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Fig. 1. Details of the initial states and simulation lengths of the CESM-LME control 708 
and forced runs.  709 

Otto-Bliesner et al. (2016)

NCAR Community Earth System Model
Multiple ensembles, varying sizes: different combinations of climate forcings (35+ members)

850-2005 for most ensembles, 1850-2005 for ozone/aerosol only
Some extensions to 2100 available; isotope-enabled experiment planned

CESM Last Millennium Ensemble
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a) Tropical (Asia) b) Tropical (N. America)

c) Northern (Asia)

e) Southern (Asia) f) Southern (N. America)

d) Northern (N. America)
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FIG. 11. PDSI anomaly composites for JJA +0 for the LME simulations compared with the North American

and Monsoon Asia Drought Atlases. a), b): Tropical eruptions, for southeast Asia and North America, respec-

tively. c), d): Same as a)/b), for Northern eruptions. e), f): Same as a)/b), for Southern eruptions. Eruption

years used for compositing are identical between the CESM and the NADA/MADA. Stippling in both CESM

and NADA/MADA panels indicates post-eruption PDSI composites which are not significantly different from

internal variability within the LME (nearly nowhere in NADA/MADA).
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FIG. 11. PDSI anomaly composites for JJA +0 for the LME simulations compared with the North American

and Monsoon Asia Drought Atlases. a), b): Tropical eruptions, for southeast Asia and North America, respec-

tively. c), d): Same as a)/b), for Northern eruptions. e), f): Same as a)/b), for Southern eruptions. Eruption

years used for compositing are identical between the CESM and the NADA/MADA. Stippling in both CESM

and NADA/MADA panels indicates post-eruption PDSI composites which are not significantly different from

internal variability within the LME (nearly nowhere in NADA/MADA).
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FIG. 11. PDSI anomaly composites for JJA +0 for the LME simulations compared with the North American

and Monsoon Asia Drought Atlases. a), b): Tropical eruptions, for southeast Asia and North America, respec-

tively. c), d): Same as a)/b), for Northern eruptions. e), f): Same as a)/b), for Southern eruptions. Eruption

years used for compositing are identical between the CESM and the NADA/MADA. Stippling in both CESM

and NADA/MADA panels indicates post-eruption PDSI composites which are not significantly different from

internal variability within the LME (nearly nowhere in NADA/MADA).
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FIG. 11. PDSI anomaly composites for JJA +0 for the LME simulations compared with the North American

and Monsoon Asia Drought Atlases. a), b): Tropical eruptions, for southeast Asia and North America, respec-

tively. c), d): Same as a)/b), for Northern eruptions. e), f): Same as a)/b), for Southern eruptions. Eruption

years used for compositing are identical between the CESM and the NADA/MADA. Stippling in both CESM

and NADA/MADA panels indicates post-eruption PDSI composites which are not significantly different from

internal variability within the LME (nearly nowhere in NADA/MADA).
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CESM tends not to reproduce eruption-year proxy composites
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Volcanic forcing in CESM: Gao et al. (2008)

Model [Wigley et al., 2005]. The very close agreement
found by Wigley et al. justifies the use of MAGICC to
obtain reliable estimates of how the climate responds to
various volcanic eruptions with some confidence.
[17] The input forcing for MAGICC is the global mean

monthly radiative forcing at the top of the atmosphere.
Therefore, we converted the stratospheric volcanic aerosol
loading (in units of Tg) obtained above into radiative
forcing by first dividing the loading by 1.5 ! 1014 Tg
[Stothers, 1984] to obtain the optical depth; then multiply-
ing the optical depth by 20 [Wigley et al., 2005] to obtain
the radiative forcing in W m"2. The solar forcing over the
past 1000 years was obtained by scaling solar modulation
estimates [Muscheler et al., 2007] to a recent solar irradi-
ance reconstruction [Wang et al., 2005]. For anthropogenic
forcing we applied the IPCC SRES A1B forcing scenario
with median anthropogenic aerosol forcing (Q[2000] =
1.4 W m"2, Tom Wigley, personal communication, 2006).
The model was run from 850 C.E. to 2015 C.E. with climate
sensitivity set to be 3.0!C for doubled CO2 concentration.
[18] Figure 3 shows the comparison between the model

