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ABSTRACT

In order to examine the response of the tropical Pacific Walker circulation (PWC) to strong tropical volcanic eruptions
(SVEs), we analyzed a three-member long-term simulation performed with HadCM3, and carried out four additional CAM4
experiments. We found that the PWC shows a significant interannual weakening after SVEs. The cooling effect from SVEs
is able to cool the entire tropics. However, cooling over the Maritime Continent is stronger than that over the central-eastern
tropical Pacific. Thus, non-uniform zonal temperature anomalies can be seen following SVEs. As a result, the sea level
pressure gradient between the tropical Pacific and the Maritime Continent is reduced, which weakens trade winds over the
tropical Pacific. Therefore, the PWC is weakened during this period. At the same time, due to the cooling subtropical and
midlatitude Pacific, the Intertropical Convergence Zone (ITCZ) and South Pacific convergence zone (SPCZ) are weakened
and shift to the equator. These changes also contribute to the weakened PWC. Meanwhile, through the positive Bjerknes
feedback, weakened trade winds cause El Niño-like SST anomalies over the tropical Pacific, which in turn further influence
the PWC. Therefore, the PWC significantly weakens after SVEs. The CAM4 experiments further confirm the influences from
surface cooling over the Maritime Continent and subtropical/midlatitude Pacific on the PWC. Moreover, they indicate that the
stronger cooling over the Maritime Continent plays a dominant role in weakening the PWC after SVEs. In the observations,
a weakened PWC and a related El Niño-like SST pattern can be found following SVEs.
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1. Introduction
The Pacific Walker circulation (PWC) is one of the most

important circulation systems in the tropics (Bjerknes, 1969).
Changes in the PWC are associated with major changes in
rainfall in many parts of the world (Ropelewski and Halpert,
1989; Veiga et al., 2005; Williams and Funk, 2011). Williams
and Funk (2011) suggested that the westward extension of
the PWC likely contributes to increased subsidence and de-
creased eastern African rainfall from March to June. In ad-
dition, changes in the PWC are also related to extreme cli-
mate and weather events, such as the decreased number of
severe tropical cyclones making landfall over eastern Aus-
tralia and increasing potential of biomass burning in Sumatra,
Indonesia (Callaghan and Power, 2011; Lestari et al., 2014).
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Therefore, understanding the PWC is essential for predicting
meteorological disasters and managing water resources.

On the interannual timescale, the intensity of PWC shows
considerable variability (Tanaka et al., 2004). It is closely
associated with the El Niño–Southern Oscillation (ENSO)
(e.g., Philander, 1990; Tanaka et al., 2004). For instance, the
weaker PWC in 1982/83 and 1997/98 was closely linked to
the super El Niño events in those years. On the interdecadal
timescale, some recent studies have shown that the PWC ex-
perienced interdecadal weakening in the mid-1970s and en-
hancement since the late 1990s (e.g., Burgman et al., 2008;
Dong and Lu, 2013; McGregor et al., 2014). McGregor et al.
(2014) suggested that the recent Atlantic warming trend and
related trans-basin coupling processes play key roles in the
observational-based estimate of PWC enhancement since the
late 1990s. In addition, some modeling and observational-
based estimates (using the HadSLP2 dataset) have shown that
the PWC shows a long-term weakening trend in the 20th cen-
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tury under global warming (Tanaka et al., 2004; Vecchi et al.,
2006; Vecchi and Soden, 2007; DiNezio et al., 2009; Power
and Kociuba, 2011; Zhang and Li, 2017). On the contrary,
other modeling and observational-based estimates (using the
20CR dataset) have argued that the PWC strengthened in the
20th century (Meng et al., 2012; Sandeep et al., 2014; Li
et al., 2015). Hence, there are many uncertainties about the
trend of PWC in the 20th century, due to large uncertainties
in the observed sea surface temperature (SST) and sea level
pressure (SLP) (Deser et al., 2010; L’Heureux et al., 2013).

