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ABSTRACT

Strong tropical volcanic eruptions have significant effects on global and regional temperatures. Their effects on

precipitation, however, are less well understood. Analyzing hydroclimatic anomalies after 14 strong eruptions

during the last 400 years in climate reconstructions and model simulations, a reduction of the Asian and African

summer monsoons and an increase of south-central European summer precipitation in the year following the

eruption was found. The simulations provide evidence for a dynamical link between these phenomena. The

weaker monsoon circulations weaken the northern branch of the Hadley circulation, alter the atmospheric cir-

culation over the Atlantic–European sector, and increase precipitation over Europe. This mechanism is able to

explain, for instance, the wet summer in parts of Europe during the ‘‘year without a summer’’ of 1816, which up to

now has not been explained. This study underlines the importance of atmospheric teleconnections between the

tropics and midlatitudes to better understand the regional climate response to stratospheric volcanic aerosols.

1. Introduction

Explosive tropical volcanic eruptions are a main natural

cause of interannual-to-multiannual climate variability

and have influenced human societies since the dawn of

mankind (Timmreck 2012). Understanding the climate

response to volcanic eruptions is important for inter-

preting past climatic changes (Hegerl et al. 2011), for

seasonal climate forecasting after future eruptions, and

for the evaluation of climate engineering options (Graf

1992; Trenberth and Dai 2007; Robock et al. 2008).

While effects of volcanic eruptions on temperature are

well studied (Robock 2000), less is known about the

influence on the water cycle. A slowdown of the global

water cycle and a decrease of the Asian summer mon-

soon precipitation was found in previous studies (Gillett

et al. 2004; Oman et al. 2006, Trenberth and Dai 2007;
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Anchukaitis et al. 2010; Joseph and Zeng 2011; Timmreck

2012). Conversely, an increase of summer precipitation is

reported for southern Europe based on reconstructions

since 1500 (Fischer et al. 2007). The wet summer in parts

of Europe following the 1815 Tambora eruption, known

as the ‘‘year without a summer’’ of 1816, is well docu-

mented (Auchmann et al. 2012), but wet summers are also

documented for other volcanically perturbed summers

such as 1258 (Stothers 2000). Up to now, the mechanisms

linking the wet summers to the volcanic eruptions has

remained unknown.

In this study, we analyze 14 strong tropical eruptions

during the last 400 years. We study the response in sta-

tistical reconstructions of boreal summer (June–August)

precipitation and temperature in Europe and in summer

drought reconstructions for the Asian monsoon region.

We then compare the results with a large ensemble of

simulations with an atmospheric general circulation

model (GCM), which we contrast with simulations from

which volcanic aerosols were removed.

2. Data and methods

In the following, we use reconstructions of tempera-

ture (Luterbacher et al. 2004) and precipitation (Pauling

et al. 2006) for Europe as well as reconstructions of

the Palmer drought severity index (PDSI) for the Asian

monsoon region. Reconstruction datasets have been

used before for studying volcanic influences (Fischer

et al. 2007; Anchukaitis et al. 2010).

GCM simulations for the last 400 years (Bhend et al.

2012) were performed using the ECHAM5.4 atmo-

spheric model (Roeckner et al. 2006) at a triangular

spectral truncation of T63 and 31 levels in the vertical

(model top at 10 hPa). The model was forced with re-

constructed and observed monthly mean sea surface

temperatures (SSTs). SSTs are based on reconstructed

annual temperature (Mann et al. 2009) augmented by El

Ni~no–Southern Oscillation (ENSO)-dependent monthly

anomaly fields estimated from the Hadley Centre Sea

Ice and Sea Surface Temperature dataset, version 1.1

(HadISST1.1; Rayner et al. 2003). The anomaly fields

were derived from regressing monthly SST anomalies

onto an annual El Ni~no index (E. R. Cook, R. D’Arrigo,

and K. Anchukaitis 2008, personal communication). Sea

ice according to the HadISST climatology is used before

1870 and observed sea ice thereafter (Rayner et al. 2003).

Volcanic forcing is computed online as in Jungclaus

et al. (2010) based on reconstructions by Crowley et al.

(2008), consisting of aerosol optical depth (AOD) at

0.55mmand effective particle radii in four latitude bands.