simulated global mean temperature and instrumental obser-
vations for the past 150 years. We found a good agreement
between the model results and observations. The model
accurately simulated the cooling of about 0.2!–0.3!C for
the three tropical eruptions, 1883 Krakatau, 1963 Agung,
and 1991 Pinatubo, during this period. On the other hand,
the modeled temperature did not show the sharp warmings

in 1878 and the early 1940s. This is because there were
large El Niño events then [Brönnimann et al., 2004], which
are not included in the energy balance model, and because
the temperature drop in August 1945 is the result of errors
in the sea surface temperature record, which still need to be
corrected in the record we used and all other records
[Thompson et al., 2008].
[19] The model also did not produce cooling for the 1982

El Chichón eruption. This is because the El Chichón signal
was missed from our ice core-based reconstruction because
most of our Arctic ice cores end before or around the 1980s,
and owing to the asymmetric distribution of the El Chichón
cloud [Robock, 2000], no El Chichón signal was extracted
from the Antarctic ice core records. Therefore, in a subse-
quent MAGICC run we replaced our ice core–based
reconstruction with Sato’s [Sato et al., 1993] (and updated
to present) values after 1970 and compared the model
response to NH temperature reconstructions [Intergovern-
mental Panel on Climate Change, 2007, Figure 6.10] for the
past millennium (Figure 4). The model simulation generally
captured the temperature variation on the decade to century
timescale: the (sometimes interrupted) mean temperatures
between the ninth and twelfth centuries, which were gener-
ally warmer than before or after, and only in the nineteenth
century reach similarly warm conditions again; the coldest
episodes occurring during the thirteenth, fifteenth, and
nineteenth centuries; and the exceptionally high temperature
after 1850. Several sharp cooling events mark the temper-

Figure 2. Annual stratospheric volcanic sulfate aerosol injection for the past 1500 years in the (top)
NH, (middle) SH, and (bottom) global.
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Uncertainties in volcanic forcing can be substantial
LETTERS NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE2293
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Figure 1 | Time series of volcanic sulphate deposition over Antarctica. a, Number of individual Antarctic ice core records to assess volcanic sulphate
deposition, as well as the number of records and sites incorporated into the AVS-2k (Antarctic Volcanic Sulphate) composite compared with the number of
sites used by the GAO08 (ref. 6) reconstruction. b, AVS-2k volcanic sulphate deposition for 116 volcanic events. Red and blue bars indicate bipolar
(suggesting a tropical source) and unipolar sulphate deposition, respectively, based on synchronous sulphate signals in Greenland ice cores7,20 (not
shown). The 10 largest deposition events, and their rank, are indicated by numeric labels (and listed in Supplementary Table 4). Estimated AOD
(30�–90� S), using a scaling function derived for Pinatubo and assumed valid for bipolar signals, is given on the right y axis. c, Volcanic sulphate deposition
reported by GAO08 (ref. 6) and relative di�erence to AVS-2k, with absolute di�erences in dating indicated for some events.

New high-depth-resolution volcanic sulphate records developed
from ice cores collected from Antarctic sites with su�ciently high
annual snowfall rates to allow annual-layer counting recently have
reduced dating uncertainties in ice core records spanning the
Common Era7,20. Combined with similarly improved Greenland
measurements, these new records facilitate precise identification
of climatically important volcanic events detected in ice core
records from both hemispheres7. As a result of the low background
concentrations of sea salt and marine biogenic sulphur typical of
an inland ice core, the high-depth-resolution West Antarctic Ice
Sheet Divide (WD) core also enables identification of many more
smaller volcanic events than is possible in lower-depth-resolution
or coastal ice core records (Supplementary Fig. 1), allowing for the
first time a precise synchronization of ice core records from all
around Antarctica—including those from low-snow-accumulation
sites found on the vast East Antarctic plateau (Fig. 2).

