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#%  Abstract

#&l

# 1 Currently, little is known on how volcanic eruptions impact lasgaleclimate

#(! phenomena such as palddCZ position or South American summer monsoon behavior.

#)! In this paper, an analysis of observations and model simulations is employed to assess the
#*1 influence of large volcanic eruptions on the climate of tropical South idanérhis

$+!  problem is considered both for historically recent volcanic episodes, for which more

$"! comprehensive global observations exist, as well as reconstructed volcanic events for the
$#! period 850 C.E. to present that are incorporated into the NASA GISSIE®BR

$$! simulation of the Last Millennium. An advantage of this model is its ability to explicitly

$% track water isotopologues throughout the hydrologic cycle and simulating the isotopic

$& imprint following a large eruption. This effectively removes a degremoértainty

$' ! associated with errgurone conversion of isotopic signals into climate variables, and

$(! allows for a direct comparison between GISS simulations and paleoclimate proxy records.
$)! Our analysis reveals that both precipitation and oxygen isotofadiigy respond

$*! with a distinct seasonal and spatial structure across tropical South America following an
%+ eruption. During austral winter, the heavy oxygen isotope in precipitation is enriched,

%" likely due to reduced moisture convergence in the ITCZ doaradreduced rainfall over

%# northern South America. During austral summer, however, precipitation is depleted in

%$ heavy isotopes over Amazonia, despite reductions in rainfall, suggesting that the isotopic
%% response is not a simple function of the Oamourt.éfriring the South American

%& monsoon season, the amplitude of the temperature response to volcanic forcing is larger

%'l than the rather weak and spatially less coherent precipitation signgllicatingthe
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1. Introduction

1.1. Volcanic Forcing on Climate

Plinian (large, explosive) volcanic eruptions are a dominant driver of naturally
forced climate variability during the Last Millennium (LM, taken here to be 850 C.E. to
present; e.g.,t8thers and Rampino, 1983; Hansen et al., 1992; Crowley et al., 2000;
Robock et al., 2000; Robock, 20@3posse et al., 200%,0shimori et al., 2005; Emite
Geay et al., 2008; Coleai, 2010; Timmreck, 2012; lles et al., 2013; Schurer et al.,

2014). In addion to their importance for ﬁh:entury climate, they are the largest
magnitude external forcing durihgst 1000 years of the pnedustrial period, the most
recent key interval identified by the Paleoclimate Modelling Intercomparison Project
Phase IlI(PMIP3).As such, these eruptions serve as a natural testbed to assess the skill
of climate models in simulating how climate responds to external perturbations.

Although the most significant climate impacts of eruptions are realized over just a
few years 6llowing the eruption, they provide the source of the largest amplitude
perturbations to EarthOs energy budget during the LM. For example, the eruption of Mt.
Pinatubo in June 1991, although transitory, exerted a radiative forcing comparable to an
instantaeous halving of atmospheric @{Blansen et al., 1992; Minnis et al., 1993; see
also Driscoll et al. (2012) for models in tBeupled Model Intercomparison Project
Phase 5 (CMIP%) several pale@ruptions during the LM likely had an even larger
global impact (Figure 1).

The principle climate impact from volcanic eruptions results from the liberation
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of subsurface sulfuicontaining gases such as sulfur dioxide and hydrogen sulfide, which
are injected into the stratosphere and react with water to forntesaéeosols (e.g.,
Harshvardhan and Cess, 1976; Coakley and Grams, 1976; Pollack et al., 1976, 1981,
Lacis et al., 1992). The most pronounced impact of large tropical eruptions includes a
radiatively cooled troposphere and heated stratosphere (e.g.et.atis1992; Robock

and Mao, 1995; Stenchikov et al., 1998). Sulfate aerosols from the Mt. Pinatubo eruption
grew from a background effective radius-6f2 um up to ~0.8 m, strongly scattering
incoming solar radiation. For sulfate aerosols in this size range, this shortwave scattering
is 5-10x larger than the increase in infrared opacity from the aerosols, and results in a
warming stratosphere and coolingEdrth@ surface (Turco et al., 1982; Lacis et al.,

1992).

Studieson the impacts of volcanic eruptions have generally focused on global or
Northern Hemisphere metrics (e.g., Lucht et al., 2002; Gillett et al., 2004; Shindell et al.,
2004; Oman et al., 2%; Oman et al., 200@&nchukaitis et al., 201®eng et al., 2010;

Evan et al., 2012; Zhang et al., 2013; Man et al., 2014), for instance in examining
responses to the East Asian monsoon system (EAMS) or the Arctic Oscillation.
Comparatively little attemn has been given to the Southern Hemisphere, or to South
America specifically (although see Joseph and Zeng, 2011, and Wilmes et al., 2012).
Some previous work has focused on the Southern Annular Mode in thel@RAd
NCEP/NCAR reanalysis, in additioa & previous version of NASA Goddard Institute
for Space Studies (GISS) Moeel(Robock et al., 2007) and in a subset of CMIP3
models (Karpechko et al., 2010) or in CMIP5 (Gillett and Fyfe, 2013).

How volcanic forcing is expressed over South America resnan important
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target question for several reasons. First, recognition of the South American monsoon
system (SAMS) as an actual monsoon system is less than two decades old (Zhou and Lau,
1998), and thus study of SAMS dynamics is still relatively youngti(se 1.3) and very

little work has been done specifically focused on volcanic eruptions. For instance, should
we expect to see a reduction in austral summer rainfall (during the monsoon season) as
has been reported for the EAMS (Man et al., 2088¢ondy, the largest volcanic

eruptions during the late ﬁ@:entury(e.g.,Mt. Agung, 1963, Indonesi&| Chich—n

1982, Mexico; Mt. Pinatubo, 1991, Island of Luzon in the Philippiheseafter, these
threeevents are referred to as L20 eruptions) occur egiamsiltaneously with an

anomaloug! Ni—o-Southern Oscillatio(ENSO) state, and in general represent a small
sample size in a noisy system. This limits the prospect of rblgpsthesis testingnd
guidance for what impacts ought to be expected follovanggl eruptions at the

continental scaldzinally, South America offers promise for a comparatively dense
network of highresolution proxy locations relative to other tropical regions (see below),
offering the potential to detect whether South Americandgloinate signals to large
eruptions are borne out paleoclimatically.

In this study, we explore the pesgtlcanic response of South American climate
operating through the vehicle of unique model simulations (spanning the LM) using the
recently developed ISS ModelEZ2R (LeGrande et al., 2015, in prep; Schmidt et al.,
2014a), which allows for the sampling of a greater number of events than is possible over
the instrumental period. Emphasis is placed on temperature and precipitation, but a novel
part of thisstudy extends to the response of water isotopologuesHe'D)

[colloquially referred to hereafter as Oisotopesd and exprels§iliasunits per mil



"$* 1 (&) vs. Vienna Standard Mean Ocean Water]. The isotopic composition of precipitation
"%+ (! %0,) is a key variable that is directly derived from proxy data used in tropical

"%"! paleoclimate reconstructions.

