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ABSTRACT

The impact of northern high-latitude volcanic (NHV) eruptions onElNiño–SouthernOscillation (ENSO) is investigated based

on ensemble simulations with the Community Earth SystemModel. The seasonality of the atmospheric circulation influences the

NHVaerosol dispersion, causing stronger (weaker)NorthernHemisphere cooling after the January andApril (July andOctober)

eruptions. ENSO’s response is found to bemore dependent onNHVeruption seasons than that on tropical eruption seasons. The

January eruption causes an El Niño in an eruption year [year (0) hereafter] while an El Niño occurs in year (1) after the October

eruption. No significant El Niño occurs after the April (July) eruption. A diagnostic analysis reveals that these El Niños’ de-
velopments are attributed to the positive zonal, meridional advective, and thermocline feedbacks, triggered by the western Pacific

westerly anomalies. The anomalous North Pacific cyclone (NPC) and Asian monsoon are key systems to excite anomalous

westerlies, which are caused by the NHV-induced midlatitude cooling and Eurasian continent–North Pacific thermal contrast.

After the January eruption, the anomalous NPC develops in early summer and connects with a weakened Asian summer

monsoon, which excites anomalous westerlies over the Indo-western Pacific, activating the Bjerknes feedback. For the October

eruption, the anomalous NPC and enhanced East Asian winter monsoon bring cold air to the Maritime Continent and warm the

subtropical centralNorthPacific through surface heat flux exchange, exciting thewesterly anomalies. These results suggest that the

strong dependence on the seasonal timing of NHV should be a critical element of data–model comparisons.

1. Introduction

El Niño–Southern Oscillation (ENSO) plays a domi-

nant role in the interannual variability of tropical cli-

mate (Webster et al. 1998) and profoundly influences

the entire Earth through atmospheric teleconnections,

modulating floods, droughts, tropical cyclone activity,

and other extreme climate events (Wallace and Gutzler

1981; Ropelewski and Halpert 1987; Wang et al. 2000;

Ning and Bradley 2015). El Niño and La Niña are the

warm and cold phases of the ENSO cycle (2–7 years).

However, they are not mirror images and exhibit asym-

metries in their spatial–temporal evolution and intensity

(Philander 1985; Choi et al. 2013; Wu et al. 2018).

Volcanic eruption is an important external forcing

that contributes greatly to abrupt climate changes on

multiple time scales (e.g., Robock 2000; Liu et al. 2013;

Ning et al. 2017). Large volcanic eruptions inject sulfur
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gases into the stratosphere, which are then converted

into sulfate aerosols. These aerosols warm the strato-

sphere by absorbing both solar and terrestrial radiation

and cool the surface by scattering part of solar radiation

back to space (Robock 2000).

Previous studies of long-term paleoclimate data suggest

that the large tropical volcanic eruptions can induce an

ElNiño–like state or increase the occurrence probability of
El Niño events (Adams et al. 2003; McGregor et al. 2010;

Li et al. 2013). Processes by which tropical volcanic erup-

tions influence the ENSO have been proposed and dis-

cussed using numerical experiments with coupled climate

models. Some studies suggest that, under a tropical vol-

canic forcing, the larger land area in the Northern Hemi-

sphere results in a stronger cooling than in the Southern

Hemisphere, thereby shifting the intertropical conver-

gence zone (ITCZ) southward and inducing anomalous

westerlies in the equatorial Pacific aswell asElNiñoevents
(Lim et al. 2016; Stevenson et al. 2016; Pausata et al.

2015b). Other researchers find that the El Niño events can

be excited by the dynamical thermostatmechanism (Mann

et al. 2005; Emile-Geay et al. 2008; McGregor and

Timmermann 2011; Maher et al. 2015; Predybaylo et al.

2017) and by anomalous equatorial westerlies due to the

land–sea thermal contrast over the Maritime Continent

(Ohba et al. 2013; Sun et al. 2018). In addition,Khodri et al.

(2017) propose that tropical volcanic eruptions cool trop-

ical Africa and weaken the West African monsoon, thus

inducing eastward propagating atmospheric Kelvin waves

that excite anomalous westerlies in the equatorial Pacific

and increase sea surface temperature (SST) over the

eastern Pacific.

Compared with tropical volcanic eruptions, northern

high-latitude volcanic (NHV) eruptions have received

less attention. Nevertheless, some researchers have

highlighted the important effects of high-latitude

eruptions, which can significantly change pole-to-

equator temperature gradients and influence the at-

mospheric general circulation (e.g., Robock 2000;

Shindell et al. 2004; Oman et al. 2005; Kravitz and

Robock 2011). Strong high-latitude eruptions, such as

the Laki eruption in 1783, weaken the African, Indian,

and East Asian monsoons (Oman et al. 2006a), leading

to severe famines (Thordarson and Self 2003). Re-

cently, the state-of-the-art climate models have been

used to examine the tropical climate’s response to the

Northern Hemisphere volcanic forcing. Using GISS-

E2 and the Community Earth System Model (CESM),

Colose et al. (2016) find that the ITCZ moves south-

ward after the Northern Hemisphere volcanic erup-

tions. Further, Stevenson et al. (2016) suggest that the

probability of El Niño is greater following the northern

eruptions. Liu et al. (2016, 2017) also found that the

Northern Hemisphere monsoon precipitation is sup-

pressed and the El Niño–like state occurs after the

Northern Hemisphere eruptions by proxy data and

CESM.

These studies (Colose et al. 2016; Stevenson et al.