Here we used a total of 26 ice core records from 19 di�erent sites
(Supplementary Table 1 and Fig. 2) to assess spatial and temporal
patterns of volcanic sulphate aerosol deposition inAntarctica. Accu-
rate dating and precise synchronization are prerequisite to creating
a composite from individual ice core records so we used as many
as 86 volcanic features during the past 2,000 years to precisely
synchronize all records with the annual-layer-countedWDchronol-
ogy (Supplementary Information and Figs 3 and 4 for details on
volcanic synchronization). For some previously published records
(for example, Taylor Dome), we found substantial deviations in the
original dating (Supplementary Figs 5 and 6), leading to significant
errors in the composite sulphate fluxes in the GAO08 and CRO12
reconstructions especially before 1200. Comparisons of synchro-
nized records from very low-snowfall sites on the East Antarctic
plateau demonstrate the reliability of the synchronization and the
uniformity of sulphate deposition across large regions of Antarctica
even for relatively small volcanic eruptions (Supplementary Fig. 3).

We detected volcanic sulphate, which is superimposed on non-
volcanic (mostly marine biogenic) background concentrations,
using established procedures7,15 (Methods and Supplementary
Figs 7 and 8). Our assessment of volcanic sulphate fluxes over
Antarctica shows that deposition was enhanced by a factor of
⇠1.7 at high-snow-accumulation sites in West Antarctica and
at Law Dome compared with sites in low-snowfall regions of
East Antarctica, highlighting the importance of precipitation
scavenging andwet deposition for removal of sulphate aerosols from
the atmosphere21 (Supplementary Table 2). Spatial variability of
sulphate depositionwas larger at low-accumulation sites (coe�cient
of variation 45%) than at high-accumulation sites (30%), probably
because of post-depositional redistribution of sulphate by wind
drift typical of the East Antarctica plateau14. The large number
of synchronized records in our assessment, including some from
adjacent drill sites, permitted detection and removal of outliers
(Supplementary Information).

For six large events, we compared our ice-core-based
observations with sulphate deposition from volcanic
eruptions simulated using the coupled aerosol–climate model
MAECHAM5-HAM (ref. 22). The ensemble mean spatial patterns
of sulphate deposition after tropical stratospheric sulphate
injections of 45, 100 and 170 Mt SO2 are all similar and agree
well with ice core observations for the 1815 Tambora event and
some other large eruptions (Supplementary Figs 9 and 10 and
Table 3). These events showed strong gradients in deposition
between the high-elevation regions of East Antarctica and lower-
elevation regions in West Antarctica. For the Samalas 1257 event
(strongest eruption within the record), however, the spatial pattern
from the ice core measurements di�ers from that observed for
most other eruptions and is characterized by a more uniform
distribution of volcanic sulphate deposition over Antarctica.
For this event in 1257—but also for some earlier eruptions in
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Sigl et al. (2014)

Latest reconstruction results: total eruption strength can differ from Gao et al. by a factor of 2!
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Composite Volcanic Events : Centered at Day 0
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FIG. 1. Composite clear sky albedo for all LME eruptions, averaged over ocean regions from 30S-30N.

Eruptions occurring after 1700 are represented by solid lines; eruptions occurring between 1300 and 1699 by

dashed lines; and eruptions occurring before 1300 by dotted lines. The eruption year indicated here is the year

in which the albedo reaches its peak; this is the year referred to as ‘Year 0’ in subsequent analyses.
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Stevenson et al. (2016a)

30N-30S clear-sky albedo for LME volcanic eruptions
Starting month often unknown: if in doubt, it happened in April!

Eruption season not well constrained in many cases
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Testing the impact of eruption season: “Tambora”, “Samalas”

Stevenson et al. (2016b)

Figure 2: Column-integrated volcanic aerosol mass used to force seasonally variable Tambora simulations.
Here all time series have been adjusted to begin at the starting month of each eruption: thus a year since
eruption indicates April of the following year for April eruptions, October for October eruptions, etc.
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Figure 2: Column-integrated volcanic aerosol mass used to force seasonally variable Tambora simulations.
Here all time series have been adjusted to begin at the starting month of each eruption: thus a year since
eruption indicates April of the following year for April eruptions, October for October eruptions, etc.
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Suite of idealized experiments: reran Gao et al. algorithm for Tambora, Samalas
 in January/April/July/October

