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ABSTRACT

We analyzed global surface air temperature (SAT) responses to five major tropical volcanic eruptions from

1870 to 2005 using outputs from 97 historical and 58 Atmospheric Model Intercomparison Project (AMIP)

runs that participated in phase 5 of the Coupled Model Intercomparison Project (CMIP5). In observations,

there was a 3-yr global cooling trend after the eruption due to reduced shortwave radiation, and a 0.1-K

average global-mean SAT recovery, consisting of El Niño–like tropical warming and Eurasian warming,

occurred in the first posteruption boreal winter. This global cooling pause was simulated by the multimodel

ensemble (MME) mean of the AMIP runs, but not the MME of the historical runs due to the absence of El

Niño–like warming. In the historical runs, simulation of El Niño–like warming was influenced by the initial

ocean condition (IOC). An El Niño–like response was simulated when the IOC was not in an El Niño state,

but the warming was much weaker compared to observations. The Eurasian warming response, despite being

reproduced by theMMEmean of both AMIP and historical runs, was not as strong as in observations. This is

because the simulated positive polar vortex response, an important stratospheric forcing for Eurasian

warming, was very weak, which suggests that the CMIP5 models, and even the Climate Forecast System

model, underestimate volcanic effects on the stratosphere.Most of the coupledmodels failed to replicate both

the El Niño and the enhanced polar vortex responses, indicating an urgent need for improving air–sea in-

teraction and stratospheric processes in these models.

1. Introduction

Large volcanic eruptions provide an important external

forcing that has caused significant global surface cooling

typically lasting for 3 years (Crowley 2000; Hegerl et al.

2003; Mann et al. 1998; Robock 2000; Sear et al. 1987;

Timmreck 2012). This cooling process starts when a large

amount of SO2 gas injected into the stratosphere reacts

with OH and H2O to form sulfate aerosols, which can

perturb the radiative balance (Robock 2000). For exam-

ple, the year after the strong eruption of Tambora in 1815

is known as the year without a summer (Oppenheimer

2003). Surface cooling, however, is not always the case

after a large tropical eruption. The volcanic eruption–

induced global cooling was absent due to El Niño in the
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first posteruption boreal winter after the 1963 Agung

eruption (Lehner et al. 2016) and the 1982 El Chichón
eruption (Lehner et al. 2016; Santer et al. 2014), thereby

forming a pause in the 3-yr global cooling following

those tropical eruptions.

Changes in globalmean surface air temperature (SAT)

are controlled not only by external forcing but also by

El Niño–Southern Oscillation (ENSO). Over the past

decades, a positive global mean SAT anomaly is usually

related to El Niño (Trenberth 2002; Trenberth and

Fasullo 2013), which is the warm phase of ENSO. Global

cooling emerges after a large volcanic eruption when the

El Niño signal is removed from observations (Angell 1988;

Gu and Adler 2011; Nicholls 1988; Thompson et al. 2009),

from simulations (Paik and Min 2016), or from both

observations and model simulations (Santer et al. 2014;

Soden et al. 2002), which suggests that ENSO may be

one reason for the inconsistence in global cooling in the

first boreal winter after a large volcanic eruption.

El Niño occurred after four of the five large volcanic

eruptions during 1870–2005 (Khodri et al. 2017). The

relationship between El Niño events and volcanic erup-

tions in this period was originally considered a coinci-

dence (Robock 2000; Self et al. 1997). However, analyses

of long-term reconstruction data have suggested that

large tropical eruptions can increase the likelihood of

El Niño (Adams et al. 2003; Liu et al. 2018b), mainly

through the dynamic thermostat mechanism (Clement

et al. 1996;Maher et al. 2015;Mann et al. 2005;Ohba et al.

2013; Predybaylo et al. 2017) and also via other mecha-

nisms as reviewed in Liu et al. (2018a).

Surface warming over the Eurasian continent was also

observed to reach a maximum of 3K in the first boreal

winter after the 1991 Pinatubo eruption (Robock 2002;

Robock and Mao 1992), which might also contribute to

the global cooling pause following the eruption. The

stratospheric pathway is a potential explanation for this

boreal-winter warming after a large eruption. Volcanic

aerosols from a large tropical eruption warm the low-

latitude lower stratosphere; the resulting temperature

gradient toward the equator decreases the high-latitude

geopotential height and strengthens the stratospheric

polar vortex (Robock 2000; Stenchikov et al. 2002).

Positive westerly anomalies associated with enhanced

polar vortex will trap tropospheric wave energy via

planetary wave reflection (Graf et al. 2007; Perlwitz and

Harnik 2003). In addition, the positive Arctic Oscillation

or the North Atlantic Oscillation (NAO) dominates the

boreal winter circulation, resulting in Eurasian winter

warming from January to February (Graf et al. 2014;

Perlwitz and Graf 1995).