Knutson and Manabe (1995) indicated two different
mechanisms in determining the long-term trend of the PWC.
The first mechanism works through spatially homogeneous
warming in the free atmosphere, where the strengthened hy-
drological cycle causes enhanced upper-tropospheric warm-
ing and increased static stability (Held and Soden, 2006; Vec-
chi and Soden, 2007). The second mechanism, inhomoge-
neous warming, is dependent on regional differences in the
strength of ocean dynamical thermostat cooling, evaporative
cooling, land–sea thermal contrast, and cloud cover feed-
backs (Clement et al., 1996; Meehl and Washington, 1996;
Bayr and Dommenget, 2013). Besides, changes in the PWC
are also affected by the tropical Pacific’s internal variabilities.
For example, different phases of Pacific Decadal Oscillation
(PDO) can provide different SST backgrounds in the cen-
tral and eastern tropical Pacific, which locally influence the
strength of the PWC (Garcia and Kayano, 2008; Dong and
Lu, 2013). In addition, decadal ENSO variations, with more
central Pacific–type El Niño events, may well have led to the
intensified PWC during the period 1979–2008 (Sohn et al.,
2013). In a recent study, Power and Kociuba (2011) clarified
the relative roles of external forcing and internal variability
in the observed weakening of the PWC during the 20th cen-
tury, based on the HadSLP2 dataset. They pointed out that
external forcing accounts for nearly 30%–70% of the weak-
ening of the PWC, with internal variability compensating for
the rest.

Strong volcanic eruptions can induce an impact on global
climate at seasonal to multidecadal timescales (e.g., Robock,
2000; Shindell et al., 2004; Gleckler et al., 2006; Emile-Geay
et al., 2008; Otterå, 2008; Wang et al., 2012; Zanchettin et
al., 2012). The climatic effects from strong tropical volcanic
eruptions (SVEs) are mainly owing to the ejection of sulfur
dioxide (SO2) into the stratosphere. The SO2 is then con-
verted to sulfate aerosol, which can reflect and scatter solar
radiation and absorb both solar and terrestrial radiation. The
temperature thus increases in the stratosphere but decreases
in the troposphere after the eruptions. As a result, SVEs work
as a narrow peak–type perturbation to the climate system
(Stenchikov et al., 1998; Robock, 2000). In previous mod-
eling studies of the last millennium, most attention has been
paid to the responses of the monsoon and related precipita-
tion to SVEs (e.g., Peng et al., 2010; Cui et al., 2014; Man et
al., 2014; Liu et al., 2016; Miao et al., 2016). Besides, numer-
ous studies have addressed SVE effects on large-scale climate
modes, such as Arctic Oscillation, North Atlantic Oscillation,
Atlantic Multidecadal Oscillation, and PDO (e.g., Shindell et

al., 2004; Otterå et al., 2010; Wang et al., 2012; Zanchettin et
al., 2012).

ENSO is one of the most striking interannual variabilities
in the climate system. Focusing on the tropics, the relation-
ship between El Niño events and volcanic eruptions has been
a hot research topic (e.g., Emile-Geay et al., 2008; Ohba et
al., 2013; Maher et al., 2015; Lim et al., 2016). However,
there is still considerable uncertainty and no consensus has
been reached on the linkage between volcanic eruptions and
the responses of ENSO [see Ding et al. (2014) and many ref-
erences therein]. Some studies suggest that anomalous trade
winds over the Pacific play a key role in triggering and pro-
moting the development of an El Niño event (e.g., Lai et al.,
2015). Thus, a better understanding of how the PWC and re-
lated trade winds respond to SVEs is important. A reliable
result would be helpful in understanding the subsequent evo-
lution of ENSO and related coupled ocean–atmosphere pro-
cesses.

In this study, therefore, we examine how the PWC re-
sponds to SVEs using a three-member simulation (covering
the period 1400–1999) performed with HadCM3. The use
of a single external forcing (volcanic forcing only) and a
large number of SVEs will help us to determine how SVEs
affect the PWC in the model. Four additional simulations
(with CAM4) are used to examine the relative importance of
SVE-induced SST cooling in different regions in affecting the
PWC. We also use reanalysis data to explore how the PWC
responds to SVEs in the observational data.

The remainder of the paper is organized as follows: In
section 2 we describe the model, data and methods. Sec-
tions 3–5 investigate the response of the PWC to SVEs in
the model and observations. Lastly, conclusions and some
further discussion are given in section 6.

