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ABSTRACT

The hydroclimate response to volcanic eruptions depends both on volcanically induced changes to the hy-
drologic cycle and on teleconnections with the El Nifio-Southern Oscillation (ENSO), complicating the in-
terpretation of offsets between proxy reconstructions and model output. Here, these effects are separated, using
the Community Earth System Model Last Millennium Ensemble (CESM-LME), by examination of ensemble
realizations with distinct posteruption ENSO responses. Hydroclimate anomalies in monsoon Asia and the
western United States resemble the El Nifio teleconnection pattern after “Tropical” and ‘Northern” eruptions,
even when ENSO-neutral conditions are present. This pattern results from Northern Hemisphere (NH) surface
cooling, which shifts the intertropical convergence zone equatorward, intensifies the NH subtropical jet, and
suppresses the Southeast Asian monsoon. El Nifio events following an eruption can then intensify the ENSO-
neutral hydroclimate signature, and El Nifio probability is enhanced two boreal winters following all eruption
types. Additionally, the eruption-year ENSO response to eruptions is hemispherically dependent: the winter
following a Northern eruption tends toward El Nifio, while Southern volcanoes enhance the probability of La
Nifia events and Tropical eruptions have a very slight cooling effect. Overall, eruption-year hydroclimate
anomalies in CESM disagree with the proxy record in both Southeast Asia and North America, suggesting that
model monsoon representation cannot be solely responsible. Possible explanations include issues with the
model ENSO response, the spatial or temporal structure of volcanic aerosol distribution, or data uncertainties.

1. Introduction

Over the past millennium, volcanic eruptions create the
largest nonanthropogenic perturbations to the climate
system (see review by Robock 2000). Injection of aerosols
into the lower stratosphere decreases surface downward
solar radiation, suppressing the global hydrologic cycle and
cooling the majority of Earth’s surface. Large eruptions
make ideal test cases for evaluating the climate response to
external forcing in global models used for future climate
projections, but very few events have occurred since the
start of the modern observational record. Historical
eruptions are known to be much larger than more recent
events, such as the Tambora eruption, which caused the
famous 1815 “year without a summer” (Stommel and
Stommel 1983; Stothers 1984); for more robust statistics,
information from paleoclimate archives must be included.
The magnitude and location of past eruptions can be
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estimated from geological evidence as well as archives
such as sulfate aerosol deposits in ice cores, and several
reconstructions of eruption strength have been created
from such archives (Gao et al. 2008; Crowley et al. 2008;
Sigl et al. 2014). The effects of eruptions can then be in-
ferred using other sources of paleoclimate data: the most
common come from terrestrial archives such as tree-ring
widths, and much work has been performed on quantifying
these influences in various locations [i.e., monsoon Asia
and the North American west; Anchukaitis et al. (2010); Li
et al. (2013)].

Model comparison with proxy data requires consid-
eration of modes of internal climate variability, which
are in turn impacted by eruptions. Climate modeling
and proxy studies indicate that both the Atlantic multi-
decadal oscillation (AMO; Knudsen et al. 2014;
Zanchettin et al. 2012; Mignot et al. 2011) and the in-
terdecadal Pacific oscillation (IPO; Maher et al. 2014)
respond to large eruptions, but the El Nifio-Southern
Oscillation (ENSO) has a stronger impact on tempera-
ture and precipitation in the tropics/midlatitudes. Some
proxy evidence indicates that initiation of El Nifio
events is favored by volcanic eruptions in the year after
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the eruption (Adams et al. 2003; Li et al. 2013), which has
been documented in climate models (Timmreck 2012)
and is generally attributed to the oceanic “dynamical
thermostat” mechanism (Clement et al. 1996); however,
this result is subject to substantial internal variability
(Emile-Geay et al. 2008). Some proxy evidence also exists
for an immediate “La Nifia like” tropical Pacific cooling
period prior to the El Nifio initiation, during the year in
which the eruption occurs (Li et al. 2013); this effect is not
simulated by most climate models (McGregor and
Timmermann 2011) and has not been observed after
twentieth-century eruptions. Although not all recon-
structions agree on the eruption-year tropical Pacific
cooling (Wahl et al. 2014), the inability of models to
simulate this La Nifia—like response has been attributed to
issues with model representations of the Southeast Asian
monsoon and of ENSO itself (Anchukaitis et al. 2010).
The degree to which this discrepancy is caused by model
error or data uncertainty thus remains an open question.