"0 The aim of this paper is to cteaa potentially falsifiable prediction for the

"%3% isotopic imprint that a volcanic eruption should tend to produce across the South

"%% American continent. The ability to explicitly model the isotopic response allows for a less
"%&8 ambiguous comparison of simulatgoand paleoclimateecordsand for hypothesis

"%'! testing. It is unclear whether or not the current proxy archives are suitable to test such a
"%(! predictionwith high confidencegiven dating uncertainties (in both proxies and in the
"%)! actual timing of eruptionsr thelevel of noise in proxy data and the real world.

"%*!  Additionally, the prevailing higltesolution archives in South America only feature a few
"&+! tropical records (Vimeux et al., 2009; Neukom and Gergis, 2012; Vulille et al., 2012).
"&"1 Nonetheless, the growingumber of higkresolutionrecordsoffers hope that testing the
"&#! modeled response to higlequency volcanic signals will be an avenue for future

"&3$! research. This can also better inform debate centered on the inverse problem in

"&% interpreting isotopic signals.€., what do observed changes in proxy data imply about
"&&! past climate changes?), which remains contentious (section 1.4).

"&' The structure of this article is as follows: in the remaining part of section 1, we
"&(! summarize previous literature on the impact ajdavolcanic eruptions on paleoclimate,
"&) ! in addition to a discussion of South American climate. Section 2 presents data and
"&* 1 methodology, including how volcanic forcing is implemented in Modd¥ESection 3

"+ 1 discusses our results and we end with conclusiosedtion 4.



"# 1 1.2. Volcanic forcing during the Last Millennium

"$ !

"% ! Volcanic forcing has had a very large influence on the climate of the LM

"& I (Crowley, 2000; Hegerl et al., 2003; Shindell et al., 2004; Mann et al., 2005; Hegerl et al.,
| 2006; Fischer et al., 2007; Afgo et al., 2009; Timmreck, 2012; Esper et al., 2013;

"( I Ludlow et al., 2013; Schurer et al., 2014). Several studies (Miller et al., 2012; Schurer et

" 1 al, 2014;Atwood et al., 2015, in preskicGregor et al., 2015) collectively provide a

"* 1 compelling case #t volcanic forcing may be substantially more important than solar

"(+ ! forcing on a hemispherim-global scale during the LM, in addition to driving a large

"(" ! portion of the intefannual to multidecadal variability in LM simulations (Schmidt et al.,
"#! 2014b).
“($! Two volcanic forcing datasets (Gao et al., 2008; Crowley and Unterman, 2013)

"(%! relying on ice core reconstructions of volcanism are used as input in the LM MeglelE2

"(& ! simulations(and are the CMIP5/PMIP3 LM standard} discussed in Section 2.

"o
"((!' 1.3. Tropical Sath American Climate

"0 !

NG South America is home to nearly 390 million people. The continent spans a vast

"+ | meridional extent (from ~10 N to 55 jS), contains the worldOs largest rainforest (the

") 1 Amazon), in addition to one of the driest locations on Earth (theahadeser}. The

"Y# ! continent has diverse orography, spanning the high Andes along the Pacific to Laguna del
$ ! Carb—n in Argentina, the lowest point in the Southern Hemisphere. Because of this, South

%! America hosts a rich diversity of climate zones and biaditye all of which may
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respond in unique ways to external forcing.

The most prominent climatic feature of tropical and subtropical South America is
the South American monsoon system (Zhou and Lau, 1998; Marengo et al., 2001; Vera et
al., 2006; Garreauet al., 2009; Marengo et al., 2012). Much of South America isin a
monsoon regime, with tropical/subtropical rainfall over the continent exhibiting a
pronounced seasonal cycle. Unlike other monsoon systems such as that in Algaelow
easterly winds prail during the entire year in tropical South America, although the wind
anomalies do change direction when the annual mean wind field is removed from winter
and summer composites (Zhou and Lau, 1998).

During austral winter, the maximum in continental guetation is largely
restricted to north of the equator, in a bdikd pattern associated with the oceanic nter
Tropical Convergence Zone (ITCZ). During austral summer, convection is displaced
from northwestern South America, and a band of heavy pratgitcovers much of the
continent, from the southern Amazon Basin to central Brazil and northern Argentina. A
distinctive feature of the SAMS is the South Atlantic Convergence Zone (SACZ), a band
of cloudiness and precipitation sourced primarily fromttbpical Atlantic that extends
diagonally (southeastward) from the Amazon towards southeastern Brazil (Figure 2).

The SAMS onset occurs around the end of October and the demise between the
end of March and April (e.gNoguZsPaegle et al., 2002; Veraadt, 2006 Silva and
Carvalho, 2007). The dominant mode of intraseasonal precipitation variability over South
America during summer exhibits a dipole pattéMioguZsPaegle and Mo, 1997),
seesawing between the SACZ region and Southeastern South Anteriledter

including the densely populated La Plata basin l@itlal economies strongly dependent
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on agricultural activities.

The SAMS is strongly modulated by ENSO behavior on4atetual timescales
(Vuille and Werner, 2005; Garreaud et al., 2009). IreganSAMS-affected regions of
tropical South America tend to experience drier than normal conditions during El Ni—o,
while conditions in subtropical latitudes are anomalously humid, including the
southeastern part of the continent. Surface air tempesatnd to be anomalously warm
in tropical and subtropical South America during El Ni—-o events. These relationships
depend somewhat on the time of year, and during La Ni—a events, the pattern is

essentially reversed.

1.4. Recent South American Monsaeronstructions from isotopic proxies

SAMS variability spanning most of the Holocene has been diagnosed from
speleothem records in the Peruvian Andes (Kanner et al., 2013) and a review focused on
the last 1,002,000 years was given in Bird et al. (20ahy Vuille et al. (2012). In all
cases, a critical piece of information that is required to properly diagnoseS»si¢s
variability is the ability to translate oxygen isotope variability from nat@edrdersnto
a physical climate signal of interest.

Early work on isotopes in ice core records from the tropical Andes detected a
Little Ice Age (LIA) signal in the oxygen isotope composition of the ice, with results
initially interpreted to reflect variations in local temperature due to their resemibdtance
ice core records from Greenland (e.g., Thompson et al., 1995, 1998) and due to their

isotopic enrichment over the past 150 years, in parallel with rising global mean
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temperatures (Thompson et al., 2006)emperaturedependence to oxygen isotope
variahlity has been long known and is particularly important in-toihigh latitudes
(Dansgaard, 1964) and is most directly related to the ratio of initial and final water vapor
content of a parcel that is transported horizontally, rather than the temperature
dependence of fractionation itself (Hoffman and Heimann, 1997).