2. Model, data and methods
HadCM3 is a coupled ocean–atmosphere model with sea

ice and land surface schemes (Gordon et al., 2000; Pope et
al., 2000). Its atmosphere component is the UK Meteoro-
logical Office’s unified forecast and climate model, with a
horizontal grid spacing of 2.5◦ ×3.75◦ and 19 vertical levels.
The ocean component is a 20-level version of the Cox (1984)
model on a 1.25◦ × 1.25◦ grid. Six ocean grid boxes corre-
spond to each atmosphere model grid box and partial sea-ice
cover can be included at each high-latitude ocean grid box
(Johns et al., 1997). The sea-ice model uses a simple thermo-
dynamic scheme and consists of parametrizations of ice drift
and leads (Cattle and Crossley, 1995). The thermodynamics
of the ice model is based on the zero-layer model of Semt-
ner (1976), and the parametrization of ice concentration is
based on that of Hibler (1979). The models mentioned above
are coupled once per day, and the coupling details have been
well documented in a previous study (Gordon et al., 2000).

We analyzed three simulations covering the period 1400–
1999, hereafter referred to as VOLC (r1, r2, r3) (Schurer et
al., 2013). They were run utilizing volcanic forcing through-
out the simulation, with the following additional forcings set
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as constant (dates in parentheses indicate the year of constant
forcing): solar forcing (1400), well-mixed greenhouse gases
(1400), land use (1400), ozone (pre-industrial levels), and
orbital forcing (1400) (Schurer et al., 2014). The volcanic
forcing used here is from Crowley et al. (2008). The recon-
structed aerosol optical depth (AOD) was supplied in four
bands (90◦–30◦N, 30◦N–equator, equator–30◦S, 30◦–90◦S),
and employed in the model. The ensembles were all initial-
ized with ocean conditions in the year 1400 from All LONG
(a long simulation with all relevant forcings covering the pe-
riod 800–2000 performed with HadCM3), but with different
atmospheric initial states near 1400 of All LONG. Due to
the large number of SVE samples in this experiment, our
results should be convincing. In addition, the climatologi-
cal PWC in VOLC captures the large-scale overturning char-
acteristics over the tropical Pacific, which constitute a good
starting point to address the response of the PWC to SVEs
[Fig. S1 in electronic supplementary material (ESM)].

Besides, we used CAM4 to examine the underlying
mechanisms behind the response of the PWC to the SVEs.
CAM4 is the atmospheric component of the NCAR’s Com-
munity Earth System Model (Gent et al., 2011). The default
finite volume scheme and 26 layers in the vertical direction

Fig. 1. (a) Time series of tropical AOD during 1400–1999,
based on Crowley et al. (2008). (b) SEA of the simulated
monthly anomalies of globally averaged top-of-the-atmosphere
radiative fluxes (units: W m−2). Month 0 on the x-axis is the
peak time of the SVEs. Orange point means the volcanic erup-
tion time. Positive values denote downward flux.

Fig. 2. SEA of the simulated (a) dslp index (units: hPa), (b) Us
index (units: m s−1) and (c) Niño3.4 index (units: ◦C). Month 0
on the x-axis is the peak time of the SVEs. Orange point means
the volcanic eruption time. The dashed lines indicate the 95%
confidence level.

were used. The experiments were performed with “F 2000”
configuration, with prescribed climatological SST and sea ice
and an active land model. Further details of the experiments
are clarified in section 4.

In addition, we used surface air temperature (SAT), SLP
and wind fields covering the period 1851–2014 from ver-
sion 2c of the monthly 20CR dataset (Whitaker et al., 2004;
Compo et al., 2006; Compo et al., 2011; Hirahara et al.,
2014), to explore how the PWC responds to SVEs in obser-
vations. The observed SST data were from ERSST.v3b (Xue
et al., 2003; Smith et al., 2008).
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To examine the influence of volcanic eruptions on cli-
mate variation, we used the superposed epoch analysis (SEA)
method (Robock and Mao, 1995) in this study. This is a sta-
tistical technique aimed at revealing the degree of correlation
between two data sequences, which can resolve significant
signal-to-noise ratios and is often adopted in volcanic-related
studies (e.g., Adams et al., 2003; Cui et al., 2014). In this
study, the essence of SEA was to extract subsets of the PWC
index from the whole simulation within five years near each

peak time of the SVEs, and then to superpose all extracted
subsets by adding them according to the peak time. Signifi-
cance was calculated using a standard Monte Carlo random-
ization procedure (10000 times for this study). Furthermore,
we used composite analysis to illustrate the anomalous pat-
tern of atmospheric circulation over the tropics in the post-
eruption years. Statistical analysis was performed by apply-
ing the t-test. Before both SEA and composite analysis, we
removed the seasonal cycle from the monthly data, because

Fig. 3. Composite anomalies of simulated (a) 850-hPa wind (units: m s−1) and (b) 200-
hPa wind (units: m s−1) in the first year after the peak time of the SVEs. The reference
period is 1401–1999. Areas with anomalies significant at the 95% confidence level are
shaded with light gray.

