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ABSTRACT

An undersea volcano at Hunga Tonga-Hunga Ha'apai (HTHH) near the South Pacific island nation of Tonga, erupted
violently on 15 January 2022. Potential climate impact of the HTHH volcanic eruption is of great concern to the public;
here, we intend to size up the impact of the HTHH eruption from a historical perspective. The influence of historical
volcanic eruptions on the global climate are firstly reviewed, which are thought to have contributed to decreased surface
temperature, increased stratospheric temperature, suppressed global water cycle, weakened monsoon circulation and El
Nifio-like sea surface temperature. Our understanding of the impacts of past volcanic eruptions on global-scale climate
provides potential implication to evaluate the impact of the HTHH eruption. Based on historical simulations, we estimate
that the current HTHH eruption with an intensity of 0.4 Tg SO, injection will decrease the global mean surface temperature
by only 0.004°C in the first year after eruption, which is within the amplitude of internal variability at the interannual time
scale and thus not strong enough to have significant impacts on the global climate.
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An undersea volcano at Hunga Tonga-Hunga Ha'apai (HTHH), which is located near the South Pacific island nation of
Tonga, erupted violently on 15 January 2022, putting the entire Pacific rim on a tsunami watch. China’s Fengyun-4B (FY-
4B) satellite operated by the China Meteorological Administration captured the eruption and is continuously monitoring the
westward diffusion of volcanic ash clouds afterward (Fig. 1). Satellite measurements of the vertical profile of the aerosols
show that the volcanic ash has reached an altitude of 30 kilometers, which is deep into the stratosphere.

The active HTHH volcano is located at 20.536°S, 175.382°W. It has erupted many times since 1912. An eruption in
2014 created a new island between the Hunga Tonga and Hunga Ha'apai Islands. After this latest eruption on 15 January
2022, most of the combined island was destroyed, and the ashfall and tsunami damaged all the islands of Tonga during the
following days. According to the sulfur dioxide (SO,) data covering most of the volcanic cloud, the total stratospheric SO,
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Fig. 1. The FY-4B satellite captured the eruption of the Hunga Tonga-Hunga Ha'apai (HTHH) volcano (left);
monitoring the diffusion of volcanic ash clouds by the FY-4B satellite from 1545 to 2100 LST (Local Standard Time,
LST=UTC+13 hours) on 15 January 2022 (right) (Provided by the National Satellite Meteorological Center of
China).

mass was ~0.4 Tg (terrogram) (from the TROPOMI satellite-based measurements of SO, concentrations in the atmosphere,
https://s02.gsfc.nasa.gov/tropomi_2019_now.html#2022). Whether the eruption of the HTHH volcano will slow down the
anthropogenic global warming tendency is of great concern to the public; here we expect to size up the impact of recent
HTHH volcanic eruption from a historical perspective.

The SO, injected into the stratosphere after volcanic eruptions is oxidized and converted to sulfate aerosols with an average
residence time of 1-2 years, which would reduce the surface downward shortwave radiation and absorb the near infrared
and outgoing longwave radiation, resulting in decreased surface temperature and increased stratospheric temperature
(Robock, 2000). Changes in radiation further influence the climate system through dynamic processes, such as a suppressed
global water cycle (Robock, 2000; Timmreck, 2012), anomalous winter Eurasian warming (Robock, 2000; Stenchikov et al.,
2002), an El Nifio-like sea surface temperature response (Zuo et al., 2018; Sun et al., 2019a), and weakened monsoon circulation
(Man et al., 2012, 2014; Man and Zhou, 2014; Liu et al., 2016).