2016; Liu et al. 2016, 2017) use the volcanic forcing

derived from the ice core reconstruction by Gao et al.

(2008). The optical depth of this forcing data is con-

sistent with satellite observations and the global cli-

mate model (GCM) calibrated calculation (Stenchikov

et al. 1998) of the Mount Pinatubo eruption in 1991.

Using NorESM1-M ensemble simulations, Pausata

et al. (2015a,b) analyze the impact of the 1783 Laki

eruption in Iceland on ENSO. They find an El Niño–
like anomaly occurred after the Laki eruption, which is

consistent with observations (the Laki eruption in 1783

andKatmai eruption in 1912) (Rayner et al. 2003; Cook

et al. 2010). They proposed that the El Niño–like
anomaly is caused by the high-latitude volcanic-

induced cooling that pushes the ITCZ southward, en-

hancing the anomalous westerlies over the equatorial

Pacific. In a follow-up study, Pausata et al. (2016) test

the sensitivity of the tropical Pacific under high-

latitude volcanic forcing to different initial states (El

Niño, La Niña, and neutral state), showing that the El

Niño–like anomalies occur in the winter after the NHV

eruption. Their amplitudes are determined by the ini-

tial state of the tropical Pacific.

To better predict the high-latitude volcanic effects on

abrupt climate changes and ENSO development, the

seasons of volcanic eruption occurrence must be taken

into consideration, although few researchers have thus

far considered this. As the starting seasons of many

historical volcanic eruptions are unknown, researchers

usually assume eruptions occur during the same season

(e.g., Man et al. 2014; Otto-Bliesner et al. 2016). How-

ever, some recent studies show that the atmospheric

circulation and ENSO responses are different when

tropical volcanic eruptions occur in different seasons

(Stevenson et al. 2017; Predybaylo et al. 2017). Equa-

torial eruptions also have an asymmetric forcing due to,

for example, seasonal variations of insolation and the

extremely large eruptions could maintain a strong

forcing all year long decreasing the role of timing of an

eruption. Thus, for high-latitude eruptions, we antici-

pate that the influences of differences in eruption sea-

sons can be even stronger, due to larger seasonal

variations in insolation and sulfate aerosol deposition

rates (Kravitz and Robock 2011).

Therefore, the primary target of this study is to assess

the effects of seasonal variations of NHV eruptions on

the ENSO evolution. To the best of our knowledge, no

study to date has investigated these impacts in detail.
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Here ENSO responses to NHV eruptions in four dif-

ferent seasons are simulated by CESM.

The paper is organized as follows. Section 2 in-

troduces the model, experimental design, and method.

Section 3 describes the overall climate and the ENSO

responses to the NHV eruptions. Section 4 analyzes the

physical processes responsible for El Niño’s develop-

ment after NHV eruptions. Section 5 pinpoints how the

NHV-induced atmospheric changes trigger El Niño’s
development, and a new ‘‘anomalous North Pacific cy-

clone and Asian monsoon’’ triggering mechanism is

proposed. Section 6 presents the discussion and the

conclusions are shown in section 7.

2. Model and analysis method

a. Model and experiments

The model used in this study is CESM with the

Parallel Ocean Program version 2 (POP2) and the

Community Atmosphere Model, version 4 (CAM4)

(Neale et al. 2013). The performance of CESM is

verified by numerous researchers (e.g., Wang et al.

2015; Ning and Bradley 2016; Otto-Bliesner et al. 2016;

Ning et al. 2018). In this study, the low-resolution

version (T31_g37, which is equivalent to 3.758 3 3.758
in the atmosphere and land components) is used to

carry out the long time integration, given the lim-

ited computing resources at our disposal. CAM4 has

48 grid points in latitude, 96 grid points in longitude,

and 26 vertical levels, while POP2 has 116 grid points

in latitude, 100 grid points in longitude, and 60

vertical levels.

A 2000-yr control simulation (Ctrl) is performed

with all external forcing fields fixed at 1850, after a

400-yr preindustrial spinup run (Wang et al. 2015). The

NHV experiments contain a 14-member ensemble

simulation (integrated for 10 years) for each eruption

experiment using the prescribed volcanic forcing initi-

ated with different years adopted from Ctrl. Year (0)

represents the volcanic eruption year, while year (1)

denotes the first year after volcanic eruption. Following

Pausata et al. (2016) and Predybaylo et al. (2017), we

add the volcanic forcing in four seasons in year (0), and

we choose the ENSO peaks during DJF (0/1) in the Ctrl

experiment as the initial condition. From the observed

Niño-3.4 index (58S–58N, 1708–1208W; HadSST;

Rayner et al. 2003) during the DJF season from 1901/02

to 2017/18, the probabilities of El Niño (Niño-3.4
index . 0.58C), neutral (20.58C , Niño-3.4 index ,
0.58C), and La Niña (Niño-3.4 index , 20.58C) oc-

currence are 30.0%, 39.2%, and 30.8%, respectively.

To detect the volcanic effects under a more realistic

condition, we selected 4 El Niño cases, 6 neutral cases,

and 4 La Niña cases based on the real probabilities of

ENSO’s occurrence as the initial conditions. Addi-

tionally, we select 14 members to form a no-volcano

ensemble. The 14 members selected in the Ctrl are the

same years as the volcanic forcings were placed in the

NHV experiment.