This interpretation in the tropics has been challenged through a number of
observational and modeling efforts (Hardy et al., 20a8tle and Werner 2005; Vimeux
et al., 2005, 2009; Kanner &t, 2012) which suggest thidie isotopic signal isnore
closely related to the degree of rainout upstream in regions of intense convection (in the
case of South America, over tAenazonbasin). Additionally, sinceea surface
temperaturesSST) in the Peific have a large influence on SAMS intensity on inter
annual timescales in the present, oxygen isotope variability over much of tropical South
America is linked to the state of tequatorial Pacific (Bradley et al., 2003; Vuille et al.,
2003,b.

In regimes that are highly convective in nature as in tropical South America,
empirical evidence shows that the amount of precipitation (talsd Oamount effectO,
Dansgaard, 1964) rather than the condensation temperature correlates most strongly with

180, variability, at least on seasonal to intemual time scales. In reality, however, the
rainout most relevant for the oxygen isotope signal may be at a significant distance from
the site where the proxy is derived, potentially complicating the useaifdaltbrations
to climatology as a guide for ‘0, interpretations (Schmidt et al., 2007). Isotopic

concentrations are explainable as being a function of original concentration, rainout along

the moisture transport path, and mixing.



#8&% The influence of precipitation amount onlSOp, in addition to chages in the

#&&8  partitioning of precipitation sources, has also been identified on decadal to orbital

#&'! timescales through speleothem records and lake sedi(@niset al., 2005yan

#&(! Breukeleret al., 2008; Bird et al., 2011; Kanner et al., 2012). These stuavesalso

#&)! highlighted the role of latitudinal displacements of the ITCZ, which is ultimately the

#&*!  main moisture conduit for precipitation over the South American continent. Furthermore,

#+ 1 many records collected throughout South America now provide evideneariched

# 18Op values during the Medieval Climate Anomaly, which is indicative of weakened

## 1 SAMS convection and rainout, followed by depletebBOp values, suggesting heavier

#$ ! rainfall during the LIA in tropical South America (Bird et al., 2011; Apaestetal.,

#%! 2014) with an opposite response in Northeast Brazil (Novello et al., 2012). This, in turn,
#&! has been interpreted in terms of North Atlantic SST anomalies (Vuille et al., 2012; Ledru
#' 1 etal., 2013) and the position of the Atlantic ITCZ.

#(! Nonetheles, oxygen isotopes respond in unique ways depending on the climate
#) | forcing of interest. Indeed, a unique, quantitative local relationship between an isotope
#* 1 record and any particular climate variable of interest is unlikely to hold for all timescales
#(+! and pospective forcing agents (Schmidt et al., 2007) thus motivating the use of forward
#(" ! modeling to work irconjunction with proxybased field data. For the remainder of this
#(#! paper, we focus specifically on the volcanic forcing response.

#($!

#(% 2. Methodology

#(&!

#' ! 2.1. Data
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The primary tool used in this study is thater isotopeenabled GISS ModelE2

R. ModelE2R is a fully coupled atmospheosean GCM (LeGrande et al., 2015, in prep;
Schmidt et al., 2014a) that explicitly tracks stable water isotopes. The vessidmere
is the same as the nameractive atmospheric composition (NINT) physics version used
in the CMIP5 experimeni@Miller et al., 2014) The current moddeatures 2 latitude x
2.5 longitude horizontal resolution and 40 vertical levels in thaphere up to 0.1 hPa,
and is coupled to the Russell Ocean that conserves heat, water mass, and salt (Russell et
al., 1995) at 1j x 1.25;j resolution with 32 vertical levels. ModefEiacludes
stratospheric dynamics and prescribed ozone and aerosolsspecie

Due to uncertainties in past radiative forciaguite of LM simulations using
ModelE2R have been run with different combinations of plausible solar, volcanic, and
anthropogenic land use histories (Schmidt et al., 2011, 2012) but with identical
greemhouse gas and orbital evolution. These simulations span the peri2@@sC.E.
There are two reconstructions of past volcanic activity (Gao et al., 2008; Crowley and
Unterman, 2013) that are usedsin combinations ofhe ModelE2R LM simulations

(seethe Opast10000 experimental desigtpat’data.giss.nasa.gov/modelE/aggid

below).

For the LM, three forcing combinations are available in the GISS MoeRIE2
simulations that use the Crowley restruction for volcanic perturbations. These include
Pongratz et al. (2008) [land]/ Krivova et al. (2007) [solar], Kaplan et al (2010)
[land]/Krivova et al. (2007) [solar], and Pongratz et al. (2008) [land]/Steinhilber et al.

(2009) [solar] (see Schmidtak, 2011, 2012)We focus only on results from the



$++

$+#
$+$!
$+%
$+&
$+'!
$+(!
$+)!
$+*1
$'+!

$"#!
$"$!
$"%

$"&!

$"(!
$") !
$" |
S+
$#" |

SH#

Crowley reconstruction prior to 1850 CE due to a-susling of the Gao forcing in the
model that roughly doubled the appropriate radiative forcing. For the historical period
(1850present), the volcaniorcing history is based on Sato et al. (1993) and is
equivalent among the differefgix) simulation members.

Water isotope tracers are incorporated into the modelOs atmosphere, land surface,
sea ice, and ocean. These isotopes are advected and traoketh gvery stage of the
hydrologic cycle. At each phase change (including precipitation, evaporation, ice
formation or melting) an appropriate fractionation factor is applied (Schmidt et al., 2005)
and all freshwater fluxes are tagged isotopically. Stabkepe results from the lineage
of GISS models have a long history of being tested against observations and proxy
records (e.g., Schmidt et al., 2007; LeGrande and Schmidt, 2008, 2009; Lewis et al., 2010,
2013, 2014; Field et al., 2014).

Crowley and Untaman (2013) discuss the details behind the LM Aerosol Optical
Depth (AOD) reconstruction that defines the volcanic forcing-sSerges in ModelE2R
(Figure 1). This estimate is derived from sulfate peaks in ice cores, which are relatively
well dated and flerenced to the historical record during the satellite @rawley and
Unterman (2013) provide an AOD history over 4 latitude bands (fr@®j @nd 3690
in both hemispheres). ModelER uses @ubic spline to interpolate this forcing dataset
over 24 latiude bands. The choice of volcanic eruptions used for the LM analysis
(section 2.2 below) is based on the AOD dataset from thiatRdde grid.

In addition to the model, we briefly explopestL20 eruption results in the
instrumental record. To do thiwetake advantage of the NASA GISS Surface

Temperature analysis (GISTEMP) laadean index (Hansen et al., 1999), &idbal
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Precipitation Climatology Cent(&PCC) B, a monthly precipitation datasater land
(Schneider et al., 2011orFigures 2 an@® where oceanlimatologicaldata is shown,

we use thé&lobal Precipitation Climatology Project (GPCP) version 2.2 (Adler et al.,
2003), a combined land station and satellite produatlablesince 1979These datasets
are called upon to gauge ttnepical climate response following thlereelL 20 eruptions.