As the largest volcanic eruptions during the last 500 years, the eruption of Mount Tambora in Indonesia (8.2°S,
118.0°E) (Volcanic Explosivity Index, VEI=7, Newhall and Self, 1982) in April 1815 caused the so-called “Year Without a
Summer” in 1816 over many parts of the world (Raible et al., 2016; Gao et al., 2017). A reduction in annual mean surface
temperature over the tropics and Northern Hemisphere by 0.4°C—-0.8°C has been estimated from proxy data (Wilson et al.,
2007; D'Arrigo et al., 2009; Crowley et al., 2014). At the regional scale, Europe witnessed a more than 2°C colder climate
(Raible et al., 2016). The annual mean surface temperature over Asia decreased by ~0.7°C, which was associated with
increased droughts and famines (Gao et al., 2017). During the instrumental period, the eruption of Mount Pinatubo (VEI=6)
in 1991 caused a decrease in global mean surface temperature by ~0.2°C—-0.3°C in the following 2 years (Stenchikov et al.,
2002). However, the SO, emissions of both eruptions, i.e., 20 Tg for 1991 Pinatubo and 53—-58 Tg for 1815 Tambora, were
far greater than the 0.4 Tg for the current emissions of the HTHH eruption (Bluth et al., 1997; Self et al., 2004).

The impact of a single volcanic eruption on the surface climate is generally limited to less than 5 years, and most evident
in the following 1-2 years. The surface temperature generally returns to normal gradually as the volcanic aerosols dissipate;
therefore a single volcanic eruption is not enough to change the long-term climate trend, unless there are clusters of volcanic
eruptions that can persist through centuries as supposed for the Little Ice Age (Zhou et al., 2011a, b). Due to the limitation
of observations, investigations on the impact of historical volcanism on climate rely heavily on proxy data and climate model-
ing. Analysis of past millennial climate simulations and comparison to reconstructions found global mean surface cooling dur-
ing the following 2—-3 years after major volcanic eruptions, with a stronger magnitude over land (Timmreck, 2012; Man et
al., 2014; Paik and Min, 2017). In the Arctic region, however, cooling can even last for 16 years after strong volcanic eruptions
due to sea ice feedbacks (Miller et al., 2012; Liu et al., 2020a, 2021). In addition to the thermal cooling effect related to atmo-
spheric dimming, the dynamical effect also works in modulating regional climate. For example, over northern Eurasia and
North America, winter warming is significant during the following two years after volcanic eruptions, as a result of a strength-
ened polar vortex related to an increased stratospheric meridional temperature gradient (Stenchikov et al., 2002; Zambri et
al., 2017; Liu et al., 2020b; Xing et al., 2020).

In addition to temperature changes, global precipitation, which decreased significantly after major volcanic eruptions
(Robock, 2000; Iles et al., 2013; Barnes et al., 2016), is associated with a suppressed water cycle, decreased surface runoff
and fresh water resources (Grinsted et al., 2007; Iles and Hegerl, 2015; Liu et al., 2018a). The precipitation response to volcanic
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Fig. 2. Schematic diagrams of the precipitation responses to volcanic eruptions at different latitudes. Precipitation
(shading) and low-level circulation (vectors) anomalies over monsoon regions in the first local summer following (a)
Northern Hemisphere (NH), (b) tropical (TR), and (c) Southern Hemisphere (SH) volcanic eruptions. Increased and
decreased precipitation are denoted by green and brown colors, respectively. The orange ellipses represent eastern
Pacific warming. [Reprinted from (Zuo et al., 2019a)].

aerosol forcing is not uniform globally, with the precipitation over monsoon regions decreasing after tropical volcanic erup-
tions, whereas the arid regions become wetter (Figs. 2b and 3b). Such spatial response patterns are affected by both thermody-
namic processes related to specific humidity changes and dynamic processes related to atmospheric circulation changes
(Ilesetal., 2013; Zuo et al., 2019a, b). Over the densely populated East Asian monsoon regions, the decreased land—sea thermal
contrast post-tropical volcanic eruptions weakened the monsoon circulation, resulting in decreased precipitation and
increased drought events (Shen et al., 2007; Peng and Xu, 2009; Peng et al., 2010; Man et al., 2014; Chen et al., 2020; Zhuo
et al., 2020; Gao et al., 2021). The response of extreme precipitation to volcanic eruptions is similar to the mean precipitation
in sign, but with higher percentage changes (Paik and Min, 2018; Zuo et al., 2019a).