AOD is distributed across three layers of the stratosphere

between 70 and 30hPa with a maximum at 50 hPa. Using

AOD, effective radii, and normalized optical parameters,

radiative properties of volcanic aerosols are computed for

the six solar bands (0.185–4mm) and extinction is com-

puted for the 16 longwave bands (3.3–100mm) in the

ECHAM5 radiation scheme (Roeckner et al. 2003). The

computed normalized parameters are dependent on

lognormal aerosol size distribution with a constant stan-

dard deviation of 1.8 logarithmic units and an effective

radius between 0.02 and 1mm.

Furthermore, the model was forced by observed

greenhouse gases (Yoshimori et al. 2010), tropospheric

aerosols (Koch et al. 1999), total solar irradiance (Lean

2000), and land surface conditions (Pongratz et al. 2008).

Unfortunately, there was amisspecification of long-term

changes in land surface properties. However, this does

not affect the results presented here, as summers after

volcanic eruptions are compared either to the same

years in other simulations or to an adjacent climatology.

Moreover, the general circulation is not strongly affected.

Because of problems with excessive model wind speed

over Antarctica, at times causing wavelike patterns, global

fields (and analyzed on a 48 3 48 grid) were cut at 608S.
Using the described setup, a 30-member initial-

condition ensemble of model simulations was forced

with all relevant forcings (termed ALL) from 1599 to

2005. In addition, 30-member ensemble simulations

were also performed for each eruption year (and the

following 5 years) with the same forcings as in ALL

except that volcanic aerosols were set to background

conditions (named NOVOLC).

For consistency, a list of volcanic eruptions was de-

rived from the literature (Shindell et al. 2004; Fischer

et al. 2007; Anchukaitis et al. 2010) and modulated, so

that it contains 14 explosive eruptions that very likely

affected the stratosphere and thus are relevant for ex-

tended global climate impacts near the ground (Table 1).

Note that the definition of a volcanic-influenced season

may vary among the studies mentioned above. A refer-

ence climatologywas constructed for each eruption (both

in the ALL and in the reconstructions) consisting of 10

seasons before and 10 seasons after the eruption (except

for the eruption in 1600, where the following 20 seasons

were used). Within the climatology, summers following

volcanic eruptions were omitted.

The influence of an eruption can, on the one hand,

be expressed as the difference between the following

summer and all summers from a reference period around

the eruption (named ALL-REF in model analyses). This

allows for comparison between model results and re-

constructions. On the other hand, in the GCM only, the

volcanic influence can also be expressed as the difference

between ALL and NOVOLC. In the latter case, any at-

mospheric effects resulting from SST variations (including
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possible volcanic imprints on SSTs; see Zanchettin et al.

2013) are not captured as the same SSTs are used in

ALL and NOVOLC. In the following, we focus on av-

eraged differences over all 14 eruptions. Significance

was calculated using a one-sample t test of the differ-

ences for each eruption (based on ensemble means in

case of model data). Field significance was tested ac-

cording to Ventura et al. (2004).

3. Results

Tree ring–based climate reconstructions show an in-

crease in drought severity (negative PDSI) in large parts

of East Asia in summers following tropical eruptions

(Fig. 1a; also found by Anchukaitis et al. 2010), but with

anomaly patterns reacting sensibly to the timing of the

eruption and definition of the summer after the erup-

tion. Drought also increases over central India and In-

donesia, but decreases in the regions bordering the Sea

of Japan. In southern Europe, an increase in summer

precipitation is shown, with negative anomalies north-

east of the Mediterranean region (similar to Fischer

et al. 2007). However, the overall tendency is positive for

southern European precipitation anomalies. The model

simulations (ALL-REF) show significantly reduced

summer precipitation in Asia, consistent with increased

drought (Fig. 1c), and significantly increased pre-

cipitation in south-central Europe. The model response

in the latter case is weaker than in the reconstructions

(Fig. 1d). The Southern European response is seen after

10 out of 14 eruptions (Table 1).

Winter temperature and precipitation anomalies in

Europe are similarly well reproduced by the model

(Fig. 2; see Fig. S1 in the supplemental material for

global fields). The warming over northeastern Europe

(see also Robock and Mao 1992; Fischer et al. 2007) is

highly significant in the model and contrasts recent

coupled climate model simulations (Driscoll et al. 2012).