It is not clear whether the state-of-the-art models in

phase 5 of the Coupled Model Intercomparison Project

(CMIP5) can simulate the pause of global cooling, in-

cluding both tropical El Niño–like warming and Eurasian

warming, during the first boreal winter of the 3-yr global

cooling after a large tropical eruption. Although the

models successfully reproduce El Niño responses in the

Pacific sea surface height, their multimodel ensemble

(MME) mean usually fails to simulate the observed re-

sponse in sea surface temperature (SST) to the large

tropical volcanic eruptions during the period of 1870–

2005 (Ding et al. 2014;Maher et al. 2015). Focusing on the

largest eruptions of Krakatau and Pinatubo, Zambri and

Robock (2016) reported that some CMIP5 models rep-

licate the observed warming over northern Europe and

Asia and the observed polar vortex enhancement in the

first posteruption boreal winter. When some relatively

weaker eruptions are included, the CMIP5 models gen-

erally fail to capture the dynamic responses in the

Northern Hemisphere (NH) after most tropical erup-

tions, such as the NAO, polar vortex, and Eurasian

warming (Bittner et al. 2016; Driscoll et al. 2012).

In this work, we investigate the fidelity of SAT re-

sponses in CMIP5 models during the first boreal winter

after a large tropical volcanic eruption. The paper is

organized as follows. In section 2, we present the data

andmethods. Simulations of global cooling pause and El

Niño response are discussed in section 3. The Eurasian

SAT and polar vortex responses are the foci of section 4.

In section 5, we discuss the internal variability–induced

global cooling pause in the Community Earth System

Model Large Ensemble (CESM-LE). Conclusions are

given in section 6.

2. Data and methods

Monthly reanalysis data of geopotential height, air

temperature, and zonal wind were obtained from 1) the

Twentieth Century Reanalysis version 2c (20CRv2c;

Compo et al. 2011) for the period of 1851–2014 and 2)

the Japanese 55-year Reanalysis (JRA-55; Kobayashi

et al. 2015) for the period of 1958–2013. The long-term

observed monthly SAT field from 1870 to 2018 was also

used; the data were from the 1200-km smoothed NASA

Goddard Institute for Space Studies (GISS) Surface

Temperature Analysis (GISTEMP) version 3 (Lenssen

et al. 2019). Monthly SST data were from the following

sources: 1) the Extended Reconstructed Sea Surface

Temperature dataset version 5 (ERSSTv5; Huang et al.

2017) for the period of 1854–2017, 2) the Hadley Centre

Sea Ice and Sea Surface Temperature dataset version 1

(HadISST1; Rayner et al. 2003) for the period of 1870–

2016, and 3) the uninterpolated Second Hadley Centre

Sea Surface Temperature dataset (HadSST2; Rayner

et al. 2006) for the period of 1850–2004.
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Five large tropical volcanic eruptions during 1870–

2005 were selected in this study, namely, the eruption of

Krakatau in August 1883, of Santa Maria in October

1902, of Agung in March 1963, of El Chichón in April

1982, and of Pinatubo in June 1991 (Table 1). They

have the five largest aerosol optical depths (AOD) at

550nm among the tropical volcanic eruptions since 1870

(Khodri et al. 2017; Sato et al. 1993). The eruption sea-

son,which has been found to affect atmospheric circulation

responses in simulations (McGregor and Timmermann

2011; Predybaylo et al. 2017; Stevenson et al. 2017), was not

considered in this work. Since the global cooling pause as

well as the El Niño and Eurasian SAT responses peaked

in the first posteruption boreal winter, we use calendar

months rather than the months after the eruption peak

in our study.

Table 2 gives details of the 32 coupled general climate

models (GCMs) for historical runs covering the period

of 1870–2005 (Taylor et al. 2012). The 17 atmospheric

GCMs for the Atmospheric Model Intercomparison

Project (AMIP) runs covering the period of 1979–2005,

along with observed SSTs and sea ice (Taylor et al. 2012)

used in the AMIP runs, are also introduced in the table.

The models in the historical and AMIP runs were forced

by both anthropogenic and natural forcing, including

the five large tropical eruptions in the historical runs and

the latest 1982 El Chichón and 1991 Pinatubo eruptions

in the AMIP runs. Due to the important role of large

ensemble members in detecting responses of ENSO

(Maher et al. 2018) and NH polar vortex (Bittner et al.

2016) to volcanic forcing, 97 available ensemble mem-

bers of the historical runs for the 32 models and 58

available ensemble members of the AMIP runs for the

17 AMIP models were considered. Table 2 also lists the

volcanic forcing datasets used for these five eruptions,

which were obtained from Sato et al. (1993), Andres and

Kasgnoc (1998), Stenchikov et al. (1998), Ammann et al.

(2003), and Ammann et al. (2007). Models adopting

insolation reduction rather than aerosol forcing were

not considered in this work. All model outputs were

interpolated onto 2.58 3 2.58 grid using bilinear inter-

polation. For surface temperature, 2-m SAT was used.

In addition, we employed the fully coupled CESM-

LE, which has 41 ensemble members at roughly 18
resolution for 1920–2005 following the historical run’s

setup and contains three selected eruptions, namely

the 1963 Agung, 1982 El Chichón, and 1991 Pinatubo

eruptions. A full description of the CESM-LE can be

found in Kay et al. (2015).

To isolate climate responses to the five eruptions from

the background noise, we obtained anomalies by re-

moving the average of climatology in the five years

preceding each eruption. The long-term linear trend was

also removed. Since the AMIP runs started from 1979,

we used the average of climatology in the three years

preceding the 1982 El Chichón eruption. When calcu-

lating the MME mean, averages were taken among en-

semble members of each model first before getting the

multimodel mean; in this way, all models were given

equal weight. Similar results were also obtained by di-

rectly performing the average across ensemblemembers

of all models without considering model bias (not shown).