The spatial–temporal distribution of the monthly

mean volcanic forcing is produced according to the

stratospheric transport parameterization proposed by

Grieser and Schönwiese (1999) and adapted by Gao

et al. (2008). The Northern Hemisphere is divided into

eight equal-area latitude belts (three in the tropics, four

in the midlatitudes, and one in high latitude). The

horizontal spread of aerosols within the low strato-

sphere is parameterized using information obtained

from the studies of stratospheric mass transport

(Grieser and Schönwiese 1999) and uncertainties are

contained in the estimates. The original values are

modified to reflect the seasonal dependence of aerosol

dispersion and polar depositions (Table 2 in Gao et al.

2008). The global total amount of stratospheric sulfate

aerosol (32 Tg) is similar to the magnitude of the 1991

Pinatubo (30 Tg), but it was injected in the most

northern midlatitude band of 648N (similar to the 1783

Laki eruption). This volcanic forcing is chosen because

it is difficult for weak volcanic forcing to obtain sig-

nificant climate impact. Further, these medium-size

volcanic eruptions are more frequent than the larger

ones and are therefore more representative over the

past 2500 years (Kravitz and Robock 2011; Kravitz

et al. 2015; Sigl et al. 2015).

The idealized eruption scenarios begin on 15 January

(JAN), 15 April (APR), 15 July (JUL), and 15 October

(OCT), respectively, and the maximum aerosol mass

is reached 4 months after the eruptions (Fig. 1). This

4-month aerosol buildup was observed after the 1991

Pinatubo eruption (Guo et al. 2004). For the January

and April eruptions, aerosol loading is stronger in the

high latitudes and peaks in spring and early summer,

compared with the July and October eruptions (Fig. 1).

This is because the high (low) exchange rate of sulfate

aerosols from the extratropics to the polar region is

mainly caused by the polar vortex in boreal summer

(winter) in the Northern Hemisphere (Grieser and

Schönwiese 1999; Gao et al. 2008). The seasonal volca-

nic forcings are similar to previous model runs (Fig. 5 in

Kravitz and Robock 2011). We also compare our vol-

canic forcing with the 1912 Katmai eruption from

Ammann et al. (2003) and Sato et al. (1993) and the

GISS ModelE results (Fig. 4 in Oman et al. 2006b).

Observations and ModelE results indicate that the ma-

jority of the volcanic forcing remain north of 308N, and a

1 JUNE 2019 SUN ET AL . 3247



certain amount of it is transported to south of 308N
latitude, which is similar to the forcing in this study.

b. Method

The anomalies in each NHV experiment are calcu-

lated as the departures from the corresponding un-

perturbed counterpart (NHV 2 Ctrl). We use a null

hypothesis of no changes in SST, surface temperature,

SLP, and winds following the NHV eruption. Un-

certainties in the anomalies were estimated using a

block-bootstrap procedure (Kunsch 1989; Emile-Geay

et al. 2016) with 5000 draws. The block length was set at

2 years for the interannual difference.

The false discovery rate (FDR) procedure is also used

to control the proportion of falsely rejected null hy-

potheses out of all rejected null hypotheses (Benjamini

and Hochberg 1995). This has been illustrated quite

pedagogically in climate science by Ventura et al.

(2004), and its importance was recently pointed out by

Hu et al. (2017). Here we set q 5 5% to guarantee that

5% or fewer of the locations where the null hypothesis is

rejected are false detections on average. The followings

are the processes of the FDR procedure (Benjamini and

Hochberg 1995):

1) Calculate p values at all m locations;

2) Rank the p values p(i) in increasing order: p(1) #

p(2) # � � �#p(m);

3) Define k as the largest i for which p(i) # q(i/m);

4) Reject hypotheses at locations i 5 1, 2, . . . , k.

In this study, a budget analysis of the mixed layer tem-

perature anomaly is used to quantify the contributions

of different processes to the El Niño development. This

equation can be derived as follows (Li et al. 2002):
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where the overbars and primes indicate climatological

and anomalous quantities, respectively; T denotes the

mixed layer temperature; V5 (u, y, w) represents the

zonal and meridional currents, and upwelling velocities,

respectively; = 5 (›/›x, ›/›y, ›/›z) represents the three-

dimensional gradient operator; u0›T/›x, y0›T/›x, and
w0›T/›x denote the advection of mean temperature by

anomalous ocean current velocities in three directions;

u›T 0/›x, y›T 0/›x, and w›T 0/›x represent the anomalous

temperature by mean current velocities in three di-

rections; and u0›T 0/›x, y0›T 0/›x, and w0›T 0/›x are the

nonlinear terms in three directions. Also, Qnet denotes

the net downward heat flux at the ocean surface; r

(5103 kgm23) is water density; Cp (54000 J kgK21) is

the specific heat of water; H represents the mixed layer

depth where ocean temperature is 0.88C lower than the

surface, following Saha et al. (2006) and Chen et al.

(2017); and R denotes the residual term.

FIG. 1. Zonally averaged aerosol column density (kg km22) for theNHV eruption in (a) January, (b) April, (c) July,

and (d) October. The vertical dashed lines represent the eruption months.
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3. Climate responses to the NHV eruptions

a. Surface shortwave radiation and temperature
response to the NHV eruptions

Figure 2 shows the composite zonally averaged surface

shortwave radiation anomalies after the NHV eruptions.

In all cases, significant decreases of surface shortwave

radiation appear shortly after each NHV eruption, which

lasts for approximately one year, and the distribution is

consistent with the sulfate aerosol loading. Because of the

seasonality of the atmospheric circulation, the dispersion

of the volcanic aerosol is different in each season, causing

the larger reduction of shortwave radiation in the NH

extratropical-to-polar region after January and April

eruptions, compared with the July and October erup-

tions. Meanwhile, stronger insolation in late spring and

summer in the Northern Hemisphere strengthens the

reduction of shortwave radiation after January and April

eruptions. These global radiative responses are similar to

previous results (Kravitz and Robock 2011).