The north–south gradient in precipitation is reproduced

qualitatively, though it is weaker than in reconstruc-

tions. This comparison increases the confidence that the

ECHAM5.4 atmospheric model simulations are capable

of reproducing the important dynamic features after

volcanic eruptions.

Globally, boreal summer seasons following volcanic

eruptions are characterized in the model by a decrease

of precipitation over continental equatorial regions and

in monsoon areas, similar to Joseph and Zeng (2011),

and an increase over subtropical oceans (Fig. 3). Both

analyses (ALL-REF and ALL-NOVOLC) yield essen-

tially the same result, suggesting that the climate re-

sponse during the first summer following an eruption

can largely be explained by volcanic impacts only. In the

following, we focus on ALL-NOVOLC analyses; results

for ALL-REF are presented in the supplemental material.

Precipitation can be affected through changes in

evaporation and atmospheric circulation. In the simu-

lations, evaporation is reduced after eruptions because

of reduced surface solar radiation mainly over the con-

tinents (Fig. 4b). In contrast, evaporation significantly

increases over themidlatitude North Atlantic andNorth

Pacific storm track regions. Atmospheric circulation,

TABLE 1. Names, dates, and characteristics of the volcanic eruptions investigated. Global AOD is from Crowley et al. (2008) and refers

to the corresponding summer. ENSO is based on Br€onnimann et al. (2007) and refers to the boreal winter preceding the summer analyzed.

In the ENSO column, the symbols 11, 1, and 0 denote extreme El Ni~no events, strong El Ni~no events, and weak ENSO or neutral

conditions, respectively (none of the summers coincided with extreme or strong La Ni~na events). Southern European precipitation

(precip.) anomalies are averages over the land area (368–468N, 108W–408E). Shown are differences calculated for each eruption relative to

a reference period around each eruption (see section 2) in the model (ALL-REF) and in the reconstructions (rec.).

Eruption date in model Name

First

summer

Global

AOD (JJA) ENSO

European precip. model

(JJA) (mmday21)

European precip. rec.

(JJA) (mmday21)

January 1600 Huaynaputina 1600 0.181 0 0.147 20.266

January 1641 Parker 1641 0.185 0 0.143 0.327

May 1673 Gamkonora 1674 0.122 1 20.004 0.619

April 1694 Serua 1695 0.137 0 0.064 0.674

February 1809 unknown 1809 0.247 0 0.076 0.160

April 1815 Tambora 1816 0.358 1 0.062 0.715

October 1831 Babuyan Claro 1832 0.115 0 0.095 20.317

January 1835 Cosiguina 1836 0.151 0 0.010 0.396

December 1861 Dubbi 1862 0.067 0 0.026 20.332

August 1883 Krakatau 1884 0.180 0 0.091 0.866

October 1902 Santa Maria 1903 0.083 1 20.005 0.647

March 1963 Agung 1963 0.048 0 20.032 20.306

April 1982 El Chich�on 1983 0.074 11 0.011 0.450

June 1991 Pinatubo 1992 0.134 1 20.028 0.726
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analyzed with 500-hPa geopotential heights and 850-hPa

wind vectors (Figs. 4c,d), shows a weakening of theWest

African and East Asian monsoon circulations. West-

erlies increase over the subtropical North Atlantic and

subtropical Pacific and decrease over the midlatitudes.

The weakening of the monsoon circulations has been

interpreted in previous studies as a consequence of re-

duced land–sea thermal contrasts (Joseph and Zeng

2011). The reduced solar radiation causes an overall

reduction of temperature and evaporation over the

continents. The cooling of the landmasses is stronger

than that of the oceans because of the different heat

capacity and thereby is weakening atmospheric circu-

lation and hence moisture flux. The reduced latent heat

release in the free troposphere further weakens the

circulation. This mechanism is consistent with ourmodel

simulations (Figs. 4a, S2), although SSTs do not react to

forcing in our model. Embedded in the large-scale

cooling, a weak warming below 850 hPa appears over

central Africa and southern Asia in summers following

eruptions, which was noted in previous studies (Joseph

and Zeng 2011). This surface warming is caused by the

locally increased shortwave radiation, resulting from

the reduction in cloud cover, and a decrease in surface

evaporation. However, cooling dominates in the free

troposphere over the tropics.