Significance was calculated using the bootstrapped

resampling method with 10 000 times of random syn-

thesis across the whole period, and the 95% confidence

level came from the 2.5%–97.5% range of the 10 000

draws. For theMMEmean, we calculated the number of

models that agreed on the sign of the response. In this

way, the overall response could be considered without

disturbances from large responses that may be domi-

nated by only a few models (Barnes et al. 2016; Zambri

and Robock 2016). If the data were purely random, for

the historical runs the probability of at least 22 of the 32

models agreeing on the sign of the response was 5.0%

with calculation based on the binomial distribution,

which equaled the typical 95% confidence limit. For the

AMIP runs, the probability of at least 13 of the 17

models agreeing on the sign of the response was 4.9%,

which was close to the typical 95% confidence limit.

The Niño-3.4 index was defined as the SST anomaly

averaged over the region of 58S–58N, 1708–1208W. We

also used the relative SST anomaly reflecting the ten-

dency of ENSO isolated from volcanically induced sur-

face cooling (Khodri et al. 2017), which was obtained by

TABLE 1. List of five major tropical volcanic eruptions since 1870 used in this study. The volcanic strength is shown by the maximum

monthly value of global mean aerosol optical depth (AOD) at 550 nm (Sato et al. 1993), the ice-core volcanic index 2 (IVI2) stratospheric

sulfate injections (Gao et al. 2008), and the volcanic explosivity index (VEI; Newhall and Self 1982). The VEI values are obtained from

http://www.volcano.si.edu.

Name Date Location AOD (550 nm) IVI2 (Tg) VEI

Krakatau 26–27 Aug 1883 6.18S, 105.48E 0.16 22 6

Santa Maria 24–25 Oct 1902 14.88N, 91.68W 0.08 4 5

Agung 17 Mar, 16 May 1963 8.38S, 115.58E 0.09 17 5

El Chichón 3–4 Apr 1982 17.48N, 93.28W 0.10 14 5

Pinatubo 15 Jun 1991 15.18N, 120.48W 0.15 30 6
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removing the average of the tropical (208S–208N) SST

anomaly from the original SST anomaly. To describe the

stratospheric response in the North Pole region, the

polar vortex index was defined as the inverted geo-

potential height anomaly averaged over the North Pole

(658–908N, 08–3608) at 50 hPa during the boreal winter.

Here, boreal winter refers to December–February (DJF).

Year (0) is defined as the eruption year, and year (21)

represents the year before the eruption.

3. Global cooling pause and El Niño response

Figure 1 shows the global mean SAT anomalies for

the five large tropical volcanic eruptions and their

composite values from observations and simulations.

After each of the five eruptions, there was a cooling

trend in the following three years (Fig. 1a). However, a

global cooling pause against the monotonous cooling

trend in global mean SAT also existed in GISTEMP

during the first borealwinter after each eruption (hereafter

the first boreal winter). Similar results can also be found

in the Hadley Centre Climatic Research Unit surface

temperature version 4 (HadCRUT4; Morice et al. 2012)

and 20CRv2c. In this first boreal winter, the averaged

global mean SAT recovery, which was identified by the

difference between the original and 3-yr low-pass SAT,

can reach 0.1K for the average of the five eruptions.

Figure 1b shows the MME mean of simulated global

mean SAT anomalies for these tropical eruptions in the

historical and AMIP runs of CMIP5 models. A signifi-

cant cooling trend in the three years following each of

these large eruptions was simulated in both the historical

and AMIP runs (Fig. 1b), which is consistent with ob-

servations. Maximum cooling in the MME mean of the

32 historical models reaches 0.3K in the boreal summer

of the second posteruption year. The first-boreal-winter

global cooling pause is reproduced by theMMEmean of

the AMIP runs, but is not adequately simulated by the

MMEmean of the historical models, which only exhibits a

monotonous cooling trend. In summary, the MME mean

of the CMIP5models replicates global cooling in the three

years following the large tropical eruptions but does not

adequately simulate the first-boreal-winter response.

Figure 2 shows composite global SAT anomalies

during the first boreal winter after the eruption in re-

analysis, observations, and simulations. In 20CRv2c

(Fig. 2a), a pause in global cooling during the first

boreal winter appears as significant El Niño warming

in the tropics and strong warming in Eurasia, which is

consistent with previous finding (Robock and Mao

1992). Eurasian warming occurs during the first post-

eruption boreal winter after four of the five large trop-

ical eruptions, with the 1963 Agung eruption being the

only exception. Similar patterns can also be found in the

observations of GISTEMP (Fig. 2b) and HadCRUT4

(not shown).

In the MME mean of the AMIP runs (Fig. 2c), the

significant SAT response over the ocean is similar to that

of the observations due to specified SST; a positive

Pacific–North American (PNA)-like pattern in SAT is

also seen from the tropical Pacific to North America,

with positive–negative–positive–negative anomalies over

the central Pacific, North Pacific, Canada, and south-

easternUnited States. The Eurasian warming response in

the first boreal winter, however, is much weaker in the

models than in observations. Without the specified SST,

the MME mean of the historical runs exhibited signifi-

cant global cooling over low-latitude regions, with weak

warming only occurring over the NH polar region

(Fig. 2d). The El Niño–like response is not simulated by

the MME mean of the historical runs.