The global temperature responses are shown in

Fig. 3. The temperature decreases largely over the NH

extratropical-to-polar region in the first boreal sum-

mer and fall after January and April eruptions, which

last longer and exhibit greater pole-to-equator tem-

perature gradients compared with the July and Octo-

ber eruptions. The cooling in the polar region is

stronger during fall (Figs. 3a and 3b) and can last for a

longer period, most likely due to the snow/albedo

feedback.

b. ENSO response to NHV eruptions

The CESM can simulate the ENSO evolutions after

volcanic eruptions well, confirmed by the proxies and

observational data (Liu et al. 2016; Liu et al. 2017;

Stevenson et al. 2017; Sun et al. 2018).

Figure 4 displays ensemble mean boreal winter SST

anomalies [November to January (NDJ)]. There is no

significant warming or cooling over the central-eastern

Pacific in NDJ (0/1) and (1/2) in the Ctrl ensemble

(Figs. 4a,b). A strong El Niño happens in the winter

following the January eruption (Fig. 4c), whereas no

significant warming appears after the April eruption

(Fig. 4d). In the JUL experiment, the eastern Pacific SST

does not change in the first winter (Fig. 4e), whereas

weak positive SST anomalies occur over the eastern

Pacific in the following winter (Fig. 4f). In the October

ensemble, no warming occurs over the eastern Pacific in

the first winter, but an El Niño occurs over the eastern

Pacific in the second winter (Figs. 4g and 4h).

Figure 5 shows the anomalous NH extratropical

temperature (308–608N, 1808–1808) and Niño-3.4 index

in theNHVexperiment. The ensemblemean anomalous

Niño-3.4 index in Ctrl experiment is close to zero from

JAN (0) to JUN (2) (Fig. 5b), which means that the se-

lected no-volcano ensemble mean is adequate to serve

as a reference to detect volcanic effects by comparison

with the NHV experiment. The magnitude of the NH

extratropical cooling is substantially influenced by

eruption season (Fig. 5a). After a January eruption,

FIG. 2. Composite zonally averaged surface shortwave radiation anomalies (Wm22) for the NHV eruption in

(a) January, (b) April, (c) July, and (d) October, relative to the Ctrl ensemble mean. The vertical dashed lines

represent the eruption months. The dots denote the anomalies are significant at the 5% test level.

1 JUNE 2019 SUN ET AL . 3249



strongest NH extratropical cooling occurs and the Niño-
3.4 index increases after JUN (0) (Figs. 5a,c). At the end

of year (0), an El Niño happens in the JAN experiment

whereas insignificant warming occurs over the eastern

Pacific in the APR experiment (Figs. 6a and 6b). In year

(1), the anomalous eastern Pacific warming rapidly de-

creases in the JAN experiment. Interestingly, the NH

extratropical cooling is weaker in the OCT experiment

FIG. 3. As in Fig. 2, but for the surface temperature anomalies (8C).

FIG. 4. Composite boreal winter SST anomalies (8C; November–January). (a),(b) Results in corresponding

unperturbed ensemble in Ctrl, relative to the mean of the last 500 years. Results in the (c) JAN, (d) APR,

(e),(f) JUL, and (g),(h) OCT experiments are relative to the Ctrl ensemble mean. Note that (a), (c), (d), (e), and

(g) represent the first winter following the NHV, while (b), (f), and (h) represent the second winter after the NHV.

The dots denote the anomalies are significant at the 5% test level.
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than that in the APR experiment, but a significant El

Niño occurs at the end of year (1) in the OCT experi-

ment (Figs. 5f and 6d).

We also simulate the NHV JUN (32 Tg) and 1783

Laki (93 Tg) eruption experiment 5 times (see Fig. S1 in

the online supplemental material). A significant El Niño
happens in the first winter after the Laki eruption, which

is in agreement with the tree-ring data (Cook andKrusic

2004; D’Arrigo et al. 2011). This means that an El Niño
occurs after the strong high-latitude volcanic eruption.

However, no significant warming occurs after the June

eruption (about one-third of Laki’s size), which is con-

sistent with the results in the summertime eruption

(APR and JUL) experiments.

The differences between these El Niños’ devel-

opments under the NHV eruption in different sea-

sons are larger than that under the tropical eruptions

(Stevenson et al. 2017). Thus, the NHV eruption season

is an important factor to influence the development of

El Niño.

4. Diagnosis of mixed layer heat budgets

To investigate why the El Niño develops differently

for the NHV eruptions in different seasons, a budget

analysis of oceanic mixed layer temperature anomaly

tendency (MLTA) averaged over the Niño-3.4 region

is first conducted. In Fig. 7, the relative contributions

of each of the terms affecting the MLTA during the

El Niño developing phase are shown for two periods:

June (0)–December (0) (Figs. 7a–c) and March (1)–

December (1) (Figs. 7d,e). The budget analysis of the

October ensemble during year (0) is not included be-

cause it only has 2 months after the eruption in year (0).