Until now, there has been no satisfying explanation

for the posteruption summer precipitation increase over

south-central Europe, which was documented for in-

dividual cases such as the summer of 1816 following the

FIG. 1. Boreal summer hydroclimatic anomalies averaged across 14 tropical volcanic erup-

tions. (a),(b) Difference based on statistical climate reconstructions between summers fol-

lowing volcanic eruptions and reference climatologies [PDSI is shown in (a)] and (c),(d)

ensemble mean difference in ECHAM5.4 climate model simulations (composite of 420 sim-

ulated eruptions). Differences are with respect to reference periods around each eruption

(ALL-REF). Stippled areas represent significant differences (t test, 95% confidence level). All

difference fields except (b) are field significant.
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Tambora eruption (Auchmann et al. 2012) or the 1258

eruption (Stothers 2000; see supplemental material for

reconstruction and model response in summer 1816). In

the model simulations, the meridional pressure gradient

in the eastern North Atlantic is weakened in summer,

resembling a negative phase of the North Atlantic Os-

cillation (Fig. 4c). This causes a southward shift of the

storm track (Fig. 4d) and extended moisture advection

toward southern Europe. Anomalous uplift over the

eastern Mediterranean Sea, increasing convection, is

indicated by the response in vertical velocity (Fig. 4c).

Recent studies have suggested a link between circu-

lation changes over the North Atlantic and changes in

the African monsoon system (Gaetani et al. 2011). The

mechanism proposes that a weakening of the West Af-

ricanmonsoon, with decreased convection in the Sudan–

Sahel region, weakens the Hadley cell and leads to

weaker subsidence over the eastern Mediterranean and

FIG. 2. Boreal winter (December–February) temperature and precipitation anomalies av-

eraged across 14 tropical volcanic eruptions. (a),(c) Difference from statistical climate re-

constructions and (b),(d) ensemble mean difference in ECHAM5.4 climate model simulations

(composite of 420 simulated eruptions). Differences are calculated for each eruption relative to

a reference period around each eruption, and then averaged across all 14 eruptions (ALL-

REF). Stippled areas represent significant differences (t test, 95% confidence level). Only (b) is

field significant (95% confidence level).
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a change of the atmospheric flow over the North At-

lantic (Gaetani et al. 2011). To explore whether this

mechanism is responsible also for the volcanic signature

in European summer precipitation, we compared an

area average of southern European land precipitation

(368–468N, 108W–408E) with an area average of zonal

and meridional wind profiles over Africa (148–368N,

258W–558E).We analyzed the average difference as well

as the interevent correlations in the ensemble mean

(Fig. 5). The average difference for ALL-NOVOLC

shows negative zonal and meridional wind anomalies

over Africa up to the 400-hPa level and positive anoma-

lies in the upper troposphere (the same is found for ALL-

REF, not shown). Almost all individual eruptions (gray

lines) reveal a similar pattern, which corresponds to

a weakened West African monsoon flow near the sur-

face, a strengthened African easterly jet in the lower

troposphere, and a weakened tropical easterly jet in the

upper troposphere. Moreover, the interevent correlation

shows a very similar vertical profile as the mean anomaly

(Figs. 5c,f), with several pressure levels exhibiting sig-

nificant correlations. This confirms that those eruptions that

have a strong effect on the African monsoons also have

a strong effect on southernEuropean summerprecipitation.

4. Discussion

Our results are consistent with a physical link between

the African and Asian monsoons and summer precip-

itation over southern Europe (Gaetani et al. 2011; Tyrlis

et al. 2013) triggered by volcanic eruptions. This re-

lationship propagates through a weakened northern

Hadley cell (imprinted in the difference in 500-hPa

vertical velocity; see Figs. 4, S2) and associated change

in the pressure distribution over the North Atlantic–

European sector. Thus, a physically consistent mecha-

nism is established of how tropical volcanic eruptions

affect European summer precipitation. This European

posteruption precipitation signal is detected in recon-

struction and the model dataset (see supplemental mate-

rial for statistical assessment of intraensemble variability).