Fig. 4. Composite anomalies of simulated (a) 850-hPa velocity potential (units: 105 m2

s−1) and (b) 200-hPa velocity potential (units: 105 m2 s−1) in the first year after the peak
time of the SVEs. The reference period is 1401–1999. Areas with anomalies significant
at the 95% confidence level are shaded with light gray.
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the SVEs occurred in different months. We chose 54 SVE
samples (from three ensemble members) during the last 600
years with an anomalous tropical AOD, as shown in Fig. 1a.

In addition, two kinds of indices were used to reveal the
evolution of the PWC before and after the SVEs. One was
the large-scale tropical Indo-Pacific SLP gradient (dslp) in-
dex, which was computed from the difference in SLP aver-
aged over the central-eastern Pacific (5◦S–5◦N, 160◦–80◦W)
and over the Indian Ocean–western Pacific (5◦S–5◦N, 80◦–
160◦E) (Vecchi et al., 2006). The other was the surface wind
(Us) index, defined as the averaged Pacific surface zonal wind
(5◦S–5◦N, 150◦E–150◦W) (Luo et al., 2012; Ma and Zhou,
2016). For the output from the CAM4 experiments, the U850

index [averaged zonal wind over (5◦S–5◦N, 150◦E–150◦W)
was used instead. The Niño3.4 SST index, defined as the SST
anomalies averaged over the Niño3.4 area (5◦S–5◦N, 120◦–
170◦W), was used to reveal the evolution of ENSO before
and after the SVEs.

3. Response of the PWC to SVEs in the model
Figure 1b illustrates the SEA of the globally averaged

top-of-the-atmosphere radiative flux anomalies around SVEs.
Volcanic aerosols result in a reduction of the downward short-
wave and outgoing longwave radiation. The first effect is due
to the property of aerosol particles of reflecting and scatter-

Fig. 5. Composite anomalies of simulated (a) SAT (units: ◦C), (b) SLP (units: hPa) and (c) SST
(units: ◦C) in the first year after the peak time of the SVEs. The reference period is 1401–1999.
Areas with anomalies significant at the 95% confidence level are denoted with dots.
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ing incoming solar radiation, of which the peak value is about
−4.6 W m−2. The latter effect is due to absorption of up-
ward longwave radiation from the troposphere and surface by
sulfate aerosols, of which the peak value is about 2 W m−2.
Hence, the total radiation decreases significantly, with a peak
value of nearly −2.6 W m−2 after the SVEs. The radiative
effect can persist for more than two years.

The radiative forcing leads to significantly anomalous
changes over the tropical Pacific in the model. Figures 2a and
b show the results of the SEA of the simulated dslp index and
Us index. The two kinds of PWC index both change signifi-
cantly in the first year after the peak time of the SVEs. The
decreased dslp index suggests a reduced tropical SLP gra-
dient between the central-eastern Pacific and Indian Ocean–
western Pacific. At the same time, the increased Us index
indicates weakened trade winds over the tropical Pacific.

Changes in these two indices suggest that SVEs can lead to a
weakened PWC in the first year after the peak time of SVEs
in the model.