FIG. 5. (a) The time series of the simulated anomalous NH extratropical surface temperature (308–608N, 1808–
1808) and anomalous SST (8C) over the Niño-3.4 region (58S–58N, 1708–1208W). (b) Ensemble mean anomalies in

Ctrl, relative to themean of the last 500 years. (c)–(f) The anomalies in the JAN,APR, JUL, andOCT experiments,

respectively, relative to Ctrl ensemble mean. Red lines denote the ensemble mean anomalies. Shading represents

twice the standard error of the mean. The vertical dashed lines represent the start of eruptions.
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In year (1), we focus on the July and October ensembles

because both of them have no significant SST change

over the eastern Pacific in year (0) but exhibit different

degrees of warming in year (1) (Fig. 5). The sustained

growth of the Niño-3.4 index occurs at the spring (1) in

the October ensemble. Therefore, we select the period

of March (1)–December (1) as the El Niño developing

phase in year (1) (Figs. 7d,e). Note that the estimated

MLTA tendency (Fig. 7, bar 11) is close to the actual

MLTA tendency (Fig. 7, bar 12), meaning that the

mixed layer heat budget diagnosis results are credible.

The MLTA tendencies are 0.138, 0.058, and 0.008C
month21 from June (0) to December (0) in the January,

April, and July ensembles, respectively (Figs. 7a–c). In

the January ensemble, the warming trend is largest, and

zonal advection plays a crucial role during this period

(Fig. 7a). In particular, the advection of mean temper-

ature by anomalous current (2u0›T/›x; Fig. 7a, bar 1)
contributes the most to the warming. At the same time,

the meridional advective feedback (2y›T 0/›y; Fig. 7a,
bar 8) and thermocline feedback (2w›T 0/›z, bar 5) also
contribute to the MLTA tendency. The thermodynamic

heat flux feedback [Q0
net/(rCpH); Fig. 7a, bar 10] is

negative in the Niño-3.4 region with the positive MLTA

tendency, which tends to damp the latter as expected. In

the April eruption cases, the enhanced MLTA is also

mainly due to the zonal advective feedback but its

magnitude is much smaller than that in the January

ensemble, leading to the weaker warming (Fig. 7b).

However, for the July ensemble, all of the advection

terms along with the thermodynamic heat flux, are close

to zero in the following winter (Fig. 7c).

FIG. 6. Composite longitude–time plot of the SST anomalies (shading; 8C) averaged over the equatorial Pacific

(58S–58N) for the NHV eruption in (a) January, (b) April, (c) July, and (d) October. The horizontal dashed lines

represent the eruption months. The dots denote the anomalies are significant at the 5% test level.
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During the period of March (1)–December (1), the

MLTA tendencies are 0.068 and 0.108C month21 in the

July and October ensembles, respectively (Figs. 7d and

7e). In the July ensemble, the zonal advective feedback

(Fig. 7d) causes the insignificant warming over the

eastern Pacific. Meanwhile, in the October ensemble,

the increased MLTA is mainly caused by zonal, merid-

ional advective, and thermocline feedbacks (Fig. 7e).

The thermocline feedback in the OCT experiment is

stronger than that in the JAN experiment. The ther-

modynamic heat flux also tends to slow down the

warming trend, which is similar to the results for the

January ensembles.

The feedbacks that affect MLTA tendency are all

related to the surface wind stress over the equatorial

Pacific (e.g., Su et al. 2010; Chen et al. 2015). Therefore,

the examination of surface wind stress evolution is in-

strumental for understanding the MLTA change.

Figure 8 shows the evolution of the anomalous surface

zonal wind stress (ZWS0) and anomalous sea surface

height (SSH0). The SSH0 can also be approximately in-

terpreted as a thermocline anomaly as they are positively

related, especially over the eastern Pacific (Cane 1984). In

the January ensemble, anomalous westerlies occur over

the equatorial western Pacific after June (0), bringing

warm water to the central Pacific, slackening the equa-

torial trade winds, and activating the Bjerknes feedback

(Bjerknes 1969), which contributes to the eastern Pacific

warming. The weakened equatorial wind stress also in-

duces the positive SSH0 over the equatorial eastern Pa-

cific during the autumn and winter (Fig. 8a). The deeper

anomalous thermocline depth can in turn lead to the

enhanced equatorial upper-ocean zonal currents (u0)
through the geostrophic current (Su et al. 2010, 2014). At

the same time, the thermocline becomes shallow (deep)

in the west (east) Pacific, favoring the eastern Pacific

warming by thermocline feedback, but this feedback

happens in the late development of El Niño.
The largest temperature anomalies occur along the

equator during June (0)–December (0) in the JAN

FIG. 7. Composite MLTA budget terms (ordinates are 8C month21) during (a)–(c) June (0)–December (0) and

(d),(e) March (1)–December (1) averaged over the Niño-3.4 region (58S–58N, 1708–1208W). Bar 12 represents the

tendency inMLTA (2›T 0/›t) and bar 11 is the sumof all 10 terms changes in the equation. The changes in the linear

terms are as follows: 2u0›T/›x (bar 1), 2u›T 0/›x (bar 2), 2w0›T/›z (bar 4), 2w›T 0/›z (bar 5), 2y0›T/›y (bar 7),

2y›T 0/›y (bar 8), and Q0
net/(rCpH) (bar 10).
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experiment (Fig. S2a). The climatological mean merid-

ional currents above the mixed layer depth are gener-

ated by Ekman flows. Under easterly wind stress the

Ekman flow are always away from the equator, advect-

ing warm water poleward, expanding and enhancing the

warming over the Niño-3.4 region. This meridional ad-

vective feedback (2y›T 0/›y) occurs above the mixed

layer depth. The increase of zonal advective feedback

leads the meridional advective feedback about 1 month,

and the former is much greater than the latter (figure not

shown). This implies that the meridional advective

feedback acts to enlarge the warming.