We use the 2j5esolution GPCC dataset, as that is comparable to the GISS model and
what is justified by the station coverage in this part of the wotd. GPCC product

offers considerably better dlal and South American coverage than other precipitation
datasets, although observational density for rainfall is still considerably more problematic
over South America than for many other regions of the globe. There is a shagdfdnop
the number of fia gauge stations used earlier in th& 2éntury over much of the South
American continent. Figure S1 shows the station densihedime of each L20 eruption
as well as the total number of land stations over South America with time.

Finally, in seabn 3.1 we present data from t@éobal Network of Isotopes in
Precipitation (GNIP) accessible from the International Atomic Energy Agency (IAEA)
for ! 18Op,as a test of the modelOs ability to track the seasonal hydrologic cycle in the
form of its isotopt response over South America before discussing the Last Millennium
results. Unfortunately, there is considerable spatial and temporal heterogeneity in the
GNIP data over South America. In fact, only a few stations have data overlap with one or
two eruptios and with a sufficient number oD, data points to establish reasonable
seasonal or annual statistics. Additionally, the po$tanic (L20) anomalous isotope
field over South America strongly resembles the ENSO expression on the isotope field

(Vuille et al., 2003a) and with large spread between events (not shdws suggests
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that internal variability (ENSO) dominates the forced (volcanic) response in this very
small historical sample size, thereby leaving little hope that the prevailing network of

observations is suitable for hypothesis testing and model validation in our context.

2.2 Supetposed Epoch and Composite Analysis

We present the spatial patternotiserved and simulated respof@etemperature
and precipitation over land for two L2@uptions El Chich—and Mt. Pinatubp Results
are shown for annuatheans in 1983 and 1992. We choose only two for brevity, as our
argumenthat assessing the signal in apecific region is difficult in a small sample of
eruptions is unaffecte@ecausef the dominant influence of unforced variability on
tropical South American climat{&arreaud et al., 2009yerriding the volcanic signal
duringtheL20 eruptions, we instead present a superposed epoch anomaly composite of
the tropicalmean temperatur@nomaly zonally averaged from 38 to 30jN. Results are
shown for years3 to+5, with zero defining théme of theeruption This composite is
formed for all three L20 eruptionk all cases, the five years prior to the eruption were
subtracted from #superposed composite. Other sensible choices for theraption
reference period do not significantly change the results.

For the full LM spatial composites, we use only eruptions where vertically
integrated (15 to 35 km) stratospheric AOD averagewh f80iN to 30;S exceeds 0.1 for
at least 12 consecutive months in the simulation (top panel in Figure 1). For the LM
composites, we focus only on seasonal (DJF and JJA) composites, and a given season

will enter the composite if at least 2/3 months meed@® threshold; this criterion
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yields 15 eruptions since 850 C.E. The selection of events used in the LM composite is
very weakly sensitive to this choice of latitude bavit.Pinatubo is the only L20

eruption in this composite, and is actualye ofthesmallest eruptiosin this selection

based on the maximum AOD encountered near the time of the eruption (see Table 1 for
dates of each event)e believe sampling a larger number of events with greater forcing

is a better way to understand the volcangpamse in this model, rather than increasing

the ensemble size for the L20 events. We do stress, however, that there is considerable
forcing uncertainty during the LM and so the model results ought to be viewed as a slave
to the imposed AOD and particlesidistribution.

For the LM OnoteruptionO fields, we use 15 years prior to the eruption as a
reference period to calculate the anomaly for each event, unless another event occurs
during that time (overlap occurs only once for eruptions in 1809 and ikBdbjch case
the prel809 climatology is used twice. The exception is for Mt. Pinatubo, which again
uses the previous five years to calculate the anomaly. When constructing seasonal

averages of '°0,, the oxygen isotope value for each month is weighted by the

precipitation amount during that month, at each grid cell.

Since each postruption difference field is computed using the immediate
response minus a local-4&ar climatology, time is noelevant in this analysis and so
we use all three members with the Crowley forcing (representing over 3,000 years of
simulation time)o generate a composite that features 45 volcanic OeventsO (15 eruptions
in each of thehreemembers). In the historicgbost1850) extension of these runs, the
coding error that resulted in a mmplementation of the Gao forcing is not an issue, and

SO we use six ensemble members eduleéi/olcanic events in six ensemble members)
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for the L20 results.

The ensembleneancomposite results displayed for the LM eruptions include
contributions from three members that differ not just in the internal variability, but also in
their solar and landse forcing. Similarly, the L20 results are from model runs that also
include othetransient historical forcings occurring at the time of the eruption, including
greenhouse gas increases throughout the duration of the event (although these forcings
are the same among all ensemble members). However, in all cases we focus only on the
immediate years after the eruption. Since the primary signal of interests is expected to be
large compared to the impact of more slowly varying and srahgalitude forcings, the
ensemble spread for a given eruption can be interpreted as a sampling ofe¢he mod
internal variability coincident with the event. We have tested our composite results using
the same dates as our volcanic events in simulations with other varying forcings but with
no volcanoes (there are no volcamdy runs with this model version ftine LM), and
the results are indistinguishable from noise (not shown). The LM composite results are
discussed in section 3.2.

Finally, it is now well appreciated that any climate response under investigation
will be shackledo the spatial structure ofd@tforcing imposed on a model. For example,
preferential heating/cooling of one hemisphere will induce different tropical precipitation
responses than a watlixed gas that behaves glike (Kang et al., 2008, 2009; Frierson
and Hwang, 2012; Haywood et &(Q12). Figures S2 and S3 show the latitudinal AOD
distributionstructure for all eruptions used in the generation of the LM composites within
ModelE2R. The mean of all events is rather symmetric between hemispheres (though

somewhat skewed toward the Suaern Hemisphere tropics), and similar to the pattern



%"&
%" |
%" (!
%")!
0%"1
Oott+
ookt
Ottt
%#$
%ot%
%H&
ool
Qo
Oot)l
0ot
%S+
%%
%ot
%$3
%$%
%$&
%$'!

%$(

expected with Ce@changethe forcing is largest in the tropics. Thus, the resulting climate
responses outlined in this paper ought to be viewed as a response consistent with a
forcing that isrelatively symmetric about the equator. Results from volcanic eruptions

with emphasis on the spatial structure of forcing will be reported in a separate paper.

2.3. Influence of ENSO on the Late”20entury (L20) eruptions

FortheL20 volcanic events, Bli—o eveats are occurring quasimultaneously
with the eruption. This introduces a pervasive issue when attempting to isolate the
volcanic signal (e.g., Robock, 2003; Trenberth and Dai, 2007; Joseph and Zeng, 2011)
and is particularly important over South Amer{eag. Garreaud et al., 2009).