Figure 3a illustrates the composite anomalies of the
lower-tropospheric wind field in the first year after the peak
time of SVEs. Significant westerly wind anomalies are ev-
ident over the tropical Pacific. In contrast, there are notice-
able easterly wind anomalies over the tropics in the up-
per troposphere (Fig. 3b). Meanwhile, an anomalous lower-
tropospheric divergence and upper-tropospheric convergence
can be found over the Maritime Continent, suggesting sup-
pressed convection over this region (Fig. 4). Correspondingly,
the anomalous lower-tropospheric convergence and upper-
tropospheric divergence weaken the descending motion over
the central-eastern tropical Pacific (Fig. 4). Overall, atmo-
spheric circulation anomalies also indicate that the PWC is

Fig. 6. (a) Annual climatological precipitation (units: mm d−1) during 1401–1999 in the
simulation. Composite anomalies of simulated (b) precipitation (units: mm d−1) and (c)
evaporation (units: mm d−1) in the first year after the peak time of the SVEs. The ref-
erence period is 1401–1999. Areas with anomalies significant at the 95% confidence
level are denoted with dots.
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significantly weakened after SVEs in the model. However,
no similar weakening of the PWC can be found in the year
before SVEs. Furthermore, this weakening begins to recover
in the second year after SVEs (Fig. S2 in ESM).

To understand the mechanisms behind the PWC’s re-
sponse, we examine the anomalies of associated oceanic and
atmospheric variables over the tropical and subtropical Pa-
cific following the SVEs. Figure 5a shows the response of
SAT to the SVEs. In the first year after the peak time, cool-
ing over land is stronger than that over the ocean, which is
mainly caused by their different heat capacities. Therefore,
surface temperature over the Maritime Continent gets much
lower than that over the central-eastern tropical Pacific. As
a result, due to the non-uniform zonal temperature anoma-
lies in the tropics, SLP increases over the Maritime Conti-
nent and decreases in the central tropical Pacific (Fig. 5b).
Therefore, the SLP gradient between the eastern tropical Pa-
cific and the Maritime Continent is reduced, which weakens
the trade winds over the tropical Pacific and leads to a weak-
ened PWC in the first year after the peak time of the SVEs.
Meanwhile, through the positive Bjerknes feedback, weak-
ened trade winds can cause an El Niño-like warming over the
tropical Pacific (Fig. 5c), which in turn contributes to the re-
duced zonal SLP gradient and weakened PWC.

Changes in trade winds over the Pacific are also associ-
ated with the intensity of the Intertropical Convergence Zone
(ITCZ) and the South Pacific convergence zone (SPCZ). Fig-
ure 6a shows the annual climatological precipitation in the
VOLC simulation. It indicates the location of the climato-
logical ITCZ and SPCZ in the model. After the SVEs, the
simulated precipitation decreases over Southeast Asia, Aus-
tralia, and areas where the ITCZ and SPCZ are mainly lo-
cated. Nevertheless, it increases south of the ITCZ and north
of the SPCZ. This anomalous precipitation pattern suggests
that the ITCZ and SPCZ are weakened and shift toward the
equator after SVEs, which is conducive to the weakening of

trade winds.
Due to SVE-induced large-scale surface cooling, evap-

oration decreases significantly over the tropics, and thus re-
duces the water vapor transport for the ITCZ and SPCZ. As a
result, the ITCZ and SPCZ are weakened. Similar processes
can be found in the Norwegian Earth System Model (Pausata
et al., 2015) and the ECHO-G coupled model (Lim et al.,
2016). More importantly, due to large-scale surface cooling
over the subtropical and midlatitude Pacific, stronger cooling
can be found in the whole troposphere over the cloudless sub-
tropics (Fig. 7). It can enlarge the temperature contrast from

Fig. 7. Composite anomalies of simulated air temperature
(units: ◦C) over the Pacific (120◦E–80◦W) in the first year after
the peak time of the SVEs. The reference period is 1401–1999.
Areas with anomalies significant at the 95% confidence level
are denoted with dots.

Fig. 8. Differences in SLP (units: hPa) between CAM4 experiments: (a) EXP2 minus EXP1; (b) EXP3 minus EXP1; (c)
EXP4 minus EXP1; (d) EXP2 minus EXP3. Areas with anomalies significant at the 95% confidence level are denoted
with dots.
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midlatitudes to the equator, which is favorable for equator-
ward displacements of the ITCZ and SPCZ (Broccoli et al.,
2006; Stevenson et al., 2016).

Overall, SVE-induced changes of the east–west SLP gra-
dient and the weakening and equatorward displacements of
the ITCZ and SPCZ can lead to a weakened PWC in the first
year after the peak time of the SVEs in HadCM3.