10-15 ensemble members per eruption per season
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Figure 11: Composite precipitation (colors) and surface wind (vectors) anomalies for the Tambora and
Samalas seasonal ensembles, averaged over the period 0-5 months following eruptions: a) January, b) April,
c) July, and d) October. All anomalies are calculated relative to the 30 years prior to the eruption.
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Stevenson et al. (2016b)

Eruption-year circulation response differs based on starting month
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Figure 3: Dynamics of the ENSO response to volcanism. a) Precipitation anomaly (mm/day; colors) and
surface wind stress anomaly (N/m�2; arrows) 0-5 months following seasonally variable Tambora and Samalas
eruptions. All seasons have been averaged to form these maps. b) Sea surface temperature map for June-Dec
of the year following January Tambora and Samalas eruptions, along with the vertical section of temperature
averaged over 2�S-2�N.

9

Circulation response ‘La Niña-like’ over ocean, ‘El Niño-like’ on land

Stevenson et al. (2016b)

850 hPa wind (arrows) and precipitation anomalies (colors) after idealized 
Tambora/Samalas eruptions; mean across all eruption seasons
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of years 0 to 11 (Figs. 4a,c,e), reduced rainfall occurs
over land, particularly in the tropics (the western
United States and parts of South America are excep-
tions). Strong changes are also observed over the ocean,
with a dipolar signature centered along the equator con-
sistent with an equatorward (poleward) migration of the

intertropical convergence zone (ITCZ) for Northern
(Southern) eruptions.
The climate response in years 11 to 12 differs from

that in years 10 to 11. During DJF 10 to 11, the
Tropical eruptions show little change in temperature in
the eastern equatorial Pacific (Fig. 3a). A net warming is

FIG. 3. Composite surface air temperature response (8C) to eruptions of varying sizes: (a),(b) Tropical,
(c),(d) Northern, and (e),(f) Southern eruptions. The left-hand column [(a),(c),(e)] indicates responses duringDJF of
years 10 to 11. The right-hand column [(b),(d),(f)] indicates responses during DJF of years 11 to 12. Significance
levels are determined according to the Wilcoxon rank-sum test, and values that are insignificant at 90% are stippled.

FIG. 4. As in Fig. 3, but for total precipitation (mmday21).

15 APRIL 2016 S TEVENSON ET AL . 2911

of years 0 to 11 (Figs. 4a,c,e), reduced rainfall occurs
over land, particularly in the tropics (the western
United States and parts of South America are excep-
tions). Strong changes are also observed over the ocean,
with a dipolar signature centered along the equator con-
sistent with an equatorward (poleward) migration of the

intertropical convergence zone (ITCZ) for Northern
(Southern) eruptions.
The climate response in years 11 to 12 differs from

that in years 10 to 11. During DJF 10 to 11, the
Tropical eruptions show little change in temperature in
the eastern equatorial Pacific (Fig. 3a). A net warming is

FIG. 3. Composite surface air temperature response (8C) to eruptions of varying sizes: (a),(b) Tropical,
(c),(d) Northern, and (e),(f) Southern eruptions. The left-hand column [(a),(c),(e)] indicates responses duringDJF of
years 10 to 11. The right-hand column [(b),(d),(f)] indicates responses during DJF of years 11 to 12. Significance
levels are determined according to the Wilcoxon rank-sum test, and values that are insignificant at 90% are stippled.

FIG. 4. As in Fig. 3, but for total precipitation (mmday21).

15 APRIL 2016 S TEVENSON ET AL . 2911

Stevenson et al. (2016a)

LME: DJF precipitation changes, boreal winter immediately following eruption

Stippling indicates change insignificant relative to internal variability
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Delayed (Year +1) circulation response: El Niño-like



CESM workshop, June 2016 Sam StevensonFigure 10: Eruption-year JJA 0-30cm soil moisture anomalies for the seasonal Tambora and Samalas ensem-
bles, referenced to the 30 years prior to each eruption. a) January; b) April; c) July; d) October.
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Eruption season strongly influences immediate hydroclimate response