In order to remove the effects of ENSO from the sygmsed epoch and spatial
composite analyses described above in the GISTEMP and GPCC data, we first perform a
multiple regression with the variable of intereger the priod 19512005 using a linear
time trend and thbli—o 3 index as predictor&(N-5;S, 150{W-90;jW, datafrom

http://www.cpc.ncep.noaa.gov/data/indiges/er the same period, excluding two years

of data after each L20 eruption. At each grid cell,Nireo 3 index is lagged from-6

months and the correlation coefficient with the maximum absolute value (since a positive
index can induce a negative anomaly in the variable of interest) is founds Shislar

to the approach used in Joseph and Zeng (2011), allowing the maximum ENSO influence
to be removed at each grid pointla expense afontemporaneouglationshipsThe
laggedNi—o indexis then regressed against the time series of each \waablthe

residual from this regression is retained. This approach assumes a linear relationship



%3$) between ENSO and the climate response over South America, an assumption that appears
%3%$4 justified on interannual to decadal time scales (Garreaud et al., 2009).

%%H For each of the six ensemble members used in the model L20 composite, a similar
%% procedure is performed in which thie-o 3 index(consistent with the realization of the
%% Ni—o0 3 domain SSTs in that model simulation) is calculated and regressed out in &he sam
%%!$ manner For the full LM computations, the number of largenplitude events in the

%%0%6 threeensemble member composite should help average out the influence of Pacific SST
%%& variability, and no ENSO removal procedure is applied.

%%t

%% 3. Results and Discussion

% %%0)

%%* 3.1 L20

%&+

%&" Figure 3illustrates that ModelER reproduces the seasonal cycle of

%&# climatological rainfalcomparing Figure 3a withb3 and oxygen isotope distribution

%&$ (comparing Figure 3c withdd with some fidelity over South America. This includes a
%&% meridiond migration of the ITCZ toward the summer hemisphere and an intensification
%&& of the South American monsoon during DJF. Where data permit (RBgutleere is good

%&" agreement between model and observations, both displaying oxygen isotope DJF

%&( enrichment relatie to JJA in the tropics north of the equator and the higher latitudes

%&) south of 30;S, and depletion in the continental interior south of the equator associated
%&* with the monsoon wet seasdodelE2R (Figure ®) tends to produce too much

%'+! precipitationovernortheastermrazil although thgross features of theeasonal
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migrationin rainfall arewell captured. This ability to accurately simulate the seasonality
of 1 *®0, over the tropical Americas has also been noted in two atmospheric GCMs with
no coupled ocn (NASA-GISS Il and ECHAM4, see Vuille et al., 20@3R

Figure4 shows the ENSQremoved supeposed epoch analysis for tropical
temperature associated with the recarée¢L20 eruptionsThere is good agreement
between the observed and modeled temperaiasponse, both in amplitude and recovery
timescaleThe tropicalmean cooling is on the order of several tenths @égree, and
larger after MtPinatwo (not shown individually).

The spatial structure of thpst!El Chich—n and Pinatubeentsin land
observations and the individual model realizations are shown in Figares,
respectively. Observations exhibit cooling over much of the globe, especially after Mt.
Pinatubo that is largely reproduced by the model. However, there is considerabte spr
among the individual ensemble members and between the two events, indicating a large
role for internal variability in dictating the observed spatial pattern following these events.
This is also true over South Amerita.

In GISTEMP,the highlatitudes ofSouth America cool more than the tropical
region of the continent after Mt. Pinatubddhereis still a residual signal from ENSO in
tropical South America following both L20 eruptions tlsamhot reproduced by the model.
This is not unexpected, since EN8@nts comparable to the magnitude of the historic
realizations due not occur coincident with the volcanic forcing in the individual ensemble
members. The magnitude of this signal is sensitive tdlihe index used in the

regression method described abalithout ENSO removal, tropical South America



%)¥ warms following the two eruptior(®ot shown). The influence of ENSO appears minimal
%)% over the higher latitude sectors of the continent.

%)& The precipitation pattern following the L20 eruptions exhibits subatan

%)"'! variability in space and across eruptions, with a general drying pattern over land in
%)(! tropical latitudes. South America experiences less precipitation near the equator after Mt.
%))! Pinatubo (see also Trenberth and Dai, 2007), a pattern reproduced iafsbme

%)*! ensemble realizations

%*H It should be noted that modebservation comparison is hindered not just by
%*"! internal variability, but also by the epfied historical volcanic forcing in the model. In
%*# fact, theStratospheric Aerosol and Gas ExperimentSAGE) Il satellite sensor was

%*3§ saturated by the aerosol cloud after Mt. Pinatghbsequent work (Santer et al., 2014;
%*% Schmidt et al., 2014c) suggests that the forcing following Pinatubo is too large in the
%*& CMIP5 generation of models. It is likely that CRE8/PMIP4 will feature a reduced AOD
%*'! and different particle size.

%*(! Because of the considerable variability seen in observations (following historical
%*)! eruptions) and also across ensemble members, it is evident that a largetosignse

%**!  ratio than is avadble from the L20 eruptions alone is required to help isolate any

&++H volcanic signalModelE2R is the laboratory from which we proceed to sample a larger
&+"!  number of events, some of which contain larger amplitude than the L20 eruptions
&+#

&+3#  3.2. Last Millennium @mposites

&+%

&+& 3.2.1. Temperature and Precipitation
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Figure 7 shows the LM posblcanic temperature composite for all 45 events.
During both seasons, cooling is statistically significant over virtually the entire continent
(stippling indicates significance at tB8% level,t-test). The temperature response is
strongest in the interior of the continent, particularly during the austral winter. The
enhanced higihatitude cooling exhibited in the observations after Mt. Pinatubo does not
emerge in the model composite.

The precipitation anomalies for the LM composite are shown in Figure 8. As
expected, there is a distinct seasonal structure in the response, with the largest anomaly
concentrated in a narrow region north of the equator during austral winter, coincident
with the location of climatological rainfall maxima in the regibaring JJA,
precipitation increases in the North Atlantic regiolhowing volcanic eruptions, while
very strong and statistically significant precipitation reduatioccur just north ahe
equator (includingver rorthern Brazil, Ecuador, Venezuela, Colombia, and Guyana)
and encompassing the northern Amazon Badims signal is consistent with a
weakening of the moisture flux owing to the decrease in saturation vapor pressure due to
cooling that is demanded by ClausiGsapeyron (Held and Soden, 2006). During this
season, the precipitation response is significant virtually everywhere in northern South
America. Supplementary Figure (S5) further illustrates that the JJA precipitation response
is remarkably robust to all eruptions that enter into the composite.