The recently completed Community Earth System
Model Last Millennium Ensemble (CESM-LME; Otto-
Bliesner et al. 2015) is an ideal toolkit for disentangling
the direct hydroclimate response to eruptions from
ENSO. The LME contains multiple realizations of the
850-2005 CE period run with identical forcing, meaning
that the statistics of the volcanic-ENSO link may be
investigated simply by selecting cases with differing
ENSO conditions, without the need to consider differ-
ences in model physics or volcanic forcing. The model
configuration and eruptions are described in section 2,
the overall climate response to eruptions in the CESM is
documented in section 3, the interaction between ENSO
and the direct impact of an eruption is investigated in
section 4, and implications for comparison with paleo-
climate archives are discussed in section 5.

2. Model configuration and eruption selection

All results presented in this study utilize the LME
(Otto-Bliesner et al. 2015); the model configuration used
is the CESM1.1, the same model version used for the
CESM Large Ensemble (Kay et al. 2015), but run at
lower land and atmosphere resolution because of the
more intensive computing time demands of the ensem-
ble. Model resolution is roughly 2° in the atmosphere
and land models, and varies from 1° to 0.3° in the ocean.

The LME consists of several different ensembles,
forced either individually with solar insolation, orbital
changes, land-use/land cover variations, volcanic erup-
tions, and greenhouse gases; or with all forcing factors
simultaneously. Greenhouse gas concentrations (CO,,
CH,4, and N,O) are derived from Antarctic ice cores
(Schmidt et al. 2011), orbitally induced changes in
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insolation are computed following Berger (1978) as a
function of season and latitude, changes in total solar
irradiance (TSI) follow Vieira et al. (2010), and land-
use/land cover changes use a combined dataset derived
from Pongratz et al. (2009) and Hurtt et al. (2011). The
relevant forcings are applied identically across ensemble
members, and ensemble spread is generated by pertur-
bation of the atmospheric initial conditions; full details
are available in Otto-Bliesner et al. (2015).

Volcanic eruptions in the LME use forcings derived
from version 1 of the ice core-based reconstruction by
(Gao et al. 2008), the same forcing dataset used in the
CESM Last Millennium simulation for CMIP5 (Landrum
et al. 2013). Aerosol concentration varies as a function of
latitude, altitude, and time. The latitudinal distribution is
prescribed using nine latitude bands (Gao et al. 2008), as
well as the exchange between the latitude bands com-
puted using a simplified transport model (Grieser and
Schonwiese 1999) including seasonal variations in strato-
spheric circulation. The three model layers just above the
tropopause are used to prescribe volcanic aerosols, which
are assumed to follow a single size distribution. The
change in tropical clear-sky albedo resulting from all
eruptions is shown in Fig. 1: hereafter, the year in which
aerosol loading peaks is referred to as year 0. In the ma-
jority of cases, the profiles have very similar shapes as a
result of the use of the Grieser and Schonwiese (1999)
parameterization to derive the aerosol distribution; also,
all eruptions with unknown seasonality are assumed to
begin in April. The implications of eruption seasonality
will be discussed further in section 5.

Here, we analyze output from the “full forcing” and
““volcanic only” ensembles, consisting of nine and five
simulations, respectively; one of the full-forcing members
could not be fully analyzed owing to file loss, but all other
members mentioned in Otto-Bliesner et al. (2015) are
included. The full-forcing simulations contain all forcing
factors described in the preceding paragraph, while the
volcanic-only simulations exclude influences other than
volcanic aerosols. Analysis has been restricted to the pe-
riod 850-1850 to prevent inclusion of any CO,-induced
hydroclimate trends that might skew the full-forcing re-
sults. Eruptions are divided into three general classes ac-
cording to their hemispheric aerosol distribution, as
computed by Gao et al. (2008). This was done by inte-
grating the aerosol mass mixing ratio during the eruption
year and two subsequent years over the Northern and
Southern Hemispheres, then computing the ratio between
the two. Eruptions with a ratio greater than 1.3 or less than
0.7 are classified as “Northern” and ““Southern” erup-
tions, respectively; those with intermediate values are
considered ““Tropical.” To minimize biases from eruption
size variations, only eruptions with a peak aerosol mass
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FIG. 1. Composite clear-sky albedo for all LME eruptions, averaged over ocean regions
from 30°S to 30°N. 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;

2909

this is the year referred to as year 0 in subsequent analyses.

mixing ratio greater than 10~ were included in the final
sample; the resulting list is given in Table 1.