The suggested mechanism operates via the reduction

of incoming radiation at the Earth’s surface by strato-

spheric volcanic aerosols. In contrast, the winter warming

over northeastern Europe (and the precipitation de-

crease over southwestern Europe; Fig. 2) is likely related

to stratospheric dynamical effects of the aerosols and

subsequent downward propagation, leading to increased

zonal flow over the North Atlantic–European region

(Robock 2000). Additional mechanisms may possibly

contribute to the summer response. For instance, the

change in temperature and wind shear in the tropical

lowermost stratosphere after volcanic eruptions might

affect the upper limit of deep convection in the western

tropical Pacific, from where influences on the monsoons

as well as on the extratropical circulation might develop

(similar to that suggestedwith respect to the quasi-biennial

oscillation; Giorgetta and Bengtsson 1999). This mecha-

nism remains to be analyzed in subsequent studies.

The influence of further possible shortcomings of the

simulations (variance changes in SSTs used as boundary

conditions, representation of precipitation variability,

and overestimation of stratospheric temperature signal)

was analyzed, but none of these possible shortcomings is

expected to affect our results (details given in the sup-

plemental material).

Additional questions concern the influence of volca-

nic eruptions on the coupled climate system. The current

experimental setup with fixed lower boundary con-

ditions (SSTs) allows us to specifically address the

FIG. 3. Boreal summer (June–August) precipitation anomalies

averaged across 14 tropical volcanic eruptions in ECHAM5.4 cli-

mate model simulations (composite of 420 simulated eruptions) for

(a) ALL-REF (ensemble mean differences are calculated for each

eruption relative to a reference period around each eruption, then

averaged across all eruptions) and (b) ALL-NOVOLC (differ-

ences between an ensemble simulation with an ensemble simula-

tion without stratospheric volcanic aerosols, averaged across all

ensemble members and eruptions). Stippled areas represent sig-

nificant differences (t test, 95% confidence level). Both (a) and (b)

are field significant (95% confidence level).
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atmospheric response to volcanic eruptions independent

of (volcanically forced) SST variability. The response of

the coupled climate system such as delayed winter–

spring signatures (Zanchettin et al. 2013; Zhang et al.

2013) or the increased occurrence of El Ni~no events

(Fig. S3 in the supplemental material) after volcanic erup-

tions, on the other hand, cannot be analyzed in the current

setup, but require the use of coupled ocean–atmosphere

models. Conversely, the increased occurrence of El Ni~no

events after volcanic eruptions does not affect the ALL-

NOVOLCanalysis and therefore cannot explain the results.

Whether a more realistic representation of the stratosphere

would change the result remains open. Existing studies

(Driscoll et al. 2012; Charlton-Perez et al. 2013) imply that

an increase in stratospheric resolution and model top does

not necessarily increase the ability to reproduce volcanic

induced climate anomalies. Nevertheless, futuremultimodel

studies are needed to exclude any model dependency.

5. Conclusions

In this study we have addressed regional precipitation

effects of tropical volcanic eruptions in the Asian and

African monsoon regions and in Europe in boreal

summer. We found a weakening of the monsoons, but

an increase in European summer precipitation in re-

constructions and a climate model. The model provides

evidence that the wet European summers are linked

to the weakened African monsoon via changes in the

Hadley cell.

Understanding the variability of monsoon rains as

well as their predictability is important as large parts of

the world’s food security depend on this climatic fea-

ture. Hence, better understanding the relation between

monsoon and stratospheric aerosols is not only rele-

vant for preparing for future volcanic eruptions, but

potentially also for the evaluation of climate engi-

neering options. Our results indicate that the influ-

ence of stratospheric volcanic aerosols on the monsoon

system, through triggering continental-scale circulation

feedbacks, have distinct effects on regional precip-

itation. The suggested mechanism is also able to ex-

plain the wet conditions in Europe during the ‘‘year

without a summer’’ of 1816 and arguably similar

past volcanic episodes as a consequence of altered

monsoons.

FIG. 4. Boreal summer response to volcanic eruptions in ECHAM5.4 climatemodel simulations averaged across 14

eruptions for (a) surface air temperature, (b) evaporation (positive values denote an upward flux), (c) vertical velocity

(colors) and geopotential height (contour interval is 2 gpm, dashed contours are negative) at 500hPa, and (d) wind

vectors and zonal wind at 850hPa. Plotted are differences betweenALL andNOVOLC simulations. Stippled areas in

(a) and (b) represent significant differences (t test, 95% confidence level). All difference fields are field significant.
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