Stevenson et al. (2016b)
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Figure 1: ENSO response to tropical eruptions in the CESM and proxy record. a) PDF of NINO3.4 SSTA
(�C) during boreal winter (DJF) of the eruption year in CESM seasonal simulations (note that ‘Year 0’
indicates the year of eruption occurrence regardless of the eruption starting month). b) Same as a), for proxy
reconstruction products composited over 13 large tropical eruptions during 1600-1991 as given in Supp. Table
1. Terrestrial-based reconstructions are indicated by the dotted line, and marine-based products plotted as
solid lines. c) Same as a), for the boreal winter of the year following eruptions (‘Year +1’). d) Same as
b), for Year +1. e) Surface temperature anomaly (�C) averaged over the period 0-5 months following all
January Tambora and Samalas eruptions. Anomalies are computed relative to the 30-year period prior to
each eruption; stippling indicates anomalies insignificantly di↵erent from the long-term mean. f) Same as
e), for April eruptions. g) Same as e), for July eruptions. h) Same as e), for October eruptions.

7

Eruption-year cooling is not ‘La Niña-like’

Stevenson et al. (2016b)

Surface air temperature anomaly, (C) 0-5 months after idealized seasonal eruptions
Stippling indicates precipitation differences insignificant at 90%
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Figure 2: Mixed-layer heat budget during various stages of ENSO following volcanic eruptions. a) NINO3,
0-5 months after eruption. Bars indicate the total advective and flux components of the budget. b) Same
as a), for Jun-Dec of the year after eruption. c) Same as b), for Jun-Dec prior to the peak of El Nino
(left) and La Nina (right) events in the 850 control simulation in the LME. d) Decomposition of the surface
flux budget term for 0-5 months following eruption, in the NINO4m (left) and NINO3 (right) regions.
e) Reynolds-decomposed advective portions of the NINO3 heat budget, for Jun-Dec of the year following
eruptions.
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Figure 2: Mixed-layer heat budget during various stages of ENSO following volcanic eruptions. a) NINO3,
0-5 months after eruption. Bars indicate the total advective and flux components of the budget. b) Same
as a), for Jun-Dec of the year after eruption. c) Same as b), for Jun-Dec prior to the peak of El Nino
(left) and La Nina (right) events in the 850 control simulation in the LME. d) Decomposition of the surface
flux budget term for 0-5 months following eruption, in the NINO4m (left) and NINO3 (right) regions.
e) Reynolds-decomposed advective portions of the NINO3 heat budget, for Jun-Dec of the year following
eruptions.
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Response is driven mostly by radiative cooling rather than ocean dynamics

Stevenson et al. (2016b)

Eruption-year cooling is not ‘La Niña-like’

and hydroclimate variability separately, and cautions against the strict use of volcanic eruptions whose154

starting date is ambiguous to validate climate models. These results will enable more robust evaluation of155

the accuracy of physical processes in climate models, and lead to a more comprehensive understanding of156

the climate response to volcanic eruptions.157
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Methods165

The mixed-layer heat budget was derived following Graham et al. (2014):166

@T 0

@t
= Q0�ū·rT 0�u0 ·rT̄�u0 ·rT 0+u0 ·rT 0�w0 (TMLD � Tsub)

H
�w̄

T 0
MLD � T 0

sub

H
�w0 (T

0
MLD � T 0

sub)

H
(1)

where the entrainment velocity w is computed assuming a spatially and temporally variable mixed-layer167

depth168

w =
@H

@t
+ ~u ·rH + wH (2)

wH indicates the vertical velocity immediately below the mixed layer, and the shortwave radiation penetrating169

the mixed layer is computed following Pacanowski and Gri�es (1999) and Huang et al. (2010):170

Qpen = Qsw(0.58e
�H
0.35 + 0.42e

�H
23 ) (3)

The mixed-layer depth definition used here is that of Large et al. (1997), who assume that the mixed layer171

is the shallowest layer where the local, interpolated buoyancy gradient is equal to the maximum gradient172

between the surface and any arbitrary depth within the water column.173

All overbars indicate the 12-month climatology in the relevant variable, and anomalies are computed relative174

to that climatology. Monthly mean output is used for all variables.175
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Figure 2: Mixed-layer heat budget during various stages of ENSO following volcanic eruptions. a) NINO3,
0-5 months after eruption. Bars indicate the total advective and flux components of the budget. b) Same
as a), for Jun-Dec of the year after eruption. c) Same as b), for Jun-Dec prior to the peak of El Nino
(left) and La Nina (right) events in the 850 control simulation in the LME. d) Decomposition of the surface
flux budget term for 0-5 months following eruption, in the NINO4m (left) and NINO3 (right) regions.
e) Reynolds-decomposed advective portions of the NINO3 heat budget, for Jun-Dec of the year following
eruptions.
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Response is driven mostly by radiative cooling rather than ocean dynamics