3. Climate response to eruptions

The global response to eruptions in the LME is con-
sistent with results from previous studies (Schneider et al.
2009), as documented in Fig. 2. Figures 2a and 2b show
the composite hemispheric-mean anomaly in surface net
solar radiation as a function of time after eruptions of
various classes; in all cases there is a decrease that lasts for
an average of 1-3yr. The Tropical eruptions have com-
parable excursions in Northern and Southern Hemisphere
fluxes, and are generally stronger than the hemisphere-
dominant events. Northern eruptions show the strongest
latitudinal temperature gradient shift (Figs. 2e.f); the other
two categories create cooling at both the tropics and high
latitudes. Across eruption classes, the temperature anom-
aly ranges from —1° to —6°C in a zonal-mean sense
(Figs. 2c-h), with the largest anomalies in the Northern
Hemisphere high latitudes. Temperature effects generally
become negligible after 2-3 yr in the tropics, with per-
sistence time scales of up to 10 yr poleward of 50°N; this
is likely due to feedbacks with Arctic sea ice (Schneider
et al. 2009). Unless otherwise specified, the 12-month
climatological-mean annual cycle over 850-1849 has been
removed from the monthly data prior to compositing.

Composite patterns of the December—February
(DJF) temperature response to eruptions are shown
in Fig. 3; these and subsequent composites show the
mean across all full-forcing and volcanic-only simu-
lations. Consistent with the zonal-mean plots in Fig. 2,
cooling occurs nearly everywhere, with the exception
of a small portion of northern Europe (not shown).
Cooling is strongest everywhere over land, with
anomalies reaching up to —5°C in some portions of
North America and the mountain regions of Asia, and
the effects are strongest during year 0. Composite
precipitation patterns are shown in Fig. 4; during DJF

TABLE 1. List of eruption years belonging to the Tropical,
Northern, and Southern eruption classes. Eruptions between 850
and 1850 having peak global-mean aerosol mass mixing ratios
above 1 X 10~ ® are included here. *The Laki eruption was assigned
an incorrect date in the Gao et al. (2008) version 1 dataset; the true
date is 1783. **Eruptions are classed by the ratio of Northern to
Southern Hemisphere stratospheric aerosol loading over the
course of the eruption, as quantified by Gao et al. (2008); ratios
above 1.3 are considered Northern, those below 0.7 are considered
to be Southern, and those between 0.71 and 1.29 are Tropical ac-
cording to this classification.

Class** Years

Tropical 1258 (Samalas), 1284, 1809, 1815 (Tambora)
Northern 1176, 1213, 1600, 1641, 1762 (Laki*), 1835
Southern 1275, 1341, 1452 (Kuwae)
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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.
(¢),(d) Zonally averaged temperature anomaly (°C) for Tropical eruptions, during (c) DJF and (d) JJA. (e),(f) Asin
(¢),(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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FIG. 3. Composite surface air temperature response (°C) to eruptions of varying sizes: (a),(b) Tropical,
(¢),(d) Northern, and (e),(f) Southern eruptions. The left-hand column [(a),(c),(e)] indicates responses during DJF of
years +0 to +1. The right-hand column [(b),(d),(f)] indicates responses during DJF of years +1 to +2. Significance
levels are determined according to the Wilcoxon rank-sum test, and values that are insignificant at 90% are stippled.

of years 0 to +1 (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 +1 to +2 differs from
that in years +0 to +1. During DJF +0 to +1, the
Tropical eruptions show little change in temperature in
the eastern equatorial Pacific (Fig. 3a). A net warming is

b) DJF +1 to +2: Tropical (56 events)
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FIG. 4. As in Fig. 3, but for total precipitation (mm day ).
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TABLE 2. Probability of occurrence for El Nifio and La Nifia
events during DJF, for eruptions of all classes. Boldface entries
indicate occurrence frequencies lying outside the 90% confidence
interval derived from the LME 850 control simulation, the upper
and lower limits of which (95th and 5th percentiles, respectively)
are listed in the control rows.

Neutral El Nifno La Nifia
Tropical, DJF 0 to 1 67.8 12.5 19.6
Tropical, DJF 1 to 2 53.6 41.1 5.36
Northern, DJF 0 to 1 69.1 22.6 8.33
Northern, DJF 1 to 2 64.3 28.6 7.14
Southern, DJF 0 to 1 50.0 9.52 40.5
Southern, DJF 1 to 2 66.7 214 11.9
Control, 5th percentile 68.5 13.8 11.8
Control, 95th percentile 73.1 17.6 15.2

seen in response to the Northern eruptions (Fig. 3c),
along with a cooling in response to Southern eruptions
(Fig. 3e). However, during DJF +1 to +2, a pronounced
El Nifio-like pattern appears in both temperature and
precipitation for Tropical and Northern eruptions (Figs. 3
and 4b,d); the eastern equatorial Pacific warms sub-
stantially, and the ITCZ signature is much stronger than
during DJF +0 to +1 in both cases.