Figure9b illustrates the relationship between aagaraged precipitation from
20iS 0j (DJF) and 0412jN (JJA and the maximum AOD encountered for each eruption

Thesetwo regions wereselected to reflect the seasonal migration of rairitalleruptions



&#*!  are displayed with the thremember ensemble spread given for eddhdata is zonally

&$+H averaged from 78V to 45;W. Precipitation only increases north of the equator during
&$"! austral wintein a few model realizationdoreover, the magnitude of the precipitation

&$#  response during JJA scales with the size of the eruption, particularly for very large

&$H eruptions (e.g., comparing five eruptions with AOD > 0.3 vs. those with smaller

&$% perturbationsalthough the spread amongst the ensemble members is large). The spatial
&$& composite for each individual eruption (each averaged over the three ensemble members)
&$'! is shown in Figure S5.

&$(! The precipitation response during austral summer is more difficultepnet

&$)! (Figure 8a). During this season, ttunally oriented Atlantic ITCZ migrates southward

&%$*! and the SACZ becomes more intense as it is connected with the area of convection over
&%+ the central and southeastern part of the contitieistnoteworthy thatrte land cools

&%" substantially more than the surrounding ocean (Figure 7), which one could expect to
&%# weaken the monsoesourced precipitation during DJF. While precipitation is indeed

&%$ reduced over the tropical continetiite response is weaker than in JJA ksgd spatially

&%% coherent, with many areas failing to meet statistical significance. An analysis of the
&%& individual responses reveals that the signal is more erugépandent during DJF than

&%" during JJA (see Figure S4), with a few events actually exhilbmiodest increases in

&%( precipitation. Nonetheless, there is a clear tendency for reduced DJF precipitation within
&%) the SAMS region, although there is little to no dependence of the mean rainfall anomaly
&%* on the magnitude of the AOD perturbation, at least abow®.1 threshold used in this

&&+ study (Figure 9b), unlike for equatorial South America during JJA. Conversely, the

&&"! temperature response (Figure 9a) depends on the size of the eruption in both seasons, as

! #Y



&&# is expected.

&&9$

&&% 3.2.2. Tropical Hydroclimate Respans

&&&

&&'! Since the South American climate is intimately linked to lecgde tropical

&&(! dynamics, the global precipitation composite is shown in Figure S6 to better inform the
&&)! model response. The most robust signal is characterized by a reduction in tropically
&&* aweraged precipitation and the tendency for wet regions to become drier, and dry regions
&'+! to become wetter (see also lles et al., 2013), in contrast to the anticipated hydrologic
&™ I response in a future, high€O, world (Held and Soden, 2006).

&'#! This pattern is thermodynamic effect linked teduced moisture convergence
&'$! within the convergence zones and to reduced moisture divergence in the descending
&'%!  zones of the Hadley cell, which reduces the contrast in values of precipitation minus
&'&! evapaation (RE) betwea moisture convergence and divergence regions (Chou et al.,
&" I 2009).The complete hydrologic response of tHeE field (not shown) has the same

&'( ! spatial structure as theP field, since evaporation is decreasing nearly everywhere in the
&') ! tropics. Because both and E are decreasing on the equatand flank of the ITCZ the

&* 1 I P-E signal is rather weak in the deep tropics, whieE increases more rapidly thaR

&(+! in the subtropics.

&("! The tendency for modest precipitation anomalies over the continent during DJF
&(#! appears to be part of a pattern that spans a broad swath of longitudes across the entire
&($! deep tropics in association with the seasonal cycle. Nonetheless, the response during DJF

&(% is weaker over land.
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3.2.3. Oxygen Isotope Anomalies

In order to relate #nresponses discussed in the previous sections back to a

potentially observable paleoclimate metric, we show the compositléopfield for the

DJF and JJA seasons in South America (Figure 10). It should be cautioned that much of
the isotopic variability that can be observed in proxies within the continental interior or
high-elevation glacier sites will likely be seasonallydad toward the wet season months
(Hardy et al., 2003).

During the JJA season, there is a strong enrichment of fF@F, pattern that is
zonally extended over equatorial South America. In addition, there is a corresponding

18Op depletion in the adjacent Kb Atlantic sector. This response is inextricably
coincident with the strong change in precipitation in the ITCZ domain that was assessed
in Figure 8, and is broadly consistent with a Orainfall amountO control on the isotopic
imprint (Dansgaard, 1964). 8th of approximately 15iS, the sign of the anomaly

reverses to a depletion of the heavy isotope.

During the austral summer, volcanic eruptions lead to a clear negative excursion
in 18Op over virtually the entire SAMS region, including the Amazon basin, tropical
Andes, and eastern Brazil. The statistical significance of the resulting isotopic anomaly
extends throughout most of the landmass within the tropics and in the North Atlantic
There are small but nesignificant exceptions (positive *°0, excursions) such as in

eastern Brazil. The negative excursions also include regions outside of the SAMS belt in

the subtropics and mildigh latitudes of South America.
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The austral summer *°0, depletion is the opposite sign from what one would

expect if the reduced precipitation were driving the isotopic response. Thus, it may well
be that the strong temperature response to volcanic eruptions dominates the eontinent
wide oxygen isotope degtion during the DJF season and in the extratrapicsig JJA

over the relatively weak precipitation response. Precipitation on the other hand appears to

be the primary control knob of **0, during JJA within the ITCZ region.
The correlation between 180p and temperature or precipitation are reported i

Figure 9, using the same domains for DJF and JJA described in section3tlcase
of volcanic forcing it appears that the amplitude of the temperatgponse to volcanic
eruptions over tropical South America is much larger than the rather weapatially
incoherent precipitation signal. This may explain why@d& isotopic signal related to
volcanic eruptions seems to respond to atmospheric cooling, even in the tropics, where
isotopic variability is usually more closely associated with changée hydrologic
cycle.During JJA, the isotopic enrichment is much more associated with precipitation
reduction north of the equator.

Taken together, these results suggest that the primary controls on oxygen isotope
variability are forcing and eveqtependent, rather than being determined inherently by
the latitude of interest (e.g., Oprecipitation drivenO in the tropics and Otemperature drivenO
in the extratropics). This conclusion is compelled by the fact that the precipitation
production and distrildion in proxy records are the result of an interaction between
multiple scales of motion in the atmosphere, the temperature of air in which the
condensate was embedded, and exchange processes operating from source to sink of the

parcel deposited at a sifEhus, a consistent description of how to interpret oxygen

! #(
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isotopes into a useful climate signal cannot be given without considering all of these
processes and the target process of intérest.