Stevenson et al. (2016b)

Eruption-year cooling is not ‘La Niña-like’

Figure 7: Sea surface height gradient time series for the seasonally variable a) Tambora and b) Samalas
simulations. All plotting conventions follow Figure 6. Gradients are computed as the di↵erence in SSH
between the eastern Pacific (5�S-5�N, 90-150�W) and the western Pacific (5�S-5�N, 140�E-170�W).

Figure 8: Balance of terms making up the flux contribution to the mixed-layer heat budget in the seasonally
variable Tambora and Samalas simulations., in the NINO4m (5�S-5�N, 140�E-170�W; left) and NINO3
(5�S-5�N, 150�90�W; right) regions averaged over the period 0-5 months after each eruption.
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and hydroclimate variability separately, and cautions against the strict use of volcanic eruptions whose154

starting date is ambiguous to validate climate models. These results will enable more robust evaluation of155

the accuracy of physical processes in climate models, and lead to a more comprehensive understanding of156

the climate response to volcanic eruptions.157
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Figure 2: Mixed-layer heat budget during various stages of ENSO following volcanic eruptions. a) NINO3
region average. Bars indicate the total advective and flux components of the budget. Blue arrow indicates
budget decomposition 0-5 months following seasonally variable eruptions; red arrow, Jun-Dec of the year
following the eruption. Green arrows indicate budget decompositions for El Niño and La Niña events in the
850 control simulation run as part of the Last Millennium Ensemble. b) Reynolds-decomposed advective
portions of the NINO3 heat budget, for Jun-Dec of the year following eruptions (Year +1).
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Primary contributor to vertical heating: anomalous advection of mean
(i.e. shutdown of equatorial upwelling)

Distinct from “ocean dynamical thermostat”
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El Niño enhancement following eruptions occurs regardless of season

Tambora: 1815
Samalas: 1258

(both Indonesian 
volcanoes)

Ensembles with 
eruptions in 

different seasons
(colored lines = 
eruption start)

Stevenson et al. (2016b)
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Figure 3: Dynamics of the ENSO response to volcanism. a) Precipitation anomaly (mm/day; colors) and
surface wind stress anomaly (N/m�2; arrows) 0-5 months following seasonally variable Tambora and Samalas
eruptions. All seasons have been averaged to form these maps. b) Sea surface temperature map for June-Dec
of the year following January Tambora and Samalas eruptions, along with the vertical section of temperature
averaged over 2�S-2�N.
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El Niño enhancement following eruptions occurs regardless of season
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Figure 1: ENSO response to tropical eruptions in the CESM and proxy record. a) PDF of NINO3.4 SSTA
(�C) during boreal winter (DJF) of the eruption year in CESM seasonal simulations (note that ‘Year 0’
indicates the year of eruption occurrence regardless of the eruption starting month). b) Same as a), for proxy
reconstruction products composited over 13 large tropical eruptions during 1600-1991 as given in Supp. Table
1. Terrestrial-based reconstructions are indicated by the dotted line, and marine-based products plotted as
solid lines. c) Same as a), for the boreal winter of the year following eruptions (‘Year +1’). d) Same as
b), for Year +1. e) Surface temperature anomaly (�C) averaged over the period 0-5 months following all
January Tambora and Samalas eruptions. Anomalies are computed relative to the 30-year period prior to
each eruption; stippling indicates anomalies insignificantly di↵erent from the long-term mean. f) Same as
e), for April eruptions. g) Same as e), for July eruptions. h) Same as e), for October eruptions.