In summary, global cooling in the three years follow-

ing each of the five large tropical eruptions is simulated

by both the historical and AMIP runs. The MME mean

of the AMIP runs reproduces the first-boreal-winter

SAT responses well, while that of the historical runs

does not. One major difference between the historical

and AMIP runs is the El Niño signal in the tropical

Pacific, which is closely connected to global temperature

FIG. 1. Observed and simulated responses of globalmean surface

air temperature (SAT) to five major tropical eruptions. (a) Evolution

of observed 3-month-moving-averaged global mean SAT anomaly

with respect to the five years preceding the eruption (thin curves) in

the observations of GISTEMP during 1870–2014, and the average

of the five eruptions (black thick curve). The thick gray line indicates

3-yr low-pass global mean SAT anomaly of GISTEMP. (b) As in (a),

but for the historical runs (black) and AMIP runs (blue; only for the

last two eruptions). The shading indicates one standard deviation

among the models; ‘‘0’’ denotes the eruption year, and ‘‘21/11’’ in-

dicates one year before/after the eruption. The dashed vertical line

indicates January of the eruption year.
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anomalies through teleconnection caused by latent heating

(Trenberth 2002). The Niño-3.4 index for these five

tropical eruptions is shown in Fig. 3 for both observa-

tions and historical runs. In the three observational da-

tasets, most of the eruptions were followed by El Niño
events in the first boreal winter (Fig. 3a). The 1883

Krakatau eruption, being the only exception, was fol-

lowed by a neutral ENSO response. Four of the five

eruptions showed both global cooling pause and positive

Niño-3.4 anomalies in the first boreal winter, while the

1883 Krakatau eruption only yielded a global cooling

pause and a neutral ENSO response. The global cooling

pause and El Niño response after the 1982 El Chichón
eruption were stronger than those of the others (Figs. 1a

and 3a). In the AMIP runs from 1979 to 2005, observa-

tional El Niño SST was specified as part of the forcing

for the 1982 and 1991 boreal winters, while the MME

mean of the historical runs from year (0) to year (2) only

simulates a neutral ENSO response (Fig. 3b).

Since there is a close relationship between global

mean SAT and ENSO (Trenberth 2002; Trenberth and

Fasullo 2013), the observed and simulated ENSO and

global mean SAT responses in the first boreal winter

after each of these eruptions are exhibited in Fig. 4.

Global mean SAT anomalies in the first boreal winter,

accompanied by warm ENSO events, are nearly neutral

or positive against the cooling trend in both observa-

tional mean andMMEmean of theAMIP runs. Besides,

the simulated global mean SAT anomalies in the MME

mean of the AMIP runs are cooler than the observa-

tional mean for the 1982 El Chichón and 1991 Pinatubo

FIG. 2. Observed and simulated boreal-winter SAT anomaly after the eruptions. Composite SAT anomaly

(shading; K) with respect to the five years preceding each eruption during the first boreal winter after the five

selected eruptions in (a) 20CRv2c, (b) GISTEMP, (c) MMEmean of AMIP runs (the last two eruptions only), and

(d) MMEmean of historical runs. Stippling indicates temperature anomaly significant at the 95% confidence level,

which means that more than 13 of the 17 AMIPmodels and more than 22 of the 32 CMIP5 models of historical run

agree on the sign of the anomaly.

FIG. 3. As in Fig. 1, but for the Niño-3.4 index using (a) three

observational datasets of HadISST1, HadSST2, and ERSST and

(b) historical runs.

15 MARCH 2020 X I NG ET AL . 2413

Unauthenticated | Downloaded 12/04/21 07:40 AM UTC



eruptions although the SST field was specified. In the

historical runs, this close relationship between global

mean SAT and ENSO is also simulated, and the global

mean SAT increases with the Niño-3.4 index at a ratio of
0.31, which is significant at the 95% confidence level. A

few ensemble members, however, simulate the global

cooling pause. The MME mean of the historical runs

only replicates the neutral mode of ENSO and the

negative global mean SAT anomalies after the erup-

tions, which is significantly cooler than the observed

El Niño and neutral global mean SAT anomalies.

Even though some models with weak El Niño–like
responses, such as GFDL-ESM2M and ACCESS1.3,

simulate weaker global cooling than the others do,

none captures the observed global cooling pause during

the first boreal winter (Fig. 4).

FIG. 4. Observed and simulated relationships between boreal-winter global mean SAT and

Niño-3.4 index after the eruptions. Scatterplot of global mean SAT vs Niño-3.4 anomalies

during the first boreal winter after the eruption. The red circle indicates the observational mean

of the five eruptions from GISTEMP and ERSST, and the blue circle indicates the average for

the latest two eruptions in observations. The large blue square indicates the AMIPMMEmean

for El Chichón and Pinatubo eruptions, and the black square indicates the historical MME

mean for the five eruptions, with each bar denoting one standard deviation among the models.