In the April and July ensembles, no significant

westerly anomalies occur over the equatorial Pacific

(Figs. 8b,c), causing the small changes in u0 and SSH0.
Correspondingly, the zonal, meridional advective, and

thermocline feedbacks are all weak (Figs. 7b–d). After

the October eruption, the anomalous westerlies occur

over the western Pacific during the spring in year (1)

(Fig. 8d). Then the weakened wind stress is generated by

the Bjerknes feedback and gradually extends eastward,

leading to the zonal advective feedback. The positive

SSH0 prevails over the central-eastern Pacific from the

spring (1) to winter (1), implying the enhanced ther-

mocline feedback. When the warming develops over the

eastern Pacific, the meridional advective feedback is

induced (Fig. S2b), which tends to enlarge this warming.

In summary, after the January and October eruptions,

the equatorial westerly anomalies over the western Pa-

cific can initially activate the Bjerknes feedback through

anomalous zonal advection, weakening the equatorial

trade winds, and then enhance the advective feedbacks

FIG. 8. Composite longitude–time plot of the surface zonal wind stress anomalies (shading; 1021 Nm22) and sea

surface height anomalies (contours; cm) averaged over the equatorial Pacific (58S–58N) for the NHV eruption in

(a) January, (b) April, (c) July, and (d) October. The horizontal dashed lines represent the eruption months. Only

the anomalies significant at the 5% test level are shown.
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in three directions over the eastern Pacific, which causes

the development of El Niño.

5. The impacts of the NHV eruptions on equatorial
Pacific winds

Here we examine the ways in which the NHV erup-

tions affect the winds over the equatorial Pacific because

the latter can trigger El Niño events. In particular, the

NHV eruptions occurring in different seasons are ex-

pected to have differing impacts on the equatorial winds.

As shown in Fig. 9a, during June (0), the climatolog-

ical land–sea contrast (warm land and cool ocean)

induces the Asian low and North Pacific high (semi-

permanent systems) after the January eruption. The

volcano-induced thermal contrast (relatively cold land

and warm ocean) is opposite to the climatology, there-

fore, it tends to weaken the climatological Asian low and

North Pacific high (or generate the high pressure

anomalies over land and low pressure anomalies over

North Pacific and Asian marginal seas) (Fig. 9c). As a

result, the anomalous North Pacific cyclone (NPC) de-

velops and extends to the East and Southeast Asian

marginal seas, combined with the weakened East Asian

summer monsoon. Meanwhile, the volcano-induced

midlatitude cooling is strong, especially over the arid

regions of Iran and the Arabian Peninsula (Fig. 9f),

which suppresses the South Asian summer monsoon

precipitation (Fig. 9d). Since the climatological pre-

cipitation is large in India during June (Fig. 9b), the drier

conditions enhance the downward shortwave radiation

by reducing the cloud amount and reduce the upward

latent heat flux, causing the surface warming (Fig. 9f).

The low pressure anomalies are formed over India and

the Bay of Bengal, connected with the low SLP over

Southeast Asia. Then the anomalous cyclonic circula-

tion is generated, and the anomalous westerlies appear

over the equatorial Indo-western Pacific region.

After that, the anomalous high SLP in the JAN ex-

periment becomes weaker over the midlatitude regions

FIG. 9. (a) Climatological sea level pressure anomalies (shading; hPa), 850-hPa wind anomalies (vectors; m s21),

and (b) precipitation (mmday21) during June. (c),(e) Anomalous sea level pressure and 850-hPawinds during June

(0) and July (0)–August (0), respectively, in the JAN experiment. (d),(f) Anomalous precipitation anomalies and

surface temperature (8C) during June (0) in the JANexperiment. In (c)–(f), only the anomalies significant at the 5%

test level are shown.
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of Eurasia and the anomalous low SLP over the North

Pacific and South Asia is also weakened (Fig. 9e), re-

sulting in weaker anomalous westerlies appearing over

the equatorial Indian Ocean. However, the anomalous

westerlies-induced downwelling oceanic Kelvin waves

have already propagated eastward and the ensuing

Bjerknes feedback is in action and induces the weak-

ened trade winds over the equatorial Pacific. This

Bjerknes feedback results from the anomalous west-

erlies in the western Pacific during June (0) (Fig. 9c) and

anomalous zonal advection of warm water from the

western Pacific, which once in the central Pacific further

slacken the equatorial trade winds.

In the October ensemble, the sulfate aerosols are

mainly distributed in midlatitudes but they are weaker

than January and April eruptions (Fig. 1d). Since cool-

ing appears over the NH midlatitudes (Fig. 3d) and the

land–ocean thermal contrast is increased, the winter

monsoon is enhanced over south East Asia during the

February (1)–March (1) (Fig. 10b). The land–ocean

thermal contrast strengthens the climatological Aleu-

tian low and weakening subtropical North Pacific high

(Fig. 10a), inducing an anomalous NPC. This anomalous

NPC connects with the enhanced East Asian winter

monsoon over the South China Sea, reducing the surface

temperature in Maritime Continent (Fig. 10d). Mean-

while, there is a dipole anomalous SST over the northern

tropical Pacific, which is caused by the atmospheric

circulation (Vimont et al. 2001). The enhanced total

wind speed over the western North Pacific induces the

upward latent heat flux (Figs. 10d,e), which causes the

ocean to cool. The anomalous westerlies over the sub-

tropical central North Pacific decrease the total wind

speed and increase the downward latent heat flux,

FIG. 10. (a) Climatological mean February–March sea level pressure (shading; hPa) and 850-hPa winds (vectors;

m s21). (b) Composite sea level pressure anomalies and 850-hPa wind anomalies during February (1)–March (1) in

theOCT experiment. (c) Composite surface temperature anomalies (8C), (d) surface downward heat flux anomalies

(Wm22), and (e) surface latent heat flux anomalies (Wm22) during February (1)–March (1) in the OCT experi-

ment. In (b)–(e), only the anomalies significant at the 5% test level are shown.
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leading to the SST warming. Then the temperature

gradient from theMaritime Continent to the subtropical

central North Pacific is generated, exciting the anoma-

lous equatorial westerlies over the western Pacific

(Fig. 10b). The equatorial Pacific is very sensitive to

equatorial winds (Emile-Geay and Cane 2009), so the

Bjerknes feedback is activated to reduce the trade wind

over the equatorial Pacific after early spring (1)

(Fig. 8d).