A summary of the likelihood of El Nifio-La Nifia oc-
currence after eruptions of all strengths is shown in Table 2.
Hereafter, El Nino and La Nifia events are defined as Nifio-
3.4 SST anomalies exceeding *1 standard deviation from
the ensemble-member mean; the results are similar when
other thresholds are adopted (not shown). During DJF of
years 0 to +1, cool conditions in the equatorial Pacific are
favored for Southern eruptions and to a lesser extent for
Tropical eruptions; Northern eruptions tend to enhance El
Nifio occurrence. During DJF of years +1 to +2, however,
both Tropical and Northern eruptions have dramatically
increased the probabilities of El Nifio occurrence and de-
creased the probability of La Nifia occurrence. Changes are
statistically significant for all eruption classes across the
ensemble.!

The mechanism for the hemispheric dependence of the
ENSO response to volcanism is not yet clear. El Nifio
initiation may be favored by equatorward migration of
the ITCZ and associated trade wind weakening, which is
shown (section 4) to be strongest for Northern eruptions.
The reverse may be true for Southern eruptions, which
could explain the enhanced La Nifia probability after
Southern events. We note that the temperature pattern in

! Statistical significance is computed using the nonparametric
Wilcoxon rank-sum test (“‘ranksum” in Matlab), in which the set of
posteruption values is compared with the full time series from all
ensemble members, on a gridpoint by gridpoint basis.
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Fig. 3e appears not to be strictly analogous to La Nifia
initiation, but for these purposes a colder than average
SST is referred to as being La Nifia like. The dynamics of
this response are left for future investigation. Another
caveat is that the ENSO amplitude in CESM is too strong
as compared with the observations, although CESM
exhibits a much more realistic and broad spectral peak
than previous model versions (Fig. 5); this overly strong
amplitude could become important when interactions
between ENSO and direct volcanic impacts are consid-
ered (section 4).

4. El Nino-induced amplification

The question of volcanic influences on ENSO has im-
portant implications for the interpretation of the terres-
trial proxy record. As such, the Palmer drought severity
index (PDSI; Palmer 1965) has been computed from
CESM output using a modified version of the toolbox
presented in Jacobi et al. (2013). The PDSI is the canon-
ical quantity to which records of tree-ring width are typi-
cally calibrated, and represents an approximation of the
water balance in the upper soil layer. The PDSI calcula-
tion here relies on potential evapotranspiration computed
using the Penman—-Monteith method; comparisons with
CESM soil moisture (not shown) reveal that PDSI is
correlated at R = 0.8-0.9 with soil moisture in the upper
50cm to 2m, on interannual time scales. This result is
consistent with computations from other climate models
(Cook et al. 2015) and indicates that PDSI robustly re-
flects changes in modeled hydrological conditions. Here,
June-August (JJA) PDSI values are reported, for con-
sistency with the North American and monsoon Asia
drought atlases (NADA and MADA, respectively; Cook
et al. 2004, 2010); because of the memory of 9-12 months
present in PDSI, this quantity can be considered to rep-
resent hydrological conditions during the previous year.

PDSI composites following eruptions are shown in
Fig. 6, for JJA of years +1 and +2. The ENSO telecon-
nection pattern is also shown for comparison (Figs. 6a,b)
using composite JJA PDSI values 6 months following El
Nifio—La Nifia events in the LME 850 control run. After
Tropical and Northern eruptions, drying is observed over
monsoon Asia and wetting over the southwest United
States, which persist in both years +1 and +2 (Figs. 6¢—f).
There are distinct similarities between these patterns and
the El Nifio teleconnection in Fig. 6a, as shown by the
strong positive pattern correlations (numerical values in
Figs. 6¢—f). Southern eruptions do not produce El Nifio—
like PDSI patterns, or indeed any significant PDSI excur-
sions, in either monsoon Asia or the southwest United
States. Outside of the boxed regions in Fig. 6, there is very
little correspondence between eruption and El Nifio
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FIG. 5. Nifio-3.4 SST anomaly power spectrum for the LME full-forcing ensemble. The SSTA
spectrum for the ERSSTv3b data product (Smith et al. 2008) is indicated by the blue solid line,
and the red envelope shows the 25th—75th percentile range for the LME simulations. An AR(1)
spectrum fitted to ERSST is shown in black, as a null hypothesis.

hydroclimate signatures, with the possible exception of
Europe, portions of the Middle East, and midlatitude
South America (20°-40°S). The dynamics of eruption
influences are clearly distinct from ENSO teleconnec-
tion signatures.