To further complement the spatial analysis, a composite Houwnadlgram is
utilized (Figure 11) in order to illustrate the tira@olution of the temperature,
precipitation, and oxygen isotope response. For this plot, the start of each eruption is
defined as the closest January to the first month in which AOD re@chesorder to
illustrate the seasonal evolution (rather than compositing by Omonth from each eruptionO
as in Figure 3). Therefore, for all 45 events in the composite, the local AOD may reach
this threshold within five months (before or after) of the danbaseline point (eruptions
in June are rounded up to the following January). The HovmsSller composites are plotted
for ten years (beginning January three years prior to the eruption). The closest January
point to the start of each eruption occurs in3#& month of the Hovmsller (solid black
line in Figure 11a,b,d). Results are zonally averaged from 75j to 45j W, across the
SAMS region.

Figure 11a demonstrates a substantial temperature anomaly that peaks south of
10iS (compare also to Figure 7). Thelog lasts for several years following the
eruption, and decaygaduallyuntil mostof the signal is lost (~4 years after the eruption
in the South American secjpbut remains 0:D.2;C colder than the preruption
climatology. The zonally averaged geeeductions in South American precipitation
anomalies occur over the tropical latitudes and last for a comparable period of time as the
maximumtemperature response. The precipitation anomaly itself migrates synchronously
with the seasonal cycle (red limeFigure 11c maps out the latitude of maximum

climatological precipitation averaged over Hilyear climatologies of each 46ember
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event, & a function of time of yearlrigure 11b indicates that the largest precipitation
response is confined to theuagorialand northermegions during JJAyith weak
protrusion intchigher tropicalatitudesonly 1-2 years after the eruptiomhe JJA isotopic
enrichment imorthern South Americiasts for two seasoms our composite, while there
is sustained isotopigepletion during DJF in the SASM region for about three years
(Figure 11d)

Figure 12 provides additional statistical insight into the magnitude of the
excursions described in this section. Here, we sampled 100 randewedscomposites
in a control simwution with no external forcing (each Oevett® seasons in lengtis
defined as an anomaly expressed relativepgee@ruptionclimatology as done
previously). The anomalies were averaged over the same areas as in Figure 9, with
different domains for DF and JJA. Notably, for both seasons and for all three variables
examined, the single 4&vent postvolcanic composite (purple square) lies outside the
distribution of all sampled 4Bvent composites constructed with no external forcing.
Nonetheless, theistribution for a smaller sample of events (black circles denote the data
for each (%) eruptions, each averaged over the three ensemble members) shows
considerable spread.

The 1'®0, anomalies discussed above result from changes in the isotopic content
of precipitation, whichmay be due to changes in precipitation amount or to other changes
in the isotopic composition of the water vapor that condensed to form the precipiate.
changes are not determined by changes in the seasonality of the precipitation. To
illustrate this(Figure S7)we decomposkthe "! %0, field (see Liu and Battisti, 201 By

weighting the monthly oxygen isotope field by the-praption precipitatiowalues. The
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results are indistinguishable from the tO‘tafBOpfield, suggesting that any changes in
monsoon seasonality are negligible in contributing to the isotopic signal, unlike the

orbital case considered in Liu and Battisti (2015).

4. Conclusions

In this study, we have analyzed the response of temperature, precipitation, and
1 %0, over South Americto volcanic forcingassociated witharge tropical eruptions
during the Last Millennium. It is now well known that volcanic eruptions lead to-large
scale cooling throughout the tropics, and this result extends to most of the South
American continent as well, except in regions that may be simultaneously affected by
opposing ENSO behavior. In general, the precipitation response has been more enigmatic,
though our results are in broad agreement with numerous other studies showing that there
is a substantial decline in tropiealean precipitation.

However, the immediate pesgblcanic impact over South America has a complex
seasonal and spatial structubeiring the austral winter, the precipitation response over
the continent is slaved to the response of the {acgée circulation, including a
weakening of rainfall intensity within the ITCZ that is migrating northward. In the
extratropics, the continenbols and exhibits slight precipitation dedsnearly
everywhere. Our results suggest the seasonal monsoon precipitation (during DJF) in
ModelE2R exhibits a fairly weak response that is scattered across the continent. It
appears that volcanic forcing panditions the tropical rainfall over the continent to

decline during the wet season, but that this response is likely to be erdgpiendent
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and may be overwhelmed by internal variability.

A unique aspect of this study was to probe th’éop response teolcanic

eruptions. During JJA, isotopes become heavily enriched in northern South America as
convective activity produces substantially less precipitation. No such relation was found
during the monsoon season, even within the tropics, where the latg®@mpears to

lead to more depleted 18Olg,, despite a weakened hydrologic cycle and reduced monsoon

precipitation. In the extratropics, it appears that the temperature decline is driving
isotopes toward more depleted values.

Unfortunately validation of our model results is hindered by theipaof
observational stable isotope data and by the coincidence of volcanic eruptions with
ENSO events over the ®@entury. Nonetheless our results may provide some guidance
in the search of volcanic signals in higgsolution isotopic proxy data fro8outh
America. Given the importance of volcanic forcing for climate variability over the past
millennium, and in particular the LIA period, which has been identified as a period of
significant climatic perturbation in isotopic proxies from South Ameridegtter
understanding of the climatic response to volcanic forcing over this region is urgently

needed.
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"+&+! Table 1: Time of Eruptions and Global Aerosol Optical Depth (AOD) from Crowley and
"+&"! Unterman (2013). List of eruptions used indst.
"+&#!
Table 1.List of LM and L20Eruptions
Start Date of Eruptidh Seasons in LM Composite Max
AODP
DJF JIA
Jan 971 972 971-972 0.22
Jan 1193 1194 11931194 0.16
Jul 1228 12291251 12291230 0.38
Oct 1257 12581260 12581259 0.69
Jan 1286 12871288 12861287 0.28
Jul 1455 14561458 14561458 0.41
Jan 1600 1601 1600 0.17
Jan 1641 1642 16411642 0.24
May 1673 1674 1674 0.21
Apr 1694 16951697 16941696 0.24
Jan 1809 18101811 1891810 0.30
May 1815 18161818 18151817 0.47
May 1835 1836 1835-1836 0.24
Jan 1883 1884 1884 0.20
Apr 1963 0.11
Apr 1982 0.12
Jun 1991 1992 1992 0.18
®Start of Eruption dates based on when they can be identified in the Crowley /Sat
series averaged over the latitude band from 30 {N. May be $ightly different than
actual eruption date.
PMaximum AOD over the 30;jS t80jN latitude band encountered in monthly time
series during the duration of each event.
“December in year prior to listed date.
IMt. Agung andEl Chich—n included ir20 but nd LM composites.
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List of Figure Captions

Figure. 1. Aerosol Optical Depth (AOD) used to force the NASA GISS ModdiEe@ver

the Last Millennium and (bottom) zoomed in on the period 18880 (Crowley+Satods
discussed in text. AOD is the verticallyegrated (1585 km) and latitudinal average

from 30iS to 30iN. Note difference in vertical scale between graphs. Orange dashed line
marks the AOD threshold for defining a LM eruption in the present study. Eruption
events defined in text must sustain theeghold AOD for at least one year, so not all

events above the orange dashed line are used in the composites.