4. Atmospheric model simulations
The above results suggest that both the tropical and sub-

tropical/midlatitude surface temperature anomalies can lead
to a weakening of the PWC. To find out their relative con-
tribution, we performed four additional simulations using
CAM4. Firstly, we carried out a control simulation (EXP1)
with the model’s climatological SST and sea-ice boundary
conditions (“-compset F 2000”). In the sensitivity experi-
ments, similar runs were performed but with added SVE-
induced SST anomalies (Fig. 5c, black frame) in the subtrop-
ical/midlatitude Pacific [(15◦–50◦N, 140◦E–70◦W); (15◦–
50◦S, 160◦E–70◦W)] and around the Maritime Continent
[(30◦S–20◦N, 90◦–160◦E), excluding the overlapping region)
to the climatological SST. Specifically, EXP2 resembled the
control run but added all the SST anomalies over these three
regions. EXP3 (EXP4) was also similar to the control run but

only added SST anomalies around the Maritime Continent (in
the subtropical/midlatitude Pacific). Each run was integrated
for 60 years and the average for the last 40 years is analyzed.

The difference between EXP2 and EXP1 reflects the com-
bined impact of strong cooling over the Maritime Continent
and subtropical/midlatitude Pacific on the atmospheric circu-
lations. As shown in Fig. 8a, SLP increases over the Mar-
itime Continent and decreases over the central-eastern tropi-
cal Pacific. As a result, westerly and easterly wind anomalies
can be found over the tropical Pacific in the lower and up-
per troposphere, respectively (Figs. 9a and e), indicating that
the PWC is significant weakened. The difference in U850
index between EXP2 and EXP1 (Fig. 10) further confirms
that SVE-induced negative SST anomalies play an impor-
tant role in weakening the PWC. Compared with the U850
index anomaly in HadCM3, the larger change of U850 in-
dex between EXP2 and EXP1 is likely caused by the sus-
tained SST cooling forcing in the CAM4 experiments. In
contrast, almost the same increase (decrease) in SLP over the
Maritime Continent (central-eastern tropical Pacific) (Figure
8b), and associated weakening of the PWC (Figs. 9b and f),
can be found in EXP3. The comparison between changes in
U850 index suggests that influence from the negative SST
forcing around the Maritime Continent can account for ap-
proximately 93% of the weakening of the PWC in the all-

Fig. 9. As in Fig. 8 but for the (a–d) 850-hPa wind field (units: m s−1) and (e–h) 200-hPa wind field (units: m s−1).
Areas with anomalies significant at the 95% confidence level are shaded with gray.
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forcing experiment (i.e., EXP2). This means that the SST
cooling around the Maritime Continent plays a dominant role
in weakening the PWC following SVEs. In the comparison
between EXP4 and EXP1, there are no significant changes in
the east–west SLP gradient (Fig. 8c) and lower-tropospheric
wind fields (Fig. 9c) over the tropical Pacific. However, the
changes in precipitation between the two experiments indi-
cates equatorward displacements of the ITCZ and SPCZ (Fig.
S3 in ESM), which cause easterly wind anomalies in the up-
per troposphere over the western-central tropical Pacific (Fig.
9g). Therefore, the subtropical and midlatitude cooling can
also contribute to the weakened PWC. Nevertheless, its con-
tribution is much weaker (accounting for about 6% of the
change in U850 index in EXP2).

5. Response of the PWC to SVEs in the obser-
vations

In the observations, there are five SVEs over the past
more than 100 years. They was the Krakatau eruption (1883),
the Santa Maria eruption (1902), the Agung eruption (1963),
the El Chichón eruption (1982), and the Pinatubo eruption
(1991). A weakened PWC also can be observed following
these SVEs. Based on the 20CR data, the dslp index de-
creases in the first post-eruption year (Fig. 11). At the same
time, the Us index increases significantly. Both of these in-
dices indicate an interannual weakening of the PWC follow-
ing the SVEs. Correspondingly, the Niño 3.4 index also in-
creases significantly in the first post-eruption year, indicating
an El Niño-like SST anomaly during this period.

To further explore how the PWC responds to SVEs in the
observations, we also analyze the anomalous spatial temper-
ature and circulation patterns in the first post-eruption year.
Following the SVEs, significant westerly wind anomalies
can be observed over the tropical Pacific in the lower tropo-
sphere (Fig. 12a). Correspondingly, significant easterly wind
anomalies are evident in the upper troposphere (Fig. 12b).
Additionally, there is an anomalous lower-tropospheric diver-
gence and upper-tropospheric convergence over the Maritime
Continent, suggesting suppressed convection over this region
(Fig. 13a). On the contrary, the anomalous lower-tropospheric

Fig. 10. U850 index anomaly (units: m s−1) in the first year af-
ter the peak time of the SVEs for HadCM3, and differences in
U850 index between the CAM4 experiments.