Both Northern and Tropical eruptions favor El Nifio
initiation, so the degree to which El Nifio events gen-
erate the El Nifio-like PDSI signatures in the boxed
regions of Fig. 6 (hereafter the NA and MA boxes in
North America and monsoon Asia, respectively) is in-
vestigated next. Events within an eruption class are
categorized according to the ENSO state: either El Nifio
or ENSO neutral during DJF +0to +1, and the resulting
JJA +1 PDSI shown in Fig. 7. (Note that within the
ENSO-neutral category, the mean Nifio-3.4 value is
roughly —0.3°C, so the ENSO-neutral composite is not
likely to be biased toward an El Nifio teleconnection).
Pattern correlations are computed between the ENSO-
neutral PDSI and the El Nifio teleconnection map for all
eruption types: correlations for the Tropical eruptions
are 0.75-0.76 (Fig. 7a) and 0.70-0.82 for the Northern
eruptions (Fig. 7c) in the MA and NA boxes, respec-
tively. This is an indication that the correspondence
between the eruption and El Nifio teleconnection PDSI
signatures arise from non-ENSO processes. Results are
similar for JJA +2, although the ENSO-neutral influ-
ence weakens considerably (not pictured).

The presence of El Nifio conditions appears to am-
plify the hydroclimate signature of a volcanic eruption,
in both monsoon Asia and the North American south-
west. This is apparent visually by comparing Figs. 7a,b and
7c.d; the effect is then quantified using the mean PDSI
in the boxed regions of Fig. 7. For Tropical eruptions,

the mean PDSI values in monsoon Asia are increased
by a factor of 1.74 in the presence of El Nifio conditions
relative to the ENSO-neutral composite; in North
America the amplification factor is 2.88. For Northern
eruptions, El Nifio conditions amplify PDSI in mon-
soon Asia by a factor of 1.44 and in North America by a
factor of 2.24.

Based on Figs. 6 and 7, it is clear that ENSO tele-
connections and ENSO-neutral eruption influences
must be understood individually; the mechanisms for
similarities over MA and NA are investigated below.

a. Subtropical tropospheric jet

Both volcanic eruptions and ENSO variability affect
the midlatitude tropospheric jets. In the case of ENSO,
Seager et al. (2003) showed that tropical heating during
El Nifio events creates an equatorward shift and in-
tensification of the jets, while the reverse is true for a La
Nifia. Eruptions are also known to affect the zonal-mean
circulation through modification of the meridional
temperature gradient (Robock 2000; Schneider et al.
2009). We note that in the stratosphere, the volcanic and
ENSO responses differ dramatically (not pictured), as
aerosol-induced stratospheric heating makes up a key
portion of the volcanic response, but a similar uniform
stratospheric heating is generally not induced by ENSO
dynamics alone.

Figure 8 shows the composite zonal-mean zonal wind
anomalies from 1000 to 500 mb, for volcanic eruptions of
varying sizes accompanied by various ENSO phases
during DJF +0 to +1. ENSO-neutral eruptions lead to
an equatorward shift of the jet, as evidenced by the
westerly wind anomalies on the equatorward flank of the
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FIG. 6. JJA PDSI composites for (a) El Nifio events in the LME 850 control run. (b) La Nifia events in the
LME 850 control run. (c)-(h) Eruptions of varying types over 850-1850 in the LME full-forcing ensemble. JJA
of Year +1 is shown in the left-hand column; JJA of year +2 is shown in the right-hand column. No filtering
based on ENSO phase has been performed in (c)—(h). Only regions where the PDSI anomaly following the
eruption [or El Nifio/La Nifia event, in (a),(b)] differs significantly from the full simulation, according to the
Wilcoxon rank-sum test, are plotted. Boxes indicate the southwest United States and monsoon Asia regions
discussed in the text, and the numbers alongside the boxes in (c)-(h) are the pattern correlations between the
PDSI composite and the El Nifio teleconnection in (a). Boldface red text indicates a pattern correlation sig-
nificant at 95% relative to internal variability, as computed via a Wilcoxon rank-sum test. Italicized black text

indicates an insignificant pattern correlation.

climatological-mean westerly jet (cf. positive anomalies
near 20°N in Figs. 8c,f,i). This is interpreted as a conse-
quence of the thermal wind relationship: volcanic cooling is
stronger in the high latitudes, leading to an enhanced
equator-to-pole temperature gradient and tending to ac-
celerate the westerlies while enhancing baroclinic in-
stability closer to the equator. Aerosol hemispheric loading
appears to affect the magnitude of this effect: neutral
Northern eruptions (Fig. 8f) show larger westerly anoma-
lies near 20°-30°N than neutral Tropical or Southern
eruptions (Figs. 8c—). Likewise, neutral Southern eruptions
(Fig. 8i) show larger westerly anomalies near 20°S than
neutral Tropical/Northern eruptions (Figs. 8c,f).