Small gray dots denote the composite of the five eruptions for each historical ensemble

member, and small color symbols denote the associated ensemblemean of eachmodel; also, r is

the ensemble-to-ensemble correlation coefficient, and a single asterisk (*) means significant

values at the 95% confidence level according to Student’s t test; ‘‘0’’ and ‘‘1’’ denote the

eruption year and the year after the eruption, respectively.
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The MME mean of the historical runs fails to show

the El Niño–like response in the first boreal winter af-

ter the tropical eruptions (Fig. 2d). It has been found

that the initial ocean condition (IOC), namely, the

ENSO state in the pre-eruption winter, is important to

the volcano–ENSO relationship (Ohba et al. 2013;

Pausata et al. 2016; Predybaylo et al. 2017). No signifi-

cant El Niño–like response can be found in the first bo-

real winter after an eruption if there is already an El Niño
in the boreal winter before the eruption (Liu et al. 2018a).

The Niño-3.4 index in the last boreal winter before the

eruption was used as the IOC. To isolate El Niño from

volcanic forcing, relative SST (Khodri et al. 2017) is

employed here. In observations, the IOCof each eruption

happened to be a La Niña or neutral state (Fig. 3a), the

composite El Niño during the first boreal winter after

the eruption is developed from a weak La Niña IOC, and

an El Niño signal with westerly wind anomalies appears

in the boreal summer and peaked in winter (Fig. 5a).

In the MME mean of the historical runs, there is no

significant warming signal in the eastern equatorial

Pacific in the first boreal winter after the eruptions

(Fig. 5b). When the IOC is not in an El Niño state

(Fig. 5c), theMMEmean of the historical runs simulates

the first-boreal-winter El Niño–like response that is

significant in the central Pacific. However, the simulated

response is much weaker than that in the observations,

suggesting relatively weak air–sea interaction in these

models. For an El Niño IOC (Fig. 5d), the response is

determined by the evolution of El Niño, and a La Niña–
like response is simulated in the first boreal winter,

which is consistent with previous finding (Liu et al.

2018a; Predybaylo et al. 2017). Similar results can also

be seen from large ensemble simulations of the CESM

(Figs. 5f–h). The El Niño–like response in the first bo-

real winter after the eruptions is simulated with a La

Niña or neutral IOC. In the CESM-LE, the El Niño–like
response peaks in the second year after the eruptions.

In summary, the MME mean of the historical runs

reproduces the El Niño–like response in the first boreal

winter after the tropical eruptions when the IOC is not

in an El Niño state, which is consistent with observa-

tions. The simulated El Niño–like response, however, is
much weaker than that in the observations.

4. Eurasian SAT and polar vortex responses

In the first boreal winter after each of the five tropical

eruptions, a Eurasian warming occurred, which contrib-

uted to the pause in the 3-yr global cooling trend following

the eruption (Fig. 2b). This Eurasian warming was also

noted in previous works based on observations (Robock

2002; Robock andMao 1992) and reconstructions (Fischer

et al. 2007). The Eurasian SAT has been found to be

affected by the polar vortex, namely, a strong strato-

spheric polar vortex related to the NAO can induce

significant Eurasian warming through planetary wave

reflection and jet stream disturbance (Butler et al. 2014;

Perlwitz and Graf 1995; Thompson and Wallace 2001).

As shown in Fig. 6, the high correlation between Eurasian

SAT and stratospheric polar vortex anomalies is found

in both reanalysis datasets and the historical and AMIP

runs of the CMIP5 models, which indicates that the

CMIP5 models can simulate the polar vortex–Eurasian

SAT relationship well.

Although the MME mean of the AMIP runs shows

the first-boreal-winter global cooling pause after the

eruption, this simulated global mean SAT is colder than

that in observations (Fig. 4). The main reason is that the

simulated Eurasian warming response in the AMIP runs

is weaker than the observed one (Figs. 2b,c). The his-

torical runs also fail to simulate the strong Eurasian

warming response (Fig. 2d). The failure in reproducing

the Eurasian warming response may result from poor

simulation of stratospheric response, especially of the

polar vortex (Driscoll et al. 2012).

Since the reanalysis of 20CRv2c only has assimilated

surface observations (Compo et al. 2011), the reliability

of its stratospheric variables is questionable. The re-

analysis of polar vortex index is obtained from JRA-55

that starts in 1958. In the first boreal winter following

each of the three eruptions after 1958, the observed

Eurasian SAT anomaly was positive and was associated

with an enhanced polar vortex (Fig. 7), which is consis-

tent with previous findings (Zambri and Robock 2016).

In both the historical and AMIP runs, the Eurasian SAT

anomaly is significantly correlated to the anomalous

polar vortex, with the correlations being 0.47 and 0.50,

respectively; both are significant at the 95% confidence

level (Figs. 7a,b). In the MME mean of the historical

runs, the simulated Eurasian warming and polar vortex

enhancement in the first boreal winter are significantly

weaker compared to the observed ones (Fig. 7a). The

strong polar vortex, exceeding 0.5 standard deviations of

the reanalysis in the period of 1958–2005, is only simulated

inHadGEM2-AOand the threeNCARmodels (CESM1-

CAM5.1-FV2, CESM1-WACCM, and CESM1-BGC).

Although each of these models has only one ensemble

member, it may be good at representing stratospheric

processes; the reason for this requires further study.