In the April ensemble, aerosols are less intense over

the midlatitudes (Fig. 1b), leading to a relatively lower

cooling amplitude in summer (0) (Fig. 11b) compared to

the January ensemble. The resultant anomalous high

SLP over the midlatitude Eurasia and low SLP over the

North Pacific are weak, which leads to a weak anoma-

lous NPC (Fig. 11a). Meanwhile, the decline of the

Asian summer monsoon is weak, which fails to generate

an anomalous cyclone and connects with the NPC. Thus,

the anomalous westerlies are very weak over the equa-

torial Pacific in summer (0).

After the July eruption, anomalous cooling over

the Philippine Sea induces a local anomalous high

SLP, along with northwesterly anomalies of NPC near

258N, generating a western North Pacific anomalous

anticyclone (WNPAC), due to a positive thermody-

namic feedback between the anticyclone, convection,

and underlying SST (Wang et al. 1999; Wang et al.

2000). TheWNPAC generates the equatorial easterly

anomalies over the western Pacific and prevents the

eastern Pacific warming.

6. Discussion

The performance of CESM has been verified by pre-

vious researchers (e.g., Wang et al. 2015; Otto-Bliesner

et al. 2016; Ning et al. 2017; Sun et al. 2017). CESM is

also found to have good performance in simulating

ENSO evolution after volcanic eruptions, confirmed by

the proxies and observed data (Liu et al. 2017; Stevenson

et al. 2017; Sun et al. 2018). Nevertheless, some model

biases still exist. The simulated ENSO position is shifted

westward compared to observations, which is a common

deficiency of the current coupled models (e.g.,

Capotondi et al. 2006;Wang et al. 2018). This might lead

to the slower transition rate from El Niño to La Niña
(Sun et al. 2018). In addition, most IPCC-class GCMs,

including CESM, have been found to be overly sensitive

to stratospheric aerosol loading (Stoffel et al. 2015), due

to incomplete representations of stratospheric aerosol

chemistry (LeGrande et al. 2016).

Pausata et al. (2016) examine ENSO response to the

NHV eruptions via the NorESM1-M, assuming that the

eruptions have a weak impact on El Niño’s development

when the aerosol loading occurs during boreal winter,

which is somewhat different from our results. However,

there are some uncertainties in both models, which may

lead to different ENSO responses. This means that

multimodel analysis should be conducted in future work.

ENSO’s response to the initial conditions is checked

under the January and October eruptions (Fig. S3). For

the January eruption, the NHV-induced El Niño–like

FIG. 11. Composite sea level pressure anomalies (hPa) and 850-hPa wind anomalies (vectors; m s21), and surface

temperature (8C) during (a),(b) June (0)–August (0) in the APR experiment and (c),(d) November (0)–December

(0) in the JUL experiment. Only the anomalies significant at the 5% test level are shown.
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warming can be found in all three initial conditions at

the end of year (0) and the warming is stronger under the

El Niño and neutral initial conditions. After theOctober

eruption, the El Niño–like warming happens in year (1)

and it is strongest under the El Niño initial conditions

than under the neutral initial conditions. These results

are similar to those obtained by Ohba et al. (2013) and

Predybaylo et al. (2017) but different from Pausata et al.

(2016). Further studies need more models and obser-

vations to confirm the ENSO response within each set of

initial conditions.

We conduct an idealized experiment, which does not

consider the influence of the seasonal changes of at-

mospheric circulation on volcanic forcing, in order to

determine if the same dispersion of aerosol occurring in

different seasons can lead to different ENSO responses.

We added the JAN forcing starting in April, July, and

October (Fig. S4) and we made five ensemble members

in each experiment. The January volcanic eruption

forcing is selected because it can induce large NH

extratropical cooling (Fig. 5a). We found that the same

volcanic forcing also leads to the different magnitude of

NH extratropical cooling (Fig. S5a), which might be due

to the different locations of direct sunlight in the dif-

ferent seasons leading to different amounts of shortwave

radiation blocked by volcanic aerosols. Although the

significant El Niño is excited in the APR2 and JUL2

experiment (Figs. S5d,e), we can still find that the

stronger El Niño occurs in the JAN2 (OCT2) than that

in the APR2 (JUL2) experiment, and the El Niño is

stronger in the OCT2 than that in APR2 experiment,

which is also consistent with our previous results (Fig. 5).

This means that the increased strength of the volcanic

forcing can enhance El Niño’s development in each

season, but the eruption season controls the different

intensity between them.

