation (1-9 years after the
eruption ends). Continental areas with extreme heat (monthly mean temperatures >40°C) are
dramatically expanded. In January of simulation year 8, such areas occur throughout the Amazon
basin, south central South America, central and southern Africa, and much of central Australia.
Monthly mean temperatures in some areas (the Amazon and east-central Australia) reach 49°C.
July mean temperatures equal or exceed 40°C for the Sahara, the Arabian peninsula, and northwest
portions of the Indian subcontinent, with extreme monthly mean temperatures >55°C in southwest
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Asia (Fig. S8). Even central North America has a small area with monthly mean temperatures of
40°C in July of simulation year 8.

Faster atmospheric circulation (limiting formation), removal of the tropical tropopause, and
subsequent moistening and cooling of the stratosphere produces massive ozone destruction. Our
simulations were conducted with a pre-industrial atmosphere, hence there is no anthropogenic
chlorine to catalyze ozone destruction. Global ozone loss averages 185 Dobson units (DU) during
simulation years 3-11, with middle and high latitude ozone loss exceeding 300 DU during winter
(Fig. S9).

Ocean circulation changes as well, with a general global slowing of near-surface current patterns.
The major currents of the northern hemisphere such as the Gulf Stream and Kuroshio are slowed
by 0.2-0.4 m/s, while the entire North Pacific gyre is displaced southward which weakens the north
equatorial current. The Antarctic Circumpolar current and the East Australian Current are least
impacted, but also see modest (~0.1 m/s) slowing. Reduced precipitation over continental areas
leads to reduced freshwater river discharge and salinification of the Arctic, North Atlantic, and
North and West-Equatorial Pacific oceans.

Despite these volatile changes to planetary climate during and following the eruption, conditions
return to or near pre-eruption by 11-16 years after the eruption ends. The H2SO4 aerosol is
removed even faster, and is completely gone from the atmosphere four years after the end of the
eruption (Fig. S2). Global surface temperatures return to within a few degrees of the baseline
simulation (Fig. 1), stratospheric water vapor mixing ratios return to ~3 ppm (Fig. 3), and the
ozone layer recovers (Fig. S9).

4 Discussion and Conclusion

With SO, emissions alone, our results support the CRB eruption as an agent that helped drive the
warm temperatures of the MMCO. Existing climate studies of the middle Miocene have had
trouble reconciling geological proxy evidence of warm global temperatures (~3°C above present)
with those of high, but not excessive CO, abundances (~350-400 ppm) (Tong et al., 2009; You et
al., 2009; Goldner et al., 2014; Henrot et al., 2010; Burls et al., 2021). Those studies have often
suggested changes in continental topography and albedo as well as ocean circulation differences
(associated with the open Central American and East Tethys Seaways (Henrot et al., 2010; Herold
et al., 2011)) as additional agents of climate warming. The literature suggests that up to 2°C of
warming is possible through the use of Miocene-appropriate surface and boundary conditions
alone (Burls et al., 2021). Our study did not aim to directly reproduce Miocene climate as we used
modern pre-industrial boundary conditions. Still, the warmth produced by SO> emissions from
the CRB eruptions, concentrated most strongly in the northern hemisphere continents and oceans,
could help to reconcile insufficiently low global CO> levels with regionally-variable climate
responses. Periodic eruptions of the CRB, which may have been phased over thousands or even
millions of years (Kasbohm and Schoene, 2018), would have helped generate this intermittent
warming response driven by stratospheric water vapor increases. Presumably (although further
simulations are needed to confirm), the addition of CO. emissions would only enhance this
warming and possibly help mitigate the initial cooling response seen in our eruption simulation.

Indeed, thermal maxima or hyperthermal events have occurred concurrently or near in time to
several flood basalt eruptions/large igneous province emplacements through Earth’s history.
These include the Permian-Triassic, Paleocene-Eocene, and others and have been linked to major
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eruptions such as the Siberian Traps and North Atlantic Igneous Province, respectively (Bond and
Sun, 2021; Gutjahr, 2017). As with the MMCO and CRB, a great deal of CO; is necessary to match
paleotemperature proxies from these events, and there remains a dispute if sufficient CO> was
emitted to explain these warm climates (Sobolev et al., 2011; Self et al., 2006; Armstrong McKay
et al., 2014). Black et al. (2018) modeled the Siberian Trap eruption climate impact and found
swings in climate between cooler sulfur-dominated periods and longer warm carbon-dominated
periods, however they did not include sulfur aerosol radiative heating which precluded the
tropopause warming that let water vapor flood into the stratosphere in our simulation. While our
results are consistent with sulfur emissions producing short-duration climate responses, we show
that sulfur alone can initiate climate warming, that is more intense and longer-lasting than the brief
cooling from shielding of shortwave radiation by sulfate aerosols, through the dynamical and
radiative response to stratospheric water vapor increases.

Our simulations thus challenge previous work that showed substantial decade-long climate cooling
from sulfur emissions (and hence sulfate aerosols) alone (Schmidt et al., 2016; Self et al. 2006).
The brief cooling we do see in the simulation within the first 1-3 years also does not increase land
or sea ice cover in a way that suggests sulfate aerosol cooling could initiate a positive feedback
with glaciation. North polar sea ice is above normal in area and does not exhibit seasonal melting
during the first 4 years of the simulation, but drops below normal for several years after the
eruption before then recovering. Similarly, widespread continental snow cover persists year-round
for much of northern Canada and Siberia during the eruption and immediately after, which would
tend to support glacial growth. However, the subsequent climate warming melts that snow cover
within ~3 years after the end of the eruption and eliminates that nascent development before it
could possibly reinforce the cooling through feedback processes.