In the AMIP runs (Fig. 7b), which are forced by spec-

ified SST, only NorESM1-M, GFDL-HIRAM-C360, and

two BCC models (BCC-CSM1.1-m and BCC-CSM1.1)

simulate the strong polar vortex enhancement and

Eurasian warming. It can be seen from the MME mean

of the AMIP runs that the Eurasian warming and polar
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vortex enhancement are relatively weaker than those in

the observations, which means that most models that

participated in the AMIP runs underestimate the direct

volcanic aerosol effect in enhancing the polar vortex.

Figure 8 shows the composite distribution of polar

vortex responses in different reanalysis datasets and in

CMIP5 simulations. In JRA-55 (Fig. 8a), a strong posi-

tive polar vortex anomaly was observed at 50 hPa during

the first boreal winter after each of the three eruptions

since 1958. The center of the polar vortex anomaly was

over the Arctic region. Due to the tropical warming and

polar cooling in the stratosphere, strong westerly wind

anomalies appeared near 708N (Fig. 8b). All the three

eruptions, namely, the Agung, El Chichón, and Pinatubo

eruptions, were associated with similar polar vortices,

but the polar vortex of the Pinatubo eruption was

weakly increased. This strengthened polar vortex can

also be seen in the ERA-40 reanalysis after the 1982 El

FIG. 5. Observed and simulated role of initial oceanic condition (IOC) in the volcano–ENSO relationship.

Results for evolution of composite equatorial (58S–58N average) relative SST anomalies (shading; K) and 850-hPa

zonal wind anomalies (vector; m s21) with respect to the five years preceding each eruption in (a) observations of

ERSST and 20CRV2c and in theMMEmean (b) of all historical runs, (c) of historical runs with a La Niña (LA) or

neutral (NT) IOC, and (d) of the historical runs with an El Niño IOC. The El Niño IOC is defined when the IOC of

the Niño-3.4 index is above 1.0 standard deviation. Green lines indicate the first boreal winter after the eruption.

Stippling indicates SST anomaly significant at the 95% confidence level, which means that 22 of the 32 CMIP5

models agree on the sign of the anomaly. Only significant wind anomalies are drawn; ‘‘0’’ and ‘‘1’’ denote the

eruption year and the year after the eruption, respectively. The triangles between year (0) and year (1) with the

same color as in Fig. 1 represent the eruption times. (e)–(h) As in (a)–(d), but for the last three eruptions in

observations and CESM-LE.
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FIG. 6. Correlation between SAT and polar vortex in reanalysis and simulations. Shown is the correlation co-

efficient map of boreal-winter SAT anomalies with respective to boreal-winter polar vortex index anomalies in

(a) GISTEMP from 1958 to 2014, (b) historical runs from 1870 to 2005, and (c) AMIP runs from 1979 to 2005. The

annual cycle and the long-term linear trend are removed before the calculation of anomalies. Stippling indicates the

anomaly significant above the 95% confidence level based on Student’s t test.
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Chichón and 1991 Pinatubo eruptions (Zambri and

Robock 2016) and in the NCEP reanalysis during the

two posteruption winters (Graf et al. 2014). Compared

to the result based on JRA-55, the positive polar vortex

anomaly in the first boreal winter after the eruption in

20CRv2c is very weak, and no significant anomalous

geopotential height and temperature signals can be de-

tected over the polar stratosphere (Figs. 8c,d). Without

assimilation of upper-level variables, the NCEP Global

Forecast System model used for 20CRv2c still has dif-

ficulty in capturing observed volcano-induced polar

vortex change.

In the MME mean of the AMIP runs (Fig. 8e), the

polar vortex anomaly is very weak, and a dipole pattern

after the eruption is simulated with significant positive

geopotential height anomaly over Alaska and weak

negative anomaly over the Greenland Sea, which is not

consistent with the results based on JRA-55 (Fig. 8a).

The historical runs suffer the same problem (Fig. 8g).

Although the warming signal in the tropical stratosphere

is simulated, the polar vortex is not enhanced significantly

and the westerly anomalies around the North Pole are

much weaker than those based on JRA-55 (Figs. 8f,h),

which means the direct volcanic aerosol effect on en-

hancing the polar vortex is underestimated in the CMIP5

models. The strength of volcanic forcing should be

large enough to detect the significant polar vortex re-

sponse (Bittner et al. 2016). Our results based on the

strong 1883 Krakatau and 1991 Pinatubo eruptions also

showed that the response of the polar vortex is under-

estimated in the historical runs of the CMIP5 models

(not shown).

For all of these 32 CMIP5 models, when a strong re-

sponse is defined by exceeding 0.5 standard deviations of

observations or reanalysis, none of them, either with a

La Niña or neutral IOC, simulate the observed El Niño
and strong positive polar vortex anomalies at the same

time in the first boreal winter after the tropical erup-

tion (Fig. 9). Among the 97 ensemble members of

these 32 models, only four ensemble members simu-

late El Niño and strong positive polar vortex anomalies

simultaneously.