The effect of a posteruption El Nifio event is to am-
plify the NH westerly jet. Comparing Figs. 8a,d,g to 8c,f,i
clearly shows that the westerly anomalies near 40°N and
S are much stronger than those in the ENSO-neutral
cases. The equatorial heating accompanying an El Nifio
event and the high-latitude cooling during an eruption
alone both increase the meridional temperature gradi-
ent, while the opposite is true after eruptions followed
by La Nifia.

b. ITCZ shifts

The NH meridional temperature gradient responds
similarly to ENSO-neutral eruptions and El Nifio events
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FIG. 7. PDSI composites for Tropical and Northern eruptions during JJA +1. (a) Tropical eruptions followed by ENSO-neutral
conditions during DJF +0 to +1. (b) As in (a), but for eruptions followed by El Nifio conditions. (c) Northern eruptions followed by
ENSO-neutral conditions during DJF +0 to +1. (d) As in (c), but for eruptions followed by El Nifio conditions. Boxes indicate the
southwest United States and monsoon Asia regions discussed in the text, and the numbers alongside are the pattern correlations between
the PDSI composite and the El Nifio 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.

for Tropical/Northern eruptions. This is expected to
create corresponding changes in I'TCZ position, since
the ITCZ tends to shift toward the equator during El
Niflo 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 30°S to 30°N, with 1o envelopes sur-
rounding the (full + volcanic only) ensemble mean. Erup-
tions followed by ENSO-neutral conditions are shown in
black, by El Nifio conditions in red, and by La Nifia
conditions in blue. During DJF +0 to +1, 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 Nifio
show a southward shift, and eruptions followed by La
Nifia northward (cf. red-blue envelopes in Figs. 9a,d,g).
During JJA +1 the ENSO-neutral response is stronger
than in DJF +0 to +1, and is dominated by a reduction in
mean precipitation (Fig. 9b,e.h; gray envelope). Overall
enhancement in ITCZ precipitation occurs during DJF +1
and 2 (Fig. 9c.f,i; gray envelope).

c. Asian monsoon suppression

The final similarity noted between ENSO-neutral
eruptions and El Nifio events is in the region domi-
nated by the Asian monsoon. Figure 10 shows JJA +1

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 70°-90°E 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 in precipitation is seen for cases
where El Nifio occurs in DJF +0 to +1; Figs. 10a,d,g all
show drier conditions over the majority of Southeast Asia,
and these dry anomalies persist strongly into JJA +2 for
eruptions where EI Nifio conditions occur during DJF +1
to +2 (not shown). This reduction in precipitation is ex-
pected based on the reduced Walker circulation associ-
ated with El Nifio conditions, which inhibits the ascending
branch of the Indian and Southeast Asian monsoon cir-
culations (Kumar et al. 2006). La Nifia 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 Nifio
case. Tropical eruptions followed by La Nifia 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),
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of years +0 to +1 following eruptions of varying sizes (colors), sorted by ENSO phase. (a),(d),(g) El Nifio conditions for Tropical,
Northern, and Southern eruptions. (b),(e),(h) As in (a),(d),(g), but for eruptions followed by La Nifa events. (c),(f),(i) As in (a),(d),(g),
but for eruptions followed by ENSO-neutral conditions. Stippled areas indicate regions where the anomaly following the eruption does

not differ significantly from the full simulation, according to the Wilcoxon rank-sum test. Units of mean and anomaly are ms™ .

potentially because of the weaker land surface cooling
over Asia during these events.

5. Comparison with tree-ring archives

The ultimate goal of this work is to determine whether
CESM is capable of reproducing the responses to vol-
canic eruptions recorded in proxy archives and, if not, to
attribute causes for model/proxy disagreements. As
such, the PDSI composites from LME eruptions are
compared with the North American and monsoon Asia
drought atlases of Cook et al. (2004, 2010). The year +1
responses are quite similar between CESM (Fig. 6) and
the proxy data (not shown); drying occurs in Southeast

1

Asia and wetting in the western United States in both
the NADA/MADA and CESM, although CESM tends
to slightly overestimate the PDSI anomaly values.