These rapid climate variations would present challenges to the biosphere. The very high
continental summer temperatures would stress mammals with areas of >31°C wet bulb globe
temperatures expanded accordingly beyond baseline conditions. The likely fatal threshold of 35°C
wet bulb globe temperature for mammals is not exceeded anywhere on a monthly mean basis,
although transient periods with that level are possible (Sherwood et al., 2010). The increase and
then subsequent decrease in sea ice, coupled with a lack of seasonality could disrupt those
ecosystems dependent on sea ice. The ozone destruction would tend to increase surface ultraviolet
flux, but the presence of the HySO4 aerosol layer, at least partially, ameliorates that threat. The
Siberian Traps eruption may have produced massive ozone destruction, primarily through the
concurrent emission of chlorinated species, which led to mutations among palynomorphs (Beerling
et al., 2007).

Mass extinctions and ocean anoxic events are closely correlated with flood basalt eruption/large
igneous province emplacement through the last 400 Ma of Earth’s history. During the Miocene, a
comparatively modest extinction event occurred, often termed the “Middle Miocene disruption”
(Rapu et al., 1986). It followed the MMCO and was concurrent with the cooling of the MMCT.
Given our results, it seems more plausible that other factors following the CRB eruption (e.g., the
drawdown of CO, and the end of transient additional warming through the response to SO»
emissions) were proximate to the extinction, rather than cooling driven by volcanic aerosols from
the CRB eruptions. However, most of the past extinctions associated with flood basalt eruptions
are believed to be due to associated climate warming (Reichow et al., 2009; Wignall, 2001,
Courtillot and Renne, 2003; Sobolev et al., 2011; Bond and Sun, 2021). Indeed, past mass
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extinctions are correlated with >5.2°C temperature increases, which our eruption simulation briefly
exceeds (Song et al., 2021).

The amount of water vapor in the stratosphere is a key metric for evaluating the evolution of any
terrestrial planet. Kasting et al. (1993) found a moist greenhouse limit of 3 parts-per-thousand
volume mixing ratio of H>O vapor in the stratosphere based on diffusion-limited calculations of H
loss to space. Various three-dimensional climate models have found similar results with warm
(>320 K) surface temperatures (Wolf and Toon, 2015; Way et al., 2018; Popp et al., 2015) for a
rapidly-rotating planet like Earth, although that result is not uniform across all models (Leconte et
al., 2013). As the stratospheric water vapor mixing ratio in our eruption simulation exceeds this
threshold, our results point toward volcanically-induced transient moist greenhouse conditions
during major flood basalt eruptions. While planetary water loss through high altitude
photodissociation and escape may never have been a problem for Earth, that process is ongoing
for Mars and Venus. The role of volcanism in the evolution of climate and planetary water
inventory for both worlds is much debated (e.g., Solomon et al., 1999; Halevy and Head, 2014,
Kerber et al., 2015) and the possibility of exceeding the moist greenhouse limit during and
following major eruptions suggests possibly counteracting results. While a major eruption could
lead to periods of climate warmth for, e.g., early Mars, it may have also accelerated planetary water
loss by increasing the amount of water vapor at high altitudes that is more susceptible to
photodissociation and escape of hydrogen. Interestingly, (Bardeen et al., 2017) found similar
stratospheric moistening and ozone destruction while simulating the climate impacts of a major
asteroid impact and ejection of ~15 Tg of soot into the atmosphere due to the subsequent global
fires, as well as a comparable ~15 year duration to return to pre-event climate conditions.

Increases in stratospheric water vapor following volcanic eruptions has been measured after
Pinatubo and modeled for larger eruptions (Robock et al., 2009; Loffler et al., 2016; Joshi et al.,
2003). But the short duration of such eruptions prevents the removal of the tropical tropopause as
was seen in our simulation, and avoids a greater moistening of the stratosphere. Our results imply
that the long duration of flood basalt eruptions drives unique climate responses that do not occur
from classic stratovolcano eruptions such as Pinatubo, Toba, and Tambora. The long duration and
massive quantity of SO> emitted over years drives circulation responses that are ultimately more
impactful to the climate than the simple radiative response to the HoSO4 aerosols. Ultimately, the
difference in e-folding time in the removal of H2SO4 aerosols and that of the stratospheric water
vapor is a key metric. The sulfate aerosols are removed faster than water vapor from the
stratosphere, which allows the warming effect of the water vapor to dominate and persist longer
than the cooling provided by sulfate aerosol. Cooling from sulfate aerosols in our simulation
persists no longer than the eruption itself due to this fundamental difference in removal timescales.
This suggests that the “volcanic winter” (analogous to “impact winters” (Vellekoop et al., 2014))
paradigm of long-duration cold and darkness in response to massive flood basalt eruptions should
be reconsidered, and that any cooling is brief (although perhaps regionally intense) before a more
significant and long-duration warm response.
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