We also conduct the NHV experiments with the pre-

scribed SST (three ensemble members for the January

and October eruptions) and check if the pure effect of

the land temperature changes can induce the anomalous

equatorial westerlies. In the JAN prescribed-SST ex-

periment (Fig. S6a), the South Asian monsoon is sub-

stantially decreased and the NPC is generated. The

anomalous westerlies occur over the equatorial Indian

Ocean and southwestern equatorial Pacific (about 108S–08,
1108–1508E), but they are weaker than the results in

the JAN experiment (Figs. S6b,c). This means that the

ocean enhances the midlatitude cooling, which further

suppresses the South Asian summer monsoon, enhanc-

ing the anomalous westerlies over South Asia and the

equatorial Indo-western Pacific. In the OCT prescribed-

SST experiment (Fig. S7a), although the anomalous

NPC and enhanced East Asian winter monsoon occur,

the east–west temperature gradient is not formed over

the northern tropical Pacific (about 08–158N, 1208E–
1508W) because the SST will not change in the fixed

ocean and the ocean cannot get the heat flux changes

from the atmosphere.

Previous studies found that the NHV-induced NH

extratropics cooling leads to a southward shift of the ITCZ

(Pausata et al. 2015b, 2016; Stevenson et al. 2016), which

weakens the easterly trade winds over the equator because

the surface easterly winds are weakest under the ITCZ.

We checked the ‘‘ITCZ shift’’ mechanism in our study. In

the JAN experiment, increased precipitation occurs from

September (0) to December (0) and the ITCZ slightly

moves southward (Fig. S8a), but the eastern Pacific

warming is already formed (Fig. 5c). In the OCT experi-

ment, the ITCZ southward movement starts at June (1)

(Fig. S8e) but the eastern Pacific warming has already

happened before June (1) (Fig. 5f). These results imply

that the ITCZ shift might not be the trigger of El Niño in

this study, although it can be an important enhancement

mechanism to El Niño’s development. We also check the

results in the NHV experiments with the prescribed SST,

and there is no ITCZ shift over the Pacific (figure not

shown). This might be due to the coarse resolution of the

simulation in this study, and it is not clear if this coarse

resolution could spatially resolve the small ITCZ shift.

Because of the lack of high-latitude volcanic eruption

events, it is difficult to truly retrieve the transport of

volcanic aerosols, especially for the eruptions at different

seasons. The prescribed volcanic forcing used in this

research is based on a simple numerical distribution

program and ignores some climatic effects, such as the

quasi-biennial oscillation (Gao et al. 2008). The same

meridional transport and vertical distribution schemes

based on tropical eruptions are applied to the mid- to

high-latitude eruptions, which may introduce additional

uncertainties. It should be noted that we focus on

medium-sized volcanic eruptions (similar to Pinatubo)

as a template in this study, but volcanic eruption can take

various forms and other factors need to be taking into

consideration as well in future studies. A recent work by

Toohey and Sigl (2017) is a major advance over the

dataset of Gao et al. (2008). Their data can be used in

future studies if they specify the evolution of the plume,

but the latter should ideally be simulated by GCMs with

active stratospheric dynamics and chemistry. Meanwhile,

the spread of volcanic aerosols needs to be dynamically

linked to stratospheric circulation in the model.

7. Conclusions

This study investigates the impact of northern high-

latitude volcanic eruptions on ENSO, based on ensemble
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simulations with the Community Earth System Model.

The following are the major findings:

1) The seasonality of atmospheric circulation influences

the NHV aerosol dispersion, causing a stronger

(weaker) Northern Hemisphere cooling after the

January and April (July and October) eruptions.

ENSO’s response to the medium-sized NHV erup-

tions strongly depends on the eruption season and

its seasonal differences are much larger than that

under tropical eruptions (Stevenson et al. 2017). The

January eruption results in an El Niño toward the

end of the eruption year while an El Niño occurs in

year (1) after the October eruption. No significant

eastern Pacific warming occurs after the April (July)

eruption.

2) A diagnostic analysis indicates that the development

of El Niño is mainly attributed to the zonal, merid-

ional advective, and thermocline feedbacks over the

eastern Pacific. These feedbacks are triggered by

volcano-induced equatorial westerly anomalies over

the western Pacific.

3) The ways by which the NHV eruptions excite

anomalous equatorial westerlies are found to vary

with the eruption season. Anomalous NPC and

Asian monsoon are key systems to excite anomalous

westerlies, which are mainly caused by the NHV-

inducedmidlatitude cooling andEurasian continent–

Pacific thermal contrast. After January eruption, the

NPC develops in early summer and connects with

the weakened Asian summer monsoon, inducing

the anomalous equatorial westerlies over the Indo-

western Pacific, activating the Bjerknes feedback.

For the October eruption, the anomalous NPC and

enhanced East Asian winter monsoon bring cold air

to the Maritime Continent and warm the subtropical

central North Pacific through the surface heat flux

exchange, exciting the anomalous westerlies over the

western Pacific.

4) The strong dependence on the seasonal timing of the

high-latitude eruption suggests that this should be a

critical element of data–model comparisons. That is,

one cannot judge the quality of a simulation of the

response to high-latitude volcanic forcing without

taking the eruption season into consideration.

It is important to specify the eruption season and

probably the background state of the atmosphere at

eruption time. This is a tall order but should be kept in

mind in paleoclimate data–model comparisons. These

findings also provide us new knowledge about the pre-

diction of abrupt climate change after northern high-

latitude volcanic eruptions and the climate effects of

Arctic geoengineering (Robock et al. 2008; Nalam et al.

2018). However, due to the lack of large high-latitude

eruption events and observations, we are still in the early

stages of understanding the general rules for NHV

eruptions’ climate impacts. Thus, we need to find more

volcanic reconstructions and climate proxies to verify

the model results in the future.
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