Previous work (Anchukaitis et al. 2010; Li et al.
2013) has shown that the eruption-year PDSI signa-
ture resembles a La Nifia event, with wetting in monsoon
Asia and drying in the western United States, while the
year after the eruption generally shows the reverse.
This result is reproduced in Fig. 11 for the NADA and
MADA when the eruption years in Table 1 are used,
but the CESM results contrast with the tree-ring com-
posites; both Tropical and Northern eruptions show
robust trends toward drying in Asia and wetting in the
United States.
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FIG. 9. Zonal-mean tropical precipitation (including both land and ocean) composited over DJF +0to +1,JJA +1, and DJF +1 to +2
following eruptions of varying sizes, sorted by ENSO phase. (a)—(c) Tropical eruptions. (d)-(f) As in (a)—(c), but for Northern eruptions.
(g)—(i) Asin (a)—(c), but for Southern eruptions. In each panel, black solid lines indicate the ensemble mean (climatology), black dashed
lines show eruptions followed by ENSO-neutral conditions, red dashed lines show eruptions followed by El Nifio conditions, and blue
dashed lines show eruptions followed by La Nifia conditions. Envelopes surrounding each ensemble mean indicate the 1o range for each
set of events.

This work cannot definitively attribute causes for model/ Sigl et al. 2014), section 4 suggests that this would
proxy offsets, as the experimental configuration here does also create an erroneously El Nifio-like hydro-
not allow for the isolation of all influences, which could climate pattern in the tropics/midlatitudes.
potentially cause disagreements with observations. Other  3) Issues with implementation of aerosol loading—the
possible complicating factors include the following: Gao et al. (2008) forcing dataset may not correctly

account for interhemispheric aerosol differences,
1) An overly vigorous hydroclimate sensitivity to aerosol which have been demonstrated in section 4 to play a
loading—section 4 demonstrated that even in the strong role in shifting hydroclimate anomalies. An-
absence of substantial tropical Pacific SST anomalies, other potential issue is volcanic seasonality; in the Gao
the influence of volcanic aerosol forcing on hydro- et al. (2008) reconstruction, all eruptions whose true
climate bears a resemblance to the El Nifio telecon- seasonality was unknown were assumed to begin in
nection pattern. If this effect is stronger in CESM than April. This leads to a predominance of eruptions which
inreality, it would tend to mask an initial La Nifia-like peak during June-July, as shown in the clear-sky
hydroclimate signature and lead to an overly large albedo during all eruptions in Fig. 1. If modeled erup-
model/proxy disagreement during year 0. tion aerosol injection peaks predominantly during bo-
2) An overestimate of the strength of eruptions—there real summer, this may be too late to create a significant
are substantial uncertainties in ice core—derived re- influence on ENSO.
constructions, in terms of size distribution, vertical 4) Issues with ENSO amplitude in the model—the ENSO
loading profiles, and posteruption transport (Gao amplitude in CESM is roughly a factor of 2 stronger than
et al. 2008). If aerosol loading estimates are too large observed (Fig. 5), and the overall skewness is positive

even for a few of the eruptions (as hypothesized by (not pictured). This creates a tendency for overly strong
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are those where differences in precipitation between selected years and the ensemble mean are significant at 90%, according to the

Wilcoxon rank-sum test. Stippling elsewhere indicates differences insignificant at 90%.

5)

6)

El Nifio occurrences, which could potentially mask the
significance of an initial La Nifia-like response.
Dating uncertainty in the proxy record—offsets be-
tween reconstructed eruption years have been pre-
viously documented [cf. Gao et al. (2008) versus
Crowley et al. (2008) and Sigl et al. (2015)] and could
affect the composites; we do not expect this effect to be
very large, as Anchukaitis et al. (2010) found little
sensitivity of eruption-year hydroclimate composites to
the set of eruption years considered. Persistence biases
in tree-ring width-based reconstructions could poten-
tially also play a role, as ring width may not always
respond quickly to eruptions (Schneider et al. 2015).
Internal variability in the proxy record—proxy re-
constructions contain only a single realization of
internal variability, that which occurred in the real

7)

climate system; as such, if La Nifia occurrence were
present during an unusually high proportion of erup-
tion years, this could cause some of the eruption-year
discrepancy.