7

CESM actually does fairly well at capturing SSTA after eruptions

Stevenson et al. (2016b)
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Conclusions

“Year 0” eruption response: NOT La Niña-like! 
• Primarily a response to radiative cooling; amount of net cooling depends on season 

• Hydroclimate patterns also vary strongly with eruption season,  
competition between “El Nino-like” and “La Nina-like” circulation anomalies; little 

correspondence with tropical Pacific SST

“Year 1” eruption response: El Niño-like (in both SST and hydroclimate)
• Response does not depend on eruption starting month 

• El Nino initiation is more likely but not guaranteed  

• Mechanism for El Nino initiation tied more closely to basin recharge dynamics than the 
ocean dynamical thermostat 

CESM does a reasonable job capturing both Year 0 and Year 1 responses
• More attention to forcing uncertainties in the context of model/proxy  

disagreements is critical
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FIG. 2. Response of solar flux and surface temperature to eruptions in the LME full-forcing ensemble.
(a),(b) Net solar flux anomaly at surface in the Northern and Southern Hemispheres, for all three eruption classes.
(c),(d) Zonally averaged temperature anomaly (8C) for Tropical eruptions, during (c)DJF and (d) JJA. (e),(f) As in
(c),(d), but for Northern eruptions. (g),(h) As in (c),(d), but for Southern eruptions. All anomalies are calculated
relative to the 850–1850 mean.
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relative to the 850–1850 mean.

2910 JOURNAL OF CL IMATE VOLUME 29

FIG. 2. Response of solar flux and surface temperature to eruptions in the LME full-forcing ensemble.
(a),(b) Net solar flux anomaly at surface in the Northern and Southern Hemispheres, for all three eruption classes.
(c),(d) Zonally averaged temperature anomaly (8C) for Tropical eruptions, during (c)DJF and (d) JJA. (e),(f) As in
(c),(d), but for Northern eruptions. (g),(h) As in (c),(d), but for Southern eruptions. All anomalies are calculated
relative to the 850–1850 mean.

2910 JOURNAL OF CL IMATE VOLUME 29

Changes in El Niño initiation relate to zonal-mean heating anomalies
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for Tropical/Northern eruptions. This is expected to
create corresponding changes in ITCZ position, since
the ITCZ tends to shift toward the equator during El
Niño events and toward the warmer hemisphere in re-
sponse to meridionally asymmetrical heating changes
(Kang et al. 2008). Figure 9 shows the zonally averaged
precipitation from 308S to 308N, with 1s envelopes sur-
rounding the (full 1 volcanic only) ensemble mean. Erup-
tions followed by ENSO-neutral conditions are shown in
black, by El Niño conditions in red, and by La Niña
conditions in blue. During DJF 10 to 11, the ENSO-
neutral ITCZ shift is largest for Northern eruptions
(Fig. 9d, black dashed), which exhibit a slight southward
shift: for Tropical (Fig. 9a) and Southern eruptions
(Fig. 9g), the ENSO-neutral ITCZ shifts are minimal.
For all eruption classes, the phase of ENSO has a
stronger impact on the ITCZ position than the ENSO-
neutral aerosol forcing; eruptions followed by El Niño
show a southward shift, and eruptions followed by La
Niña northward (cf. red–blue envelopes in Figs. 9a,d,g).
During JJA 11 the ENSO-neutral response is stronger
than in DJF10 to11, and is dominated by a reduction in
mean precipitation (Fig. 9b,e,h; gray envelope). Overall
enhancement in ITCZ precipitation occurs during DJF11
and 2 (Fig. 9c,f,i; gray envelope).

c. Asian monsoon suppression

The final similarity noted between ENSO-neutral
eruptions and El Niño events is in the region domi-
nated by the Asian monsoon. Figure 10 shows JJA 11

anomalies in precipitation and 850-hPa wind for all erup-
tion classes, stratified by the ENSO phase during the
previous boreal winter. The strongest circulation anomaly
in the ENSO-neutral cases (Figs. 10c,f,i) is an anticyclonic
pattern centered over India, associated with anomalous
easterlies near 708–908E and tending to suppress the So-
mali jet and associated onshore flow into Southeast Asia.
The fact that this circulation pattern is seen in all of the
ENSO-neutral panels in Fig. 10 suggests that it relates to
the direct response to volcanic aerosol forcing.
When ENSO acts in concert with a volcanic eruption,