FIG. 7. Observed and simulated relationships between boreal-winter polar vortex and Eurasian SAT after the

eruptions. Scatterplot of polar vortex index vs Eurasian (408–808N, 08–1508E) SAT anomalies during the first boreal

winter after the eruption in (a) historical runs and (b) AMIP runs since 1958. The large red circles denote the

average of observations or reanalysis, and the large square denotes the MME mean in historical runs (black) and

AMIP runs (blue) with the bars indicating one standard deviation among the models. The red dashed line is the

threshold of relative strong polar vortex response, which is 0.5 standard deviations of reanalysis during the studied

period. The small gray dot denotes the composite of the eruptions for each ensemble member, and small color

symbols denote ensemble mean of each model. Also, r is the ensemble-to-ensemble correlation coefficient, and a

single asterisk (*)means significant values at 95% confidence level according to Student’s t test; ‘‘0’’ and ‘‘1’’ denote

the eruption year and the year after the eruption, respectively.
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In summary, the stratospheric polar vortex is mainly

affected by direct volcanic aerosol-induced stratospheric

warming in the reanalysis. Despite being reproduced by

both the historical and AMIP runs of the CMIP5

models, the enhanced polar vortex in the first boreal

winter after the eruption is very weak compared to that

based on the reanalysis. Not only the CMIP5 models but

also the NCEP Global Forecast System model under-

estimates the direct volcanic aerosol effect, and neither

of them adequately captures the role of volcanic forc-

ing in changing the polar vortex, which are consistent

with previous findings (Marshall et al. 2009). Because a

higher stratospheric resolution does not increase a

model’s ability to simulate the response to volcanic

forcing (Charlton-Perez et al. 2013; Marshall et al.

2009), deficient nonlinear stratosphere–troposphere

interaction (Stenchikov et al. 2006) may explain these

models’ limitation.

5. Discussion on internal variability–induced global
cooling pause

We cannot conclude that this global cooling pause is

totally excited by tropical eruptions only based on these

five samples, because internal variability may be a po-

tential cause (Polvani et al. 2019). Forty-one ensemble

members of the CESM-LE are thus analyzed for the

latest three eruptions since 1920 to address this question.

The significant linear relationship between global mean

SAT and Niño-3.4 index anomalies and that between the

polar vortex and Eurasian SAT anomalies are simulated

by the 41 ensemble members of the CESM-LE, with cor-

relation coefficients being 0.76 and 0.54, respectively; both

are significant at the 95% confidence level (Fig. 10). The

simulated global mean SAT andNiño-3.4 index anomalies

in the ensemble mean of the CESM-LE in the first boreal

winter are20.13 and 0.12K, respectively (Fig. 10a), which

are much colder than the observations, although they are

warmer than those simulated by the CMIP5 historical runs

(Fig. 4). The simulated polar vortex enhancement and

Eurasian warming in the ensemble mean are also much

weaker than the observed ones (Fig. 10b).

Among these 41 ensemble members of the CESM-

LE, four simulate significant global cooling pause as

well as El Niño responses (Fig. 10a), and other four rep-

licate significant polar vortex enhancement and Eurasian

warming (Fig. 10b), which exceed 0.5 standard deviation of

observations or reanalysis. For the ensemble mean of

the CESM-LE (Fig. 11a), tropical cooling is reproduced,

but the central equatorial Pacific warming is weak.

Significant warming is only simulated over the Arctic

region (Fig. 11a), and the polar vortex enhancement is

weak (Fig. 11b). Ensemble members that simulate the

global cooling pause reproduce SAT responses similar

to those in observations except that the Eurasian warming

is shifted northward (Fig. 11c), but they fail to simulate

FIG. 8. Boreal winter polar vortex and stratospheric anomalies after the eruptions in reanalysis and simulations.

Composite 50-hPa geopotential height anomalies (shading; gpm) with respect to the five years preceding each

eruption during the first boreal winter after the eruption in (a) JRA-55, (c) 20CRv2c, (e) the MMEmean of AMIP

runs, and (g) the MME mean of historical runs since 1958. (b),(d),(f),(h) The composites of zonal-mean temper-

ature (shading; K) and zonal wind (contour; m s21) anomalies as a function of latitude and height. Stippling in-

dicates anomalies significant at the 95% confidence level, which means more than 13 of the 17 AMIP models and

more than 22 of the 32 CMIP5 models of historical runs agree on the sign of the anomaly. Contour interval is

2m s21, and significant zonal wind anomalies are drawn in black.
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FIG. 9. Simulated polar vortex and ENSO responses in the first boreal winter after the tropical eruptions. Shown

in the scatterplot is polar vortex vs Niño-3.4 relative SST anomalies during the first winter after the eruptionwith La

Niña or neutral IOC since 1958. The red circle indicates the average of observations or reanalysis. The black square

indicates the MME mean of the historical runs, with the bar denoting one standard deviation among the models.

The red dashed line is the threshold of relative strong responses, which is 0.5 standard deviation of observations or

reanalysis during the studied period. The small gray dot denotes the composite of the five eruptions for each

historical ensemblemember, and small color symbols denote the associated ensemblemean of eachmodel; ‘‘0’’ and

‘‘1’’ denote the eruption year and the year after the eruption, respectively.
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strong polar vortex enhancement (Fig. 11d). For the

ensemble members that capture strong polar vortex

enhancement and Eurasian warming (Figs. 11e and 8f),

the global cooling pause, however, is not simulated, es-

pecially over the tropics (Fig. 11e).

The ensemblemean of the CESM-LE fails to show the

global cooling pause; also, the simulated polar vortex

enhancement and Eurasian warming are very weak.

Although some ensemble members capture the global

cooling pause or polar vortex enhancement, they do not

simulate both well.