Actual errors in model physics—the assessment of
tree-ring-derived eruption responses in Anchukaitis
et al. (2010) cited issues with monsoon representa-
tion in climate models as the primary source of
model/proxy discrepancies, based on the robustness
of the proxy data and the lack of a La Nifa-like
monsoon signal in three different model versions.
Issues with monsoon representation in CESM cannot
be ruled out as contributing to this disagreement.
However, the wetter eruption-year conditions over
North America in the NADA suggests that the issue
may also lie with ENSO dynamics (McGregor et al.
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2010), rather than being strictly related to monsoon
processes.

Of the above list, addressing model error is the most
urgent for the climate modeling community, as de-
termining areas where models fail to capture physical
processes is a key requirement for improving future
projections. However, until options 1-5 have been ruled
out it will be difficult, if not impossible, to definitively
attribute improved agreement with the proxy record to
improvements in model physics.

This work also serves to demonstrate the urgent need
for future data collection efforts. The regions with the
highest proxy data density are also those with the
strongest similarity between ENSO-neutral eruption
and El Nifio teleconnection patterns. This implies that
obtaining additional well-dated records from other re-
gions will be valuable for separately validating models’
ability to represent the magnitude of the “direct” vol-
canic influence and the effects of volcanism on ENSO,
with the caveat that these comparisons should be re-
stricted to locations where the model is able to correctly
capture the ENSO teleconnection for the historical pe-
riod. Another critical data gap at present is found in
high-resolution SST records; obtaining better estimates

of SST prior to large volcanic eruptions would provide
crucial insights into the relative contribution of oceanic
versus aerosol-induced hydroclimate anomalies.

6. Conclusions

This work uses the CESM Last Millennium Ensemble
to investigate the separate influences of volcanic eruptions
and ENSO on hydroclimate variability. The overall re-
duction in solar radiation incident at the surface leads to
worldwide cooling in CESM after eruptions, which is
enhanced at high latitudes but persists for 2-3 yr even in
the tropics. Responses are generally strongest in the
hemisphere of maximum aerosol loading, with a more
symmetric response to Tropical eruptions. Very little
tendency for El Nifio or La Nifia initiation is observed
during the winter of Tropical eruption years; however,
Northern eruptions show a weak but distinct El Nifio-like
pattern during DJF of years +0 to +1, whereas a gener-
alized cooling occurs during Southern eruption winters.
Both Tropical and Northern eruptions favor El Nifio de-
velopment during DJF +1 to +2, which is not observed
for Southern eruptions.

Eruptions are separated into groups according to whether
El Nifio, La Nifia, or ENSO-neutral conditions followed
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during winters of years +0 to +1 or +1 to +2. The
general tendency is for El Nifio occurrence to magnify
the hydroclimate impact of a given eruption in monsoon
Asia and the southwest United States, and for La Nifia
occurrence to weaken or reverse the impact. This is
shown to result from a similarity between the patterns
associated with direct volcanic forcing and with El Nifio,
which occur as a result of a variety of distinct dynamical
mechanisms. There is congruence between the anoma-
lous meridional temperature gradient: high-latitude
cooling during an eruption and equatorial heating dur-
ing an El Nifio both enhance this gradient, leading to an
equatorward shift and slight acceleration of the mid-
latitude westerly jet. The Asian monsoon is also sup-
pressed by both eruptions and El Nifio, because of an
anomalous northeasterly flow off the coast of China
(volcano only) and suppression of convection over the
warm pool by a weaker Walker circulation (El Nifio
only). The resemblance between direct volcanic impacts
and El Nifio events implies that an El Nifo-like re-
sponse documented in the SW United States and/or
monsoon Asia does not necessarily require an El Nifio—
like SST anomaly in all cases; however, substantial off-
sets between ‘“‘volcano only” and El Nifio—induced
anomalies do exist in other regions.

Model results are compared with tree-ring reconstructions
of hydroclimate to assess CESM performance. The largest
disagreements are seen during the eruption year itself: all
eruption classes lead to Asian monsoon suppression in
CESM, where composites based on the MADA indicate an
increase. In North America, Northern eruptions create
wetting in the CESM and drying in the NADA, while the
opposite is true for Southern eruptions. This suggests that
CESM may not correctly capture either the ENSO or direct
aerosol response during the year of the eruption. Possible
explanations also include issues with the eruption-year
aerosol transport, or with the seasonality of eruptions [all
eruptions with unknown seasonality are assumed to begin in
April in the Gao et al. (2008) reconstruction]; internal vari-
ability in the proxy record may also play a role. This work
serves to highlight the critical importance of marine proxy
reconstructions for attribution of model/proxy offsets to is-
sues with particular simulated physical processes.
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