In comparison to tropical volcanic eruptions, high-latitude eruptions have characteristically different impacts on the
global climate. Reconstructions and model simulations reveal that volcanic eruptions in one hemisphere can enhance
(reduce) global monsoon precipitation in the other (same) hemisphere (Liu et al., 2016; Zuo et al., 2019a; Sun et al., 2020;
Figs. 2a and c). Such a cross-hemisphere impact is also seen on regional scales (Haywood et al., 2013; Zhuo et al., 2014).
Numerical modeling evidence suggests that the increased monsoon precipitation by the remote volcanic forcing is mainly
caused by the enhanced cross-equator flow (Zuo et al., 2019a; Fig. 2).
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Fig. 3. Schematic diagrams of the precipitation responses to volcanic eruptions at different latitudes. Precipitation
(shading, green color represents a positive response) and low-level circulation (vectors) anomalies over arid regions
in the first local summer after (a) Northern Hemisphere (NH), (b) tropical (TR), and (c) Southern Hemisphere (SH)
volcanic eruptions. The purple and blue ellipses denote the different magnitudes of surface cooling. [Reprinted from
(Zuo et al., 2019b)].

Large eruptions of volcanoes can even alter the ocean state. El Nifio-like warming over the tropical Pacific appears
after large volcanic eruptions in both reconstructions and model simulations. The eastern Pacific favors a warm anomaly in
the first winter after volcanic eruptions (Adams et al., 2003; Liu et al., 2018b; Zuo et al., 2018; Fig. 4) as a result of westerly
anomalies over the western-to-central equatorial Pacific (Zuo et al., 2018; Chai et al., 2020), and turns to La Nifia in the second
year (Zuo et al., 2018; Sun et al., 2019b). The El Nifio-Southern Oscillation (ENSO) responses to volcanic eruptions critically
depend on the pre-eruption Pacific SST conditions (Liu et al., 2018c, 2020b; Predybaylo et al., 2020; Zuo et al., 2021).
Under ENSO neutral and warm phase initial conditions, the Pacific favors an El Nifio-like anomaly after volcanic eruptions,
while La Nifia-like sea surface temperature anomalies tend to occur following eruptions under ENSO cold phase initial condi-
tions, which would further modulate monsoon precipitation changes (Zuo et al., 2021).

Climate projections are crucial to policy-making processes for climate change adaptation and mitigation activities
(Zhou, 2021). However, episodic volcanic eruptions are not considered in the design of future climate scenarios due to their
unpredictability. Numerical simulations reveal that the inclusion of volcanic eruptions in future projections would suppress
the projected increase in monsoon precipitation and enhance climate variability (Bethke et al., 2017; Man et al., 2021).

A review of past volcanic eruptions is expected to help us predict the future impact. Then, how much would the HTHH
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Fig. 4. Longitude-time sections of the sea surface temperature (°C) and 850 hPa zonal wind anomalies (m s~!) along the
equatorial region (10°S—10°N) from March of the eruption year to November of three years after (a) Northern Hemisphere
(NH), (b) tropical (TR), and (c) Southern Hemisphere (SH) volcanic eruptions based on the CESM Last Millennium
Ensemble simulations. [Reprinted from (Zuo et al., 2018)].