Fig. 11. SEA of the observed (a) dslp index (units: hPa), (b) Us
index (units: m s−1) and (c) Niño3.4 index (units: ◦C). Year 1
on the x-axis is the first post-eruption year.

convergence and upper-tropospheric divergence weaken the
descending motion over the central-eastern Pacific (Fig. 13b).
These changes indicate that the PWC is significantly weak-
ened after SVEs in the observations, which confirms the SEA
of the observed PWC indices.

6. Summary and discussion
This study investigated the response of the PWC to SVEs

using three-member simulations, with volcanic forcing only,
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Fig. 12. Composite anomalies of observed (a) 850-hPa wind (units: m s−1) and (b)
200-hPa wind (units: m s−1) in the first year after the eruption time of the SVEs. The
reference period is 1851–2014. The shading indicates anomalies exceeding one stan-
dard deviation, which was calculated for the period 1851–2014.

Fig. 13. Composite anomalies of observed (a) 850-hPa velocity potential (units: 106

m2 s−1) and (b) 200-hPa velocity potential (units: 106 m2 s−1) in the first year after
the eruption time of the SVEs. The reference period is 1851–2014. The dots indi-
cate anomalies exceeding one standard deviation, which was calculated for the period
1851–2014.

covering the last 600 years. The two kinds of PWC index em-
ployed both change significantly in the first year after SVEs.
The dslp index decreases, whereas the Us index increases,
suggesting an interannual weakening of the PWC during this
period. The related circulation anomalies following SVEs
further confirm this change in the PWC. In the observations,
a similar weakening of the PWC can be found after the SVEs.

Based on the model result, the SVE-induced stronger

cooling over the Maritime Continent can reduce the SLP
gradient from the eastern tropical Pacific to the western
tropical Pacific. As a result, the trade winds are weakened
in the first post-eruption year. At the same time, convec-
tion is suppressed over the Maritime Continent. In addition,
the descending motion over the central-eastern tropical Pa-
cific is also weakened. Therefore, the PWC weakens in the
first post-eruption year. In addition, an SVE-induced weaker
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Fig. 14. Composite anomalies of observed (a) SAT (units: ◦C), (b) SLP (units: hPa) and
(c) SST (units: ◦C) in the first year after the eruption time of the SVEs. The reference
period is 1851–2014. The dots indicate anomalies exceeding one standard deviation,
which was calculated for the period 1851–2014.

and equatorward-shifted ITCZ and SPCZ also contribute to
the weakening of the PWC after the SVEs. The additional
CAM4 experiments further confirmed the influences from
surface cooling over the Maritime Continent and subtropi-
cal/midlatitude Pacific regions on the PWC. Moreover, they
revealed that the strong cooling over the Maritime Continent
plays a dominate role in the weakening of the PWC after
SVEs.

In the observations, similar responses of the PWC and re-
lated processes can be found after the SVEs. However, some
differences exist between the model and observations. Fol-
lowing the SVEs, the observed central-eastern tropical Pacific
warming is much stronger than that in the model (Figs. 5 and
14), having formed a typical El Niño event after the SVEs
(Figs. 11c and 14c). Differently, in HadCM3 only El Niño-
like SST anomalies, rather than El Niño events, can be found
in the tropical Pacific following the SVEs. The SVE-induced
warming in the central-eastern tropical Pacific is weaker. The
different responses of Niño3.4 index in the observations and
model also confirm this difference (Figs. 2c and 11c). Actu-
ally, weaker warming in the central-eastern tropical Pacific
has been documented in other model results (e.g., Ohba et
al., 2013; Stevenson et al., 2016), and this may be caused
by a weaker positive Bjerknes feedback in the models, which
needs further investigation. Additionally, a too-small num-
ber of SVE samples in the observations could make the pre-

eruption Pacific states more important and thus should not
be neglected for post-eruption climate changes in that region.
This may be another reason for the model–observation differ-
ence.
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