Whether the global cooling pause in the first boreal

winter is a response to a tropical eruption or is inter-

nal variability is still an open question. Strong polar

vortex enhancement in reanalysis data is argued to

result from internal variability (Bittner et al. 2016;

Polvani et al. 2019). We conclude that the global

cooling pause is a response to the tropical eruption

based on long-term reconstruction evidence that shows a

significantElNiño response (Adams et al. 2003; Liu et al.

2018a,b) and a significant overall warm anomaly over

northern Europe (Fischer et al. 2007) in the first boreal

winter after the tropical eruption, and based on physical

processes reviewed in the introduction, including the

dynamic thermostat mechanism and the temperature

gradient mechanism.

6. Conclusions

In this study, we investigated global SAT responses

during the first boreal winter after the fivemajor tropical

volcanic eruptions since 1870 compared simulations of

CMIP5 historical and AMIP runs and of CESM-LE to

observations and reanalysis. In observations, the global

cooling pause, which is due to tropical El Niño–like
warming and Eurasian warming, is seen during the first

posteruption boreal winter, thereby forming a deviation

from the 3-yr global cooling trend after the tropical

eruptions. Direct volcanic aerosol-induced warming in

the tropical lower stratosphere and cooling in the polar

stratosphere increase the meridional temperature gra-

dient and enhance the stratospheric polar vortex, re-

sulting in strong Eurasian surface warming (Figs. 8a,b).

In the AMIP runs, the first-boreal-winter global cooling

pause is simulated with specified SST forcing. In the

historical runs, a monotonous global cooling trend rather

than a global cooling pause is produced. The IOC is one

key to simulate the first-boreal-winter El Niño response,

FIG. 10. Simulated SAT responses in CESM-LE. (a) Scatterplot of global mean SAT vs Niño-3.4 anomalies

during the first boreal winter after the 1963, 1982, and 1991 eruptions. The red circle indicates the observational

mean of these three eruptions from GISTEMP and ERSST. The black square indicates the ensemble mean of

CESM-LE, with each bar denoting one standard deviation among the ensemble. Small gray dots denote the

composite of the three eruptions for each ensemble member. Ensemble members simulating global cooling pause

with El Niño responses are in green and ensemble members simulating enhanced polar vortex with Eurasian

warming are in blue. The red dashed line is the threshold of relatively strong responses, which is 0.5 standard

deviations of observations or reanalysis during the studied period. For the global mean SAT, the red horizontal

dashed line has a distance of 0.5 standard deviations of observations with observedmean.Also, r is the ensemble-to-

ensemble correlation coefficient, and a single asterisk (*) means significant values at 95% confidence level ac-

cording to Student’s t test; ‘‘0’’ and ‘‘1’’ denote the eruption year and the year after the eruption, respectively. (b)As

in (a), but showing a scatterplot of the polar vortex index vs Eurasian SAT anomalies.
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as the latter is reproduced when the pre-eruption IOC is

not in an El Niño state, but tropical cooling is still produced

since the simulatedElNiño response is veryweak compared

to that in the observations. Although the CMIP5 models

show theEurasianSATresponse to thepolar vortex (Fig. 6),

the simulated Eurasian warming and positive stratospheric

polar vortex responses to the eruptions are very weak in

bothAMIPandhistorical runs (Fig. 8),whichmeans that the

CMIP5 models underestimate the direct volcanic aerosol

effect on the stratosphere. The majority of the CMIP5

coupledmodels cannot simulate bothElNiño andenhanced
polar vortex responses (Fig. 9). The abovementioned pro-

cesses controlling the global cooling pause in the first post-

eruptionborealwinterare summarized inFig. 12.Although this

global cooling pause is simulated by some ensemble mem-

bers of the CESM-LE as an internal mode (Figs. 10 and 11),

FIG. 11. Internal variability–induced global cooling pause. Composite (a) SAT anomalies (shading; K) and

(b) 50-hPa geopotential height anomalies (shading; gpm) with respect to the five years preceding each eruption

during the first boreal winter after the 1963, 1982, and 1991 eruptions. Stippling indicates anomalies significant at the

95% confidence level. (c),(d) As in (a),(b), but for selected ensemble members that simulate the global cooling pause

andElNiño response. (e),(f) The ensemblemembers simulating the polar vortex enhancement andEurasianwarming.
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we conclude that it is a response to tropical volcanic

eruption according to the reconstruction analysis.

Different from the observations, the models fail to

simulate the first-boreal-winter El Niño after a tropical

eruption (Fig. 5). This suggests that the CMIP5 models

underestimate the role of the thermostat mechanism

(Clement et al. 1996) or the Bjerknes feedback (Bjerknes

1969) in exciting El Niño response. Neither the CMIP5

models nor the NCEP Global Forecast System model

used for 20CRv2c can simulate the strong polar vortex

in the first boreal winter after a tropical eruption. All these

deficiencies in simulating global SAT responses to the

tropical eruptions call for urgent improvement of models;

and the upcoming model intercomparison project on the

climate response to volcanic forcing (VolMIP; Zanchettin

et al. 2016) offers a good opportunity to discuss these de-

ficiencies. Analysis of climate responses to large volcanic

eruptions provides an additional perspective to evaluate

our models’ sensitivity to external forcing.
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