eruption affect the global climate? The impact of volcanoes erupting in the Southern Hemisphere (20.5°S) would be different
from those erupting in the Northern Hemisphere (such as El Chichén in 1982, 17.36°N) and from those in the tropics (such
as Agung in 1963, 8.34°S) due to the different spatial distributions of stratospheric sulfate aerosols (Zhuo et al., 2021). It is
difficult to accurately estimate the impact of the HTHH eruption based on historical data since there are few similar southern
volcanic eruptions among the observations; fortunately, climate model simulations driven by large southern volcanic eruptions
in the last millennium provide a reference. Here, we first reveal the significant correlation between the intensity of 70
selected volcanic eruptions during the last millennium and the global mean surface temperature response in the first post erup-
tion year based on CESM Last Millennium Ensemble (LME) simulations (Otto-Bliesner et al., 2016). A quasi-linear relation-
ship is seen between the magnitude of surface cooling and the volcanic intensity (Fig. 5a). We further selected six large tropical
eruptions for model simulations and scaled their surface temperature responses to the intensity of Mount Pinatubo in 1991
(20 Tg injection of SO,) (Fig. 5b). We found that the scaled result based on model simulations were similar to the observations
in terms of spatial distribution and global mean temperature responses (Fig. 5¢), which adds fidelity to the scale method. To
estimate the potential impact of the HTHH eruption on global surface temperature, we further linearly scaled the surface tem-
perature anomaly after large southern volcanic eruptions according to the intensity of 0.4 Tg SO, injection (Fig. 5d). The
results show that the global mean surface temperature will decrease by only 0.004°C in the first year after the HTHH erup-
tion. The cooling in the Southern Hemisphere is stronger than that in other parts of the world, with the strongest cooling of
more than 0.01°C in parts of Australia and South America. The cooling over most parts of China is less than 0.01°C. Hence,
the current eruption of the HTHH volcano is not strong enough to overwhelm the global warming tendency or to have significant
impacts on the global climate.

In addition, Zhang et al. (2022) recently estimated a reduction in global mean surface air temperature by approximately
0.0315°C —0.1118°C in the next 1-2 years after the eruption of HTHH volcano. While the study provides a useful generalized
framework that can quickly assess the impact of volcanic eruptions on global mean surface temperature based on a simplified
radiation equilibrium model, the study may overestimate the temperature response to the HTHH eruption for the following
reasons: (1) As a southern hemispheric volcano, the impact of the HTHH volcano would be mainly confined to the Southern
Hemisphere and the tropics, with less impact on the Northern Hemisphere, leading to weaker global cooling than those of
the Northern Hemisphere or tropical volcanoes. (2) They used the best estimate of the climate sensitivity parameter
[-0.862°C (W m=2)~!] from the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC ARG),
which is defined for CO, forcing rather than solar forcing or volcanic forcing. The former changes the outgoing longwave
radiation, whereas the latter changes incoming solar radiation. Evidence has shown that solar forcing has less efficacy in causing
global temperature changes that have the same magnitude as CO, forcing (Modak et al., 2016). This means that the climate
sensitivity parameter for solar forcing should be smaller than that estimated for CO, forcing [only ~80% of the latter,
0.67°C (W m~2)~]. More complex coupled model simulations driven by latitude-dependent sulfate aerosols are needed to
quantitatively examine the effects of volcanic eruptions on climate.

Finally, how the HTHH eruption affects global and regional climate also depends on its future evolution. We should con-
tinue monitoring the activity of the HTHH volcano in the coming days/months/years. To date, no explosive eruptions have
been detected at HTHH after the 15 January event. However, it may become active again in the future as it has erupted
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Fig. 5. Estimations of surface temperature changes in the first year after the HTHH eruption. (a) The relation
between the intensity of volcanic eruptions and surface temperature anomalies in the first year after eruptions based
on CESM Last Millennium Ensemble simulations. Blue dots indicate 70 volcanoes, and the red line is the linear
regression. The correlation coefficient is shown at the top-right of the panel, which is significant at the 99%
confidence level. (b) Estimated surface temperature changes after Mount Pinatubo scaled from large tropical
eruptions in CESM-LME; (c) Observed surface temperature changes after Mount Pinatubo based on GISTEMP.
(d) Estimated surface temperature changes after the HTHH eruption scaled from large southern volcanic eruptions
based on CESM-LME. The global mean response is shown at the top-right of the panel.

many times over the past 100 years. It could have a significant impact on the global climate if a HTHH volcano erupted
again with greater amounts of SO, injected into the stratosphere.
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