the results can differ dramatically depending on phase. By
far the strongest reduction inprecipitation is seen for cases
where El Niño occurs in DJF 10 to 11; Figs. 10a,d,g all
show drier conditions over themajority of SoutheastAsia,
and these dry anomalies persist strongly into JJA 12 for
eruptions where El Niño conditions occur during DJF11
to 12 (not shown). This reduction in precipitation is ex-
pected based on the reduced Walker circulation associ-
ated with El Niño conditions, which inhibits the ascending
branch of the Indian and Southeast Asian monsoon cir-
culations (Kumar et al. 2006). La Niña conditions seem to
have impacts opposing the direct volcanic response;
a strong westerly Somali jet is seen in Figs. 10e,h, as op-
posed to the easterly anomalies occurring in the El Niño
case. Tropical eruptions followed by La Niña still exhibit
easterly flow south of India (Fig. 10b), which might reflect
the stronger aerosol loading associated with these erup-
tions. Notably, little change in monsoon precipitation is
caused by ENSO-neutral Southern eruptions (Fig. 10i),

FIG. 7. PDSI composites for Tropical and Northern eruptions during JJA 11. (a) Tropical eruptions followed by ENSO-neutral
conditions during DJF 10 to 11. (b) As in (a), but for eruptions followed by El Niño conditions. (c) Northern eruptions followed by
ENSO-neutral conditions during DJF 10 to 11. (d) As in (c), but for eruptions followed by El Niño conditions. Boxes indicate the
southwest United States and monsoonAsia regions discussed in the text, and the numbers alongside are the pattern correlations between
the PDSI composite and the El Niño teleconnection pattern over the appropriate region. Boldface red text indicates a pattern correlation
significant at 95% relative to internal variability, as computed via a Wilcoxon rank-sum test.
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shift: for Tropical (Fig. 9a) and Southern eruptions
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branch of the Indian and Southeast Asian monsoon cir-
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far the strongest reduction inprecipitation is seen for cases
where El Niño occurs in DJF 10 to 11; Figs. 10a,d,g all
show drier conditions over themajority of SoutheastAsia,
and these dry anomalies persist strongly into JJA 12 for
eruptions where El Niño conditions occur during DJF11
to 12 (not shown). This reduction in precipitation is ex-
pected based on the reduced Walker circulation associ-
ated with El Niño conditions, which inhibits the ascending
branch of the Indian and Southeast Asian monsoon cir-
culations (Kumar et al. 2006). La Niña conditions seem to
have impacts opposing the direct volcanic response;
a strong westerly Somali jet is seen in Figs. 10e,h, as op-
posed to the easterly anomalies occurring in the El Niño
case. Tropical eruptions followed by La Niña still exhibit
easterly flow south of India (Fig. 10b), which might reflect
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significant at 95% relative to internal variability, as computed via a Wilcoxon rank-sum test.
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of years 0 to 11 (Figs. 4a,c,e), reduced rainfall occurs
over land, particularly in the tropics (the western
United States and parts of South America are excep-
tions). Strong changes are also observed over the ocean,
with a dipolar signature centered along the equator con-
sistent with an equatorward (poleward) migration of the

intertropical convergence zone (ITCZ) for Northern
(Southern) eruptions.
The climate response in years 11 to 12 differs from

that in years 10 to 11. During DJF 10 to 11, the
Tropical eruptions show little change in temperature in
the eastern equatorial Pacific (Fig. 3a). A net warming is

FIG. 3. Composite surface air temperature response (8C) to eruptions of varying sizes: (a),(b) Tropical,
(c),(d) Northern, and (e),(f) Southern eruptions. The left-hand column [(a),(c),(e)] indicates responses duringDJF of
years 10 to 11. The right-hand column [(b),(d),(f)] indicates responses during DJF of years 11 to 12. Significance
levels are determined according to the Wilcoxon rank-sum test, and values that are insignificant at 90% are stippled.

FIG. 4. As in Fig. 3, but for total precipitation (mmday21).
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El Niño likelihood is reduced following S. Hemisphere eruptions
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DJF SSTA for LME full-forcing and volcanic-only simulations
“Year 0” = year in which eruption occurs
“Southern” eruptions = 1275, 1341, 1452

Stevenson et al. (2016a)
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Changes to El Niño likelihood: due to differing atmospheric responses?

Stevenson et al. (2016a)
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