Figure. 2. (Top) Observed Climatological Precipitation for DJF (shading, in mm‘day
SAMS box is drawn over the domain froffj to 45; W, 20;S to 0j and used for Figure
9 and 12. Data from the GPCP product, loegn climatological rainfaltlerived from
years 1981 2010. (Bottom) Asabove except for JJA. Bokom 75j to 45j W, 0jto 10j

N used in averaging for Figures 9 and 12.

Figure. 3. Seasonal cycle (DJF minus JJA) pfecipitationin a) GPCP precipitation
product, from data in Figuret® in ModelE2R c) I"®0,in GNIP data d) and'f0, in
ModelE2R. GNIP data only shown for stations with at least 90 repoffé) values at a
given station from 196@resent, in addition to at least ten data values for each month:
December, Januarfebruay, June, July, and August. Stations with seasonal differences

of less than +/1.0 per mil are also omitted in panel (c).
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Figure. 4. Composite tropical30jS to 30jN) temperatur@esponsdollowing the L20
volcaniceruptionsFill colors denotebservednonthlyanomalies using GISTEMP, with
24-month running averagghown asolid blackline. ModelE2R ensemble mean

shown asolid orangdine anddashed grey lines indicate the six individual ensemble
membersAnomaliesare referenced to 5 years priortaptions (yearss to 0) Dashed
purple lines encompass th5% interval for monthly tropicahean temperature
anomalies (relative to the previous fiyear mean) in the GISTEMP product from 1950
present. The calculation of this range omits data tveosyafter the L20 eruptions. The
range is not symmetric about zero due to the tropical warming trend during this interval.

All data are based on the ENS@moval technique discussed in text.

Figure 5. Annuatmeantemperature change(, ocean masked) feach L20 eruption
(labeled on plot) in GISTEMP (top row) and each ModefE@nsemble member, as

discussed in text. All plots use ENS@moval procedure described in text

Figure. 6. As in Figure 5, except fqurecipitation change (mm day,

Figure. 7. Last Millennium postvolcanic temperature composite€) averaged over all

45 events during) DJF andb) JJA from GISS ModelER using procedure described in

text. Stippling highlights areas with anomalies significant at p<0.1.
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Figure. 8. Last Millenniumpostvolcanic precipitation composite (mm d3ywith all
eruption events during) DJF andb) JJA from GISS ModelER using procedure

described in textStippling highlights areas with anomalies significant at p<0.1.

Figure. 9. a) Average temperature amaly during DJF within the SAMS region (red,

75; to 45W, 2G;S to QN) and equatorial South America during JJA (blug,té545W,

0 to 1QN) plotted against the peak AOD for all 15 eruptions (each point averaged over
three ensemble members with the thresmber spread shown as horizontal bars)@nd

As in a), but ér precipitation. Dashed horizontal lines indicate th#5% range fom
two-season average of each variaiglative to the previous 15 yedes/eraged over the
same domain) in thentirecontol simulation with no external forcingn both panels, the
correlation coefficient and-palue are reported for a) temperature and b) precipitation vs.
1'*®%0pin each season and over the same domain. The regression uses all 45 volcanic

events.

Figure. 10. Last Millennium postvolcanic oxygen isotope in precipitatioriw(@p)
composite (per mil) with all eruption events duragydJF andb) JJA from GISS
ModelE2R using procedure described in te&tippling highlights areas with anomalies

significant at p9.1.

Figure. 11 Last Millennium Hovrsller diagram (10 years, time moving forward going
upward, with year number labeled next to each monthg)ft@mperature anomalyQ)

b) precipitation anomaly (mm d&y using procedure described in text. Solid bleks
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mark closest January to start of each eruption used in commp)$Seme as panel b,
except zoomed in on & to 10jN and over 3 years of time beginning with the January
closest to each eruption. Red line in panel ¢ shows latitude of maximuatattigical
precipitation as a function of time of year. All results zonally averaged in model from
76.25 to 46.75 W. d) Last Millennium Hovnsller diagramfor oxygen isotopes in

precipitation (per mil)

Figure. 12 Frequency distribution of 100 random-&&ent composites in LM control
simulation of ModelEZR (blue) for temperature (top row), precipitation (middle), and
oxygen isotopes in precipitation (bottom) for DJF (left column) and JJA (right column).
Results averaged over same domains as in Figitertnal distribution with a mean and
standard deviation equal to that of the data shown in red. Purple square shows the single
45-event composite used in thisidy, with the distribution of individual 15 volcanic

eruptions (each averaged over three etéemembers) in black dots.
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Figure. 1. Aerosol Optical Depth (AOD) used to force the NASA GISS ModdReaver the Last
Millennium and (bottom) zoomed in on the period 19%®9 (Crowley+Satoas discussed in

text. AOD is the vertically integrated %35 km) and latitudinal average from 30iS to 30jN. Note
difference in vertical scale between graphs. Orange dashed line marks the AOD threshold for
defining a LM eruption in the present study. Eruption events defined in text must sustain the
threshold AM for at least one year, so not all events above the orange dashed line are used in the
composites.



& |
"&$ !
"'&%!
"&& !
&' |

South American Climate System

DJF

Climatological Rainfall (mm day™)
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Figure. 2. (Top) Observed Climatological Precipitation for DJF (shading, in mm‘dagAMS
box is drawn over the domain fronb; to 45; W, 20; S to Oand used for Figure 9 and 12. Data
from the GPCP product, lorigrm climatological rainfalderived from years 19812010.
(Bottom) As above, except for JJA. Bmm 75 to 45; W, 0j to 10 N used in averaging for
Figures 9 and 12.
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"&) ! Figure. 3. Seasonatycle (DJF minus JJA) gfrecipitationin a) GPCP precipitation product,

""&* | from data in Figure ®) in ModelE2R c) !"°0,in GNIP data d) and'fO, in ModelE2R. GNIP

"+ | data only shown for stations with at least 90 reporté@,values at a given station froh960

""" 1 present, in addition to at least ten data values for each month: December, January, February, June,

""# 1 July, and August. Stations with seasonal differences of less tharD+4ger mil are also omitted

"$ 1 inpanel (c).
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Post-Volcanic Temperature Response
Tropics: L20 Eruptions
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Figure. 4. Composite tropical (3@ to 30jN) temperature response following the L20 volcanic
eruptionsFill colors denote observed monthly anomalies using GISTEMP, with@4th

running average shown as solid black line. ModdRE@nsemble mean is shown as solid orange

line and dashed gy lines indicate the six individual ensemble members. Anomalies are
referenced to 5 years prior to eruptions (ye&r® 0). Dashed purple lines encompass 6%
interval for monthly tropicamean temperature anomalies (relative to the previousyfae

mean) in the GISTEMP product from 19p@esent. The calculation of this range omits data two
years after the L20 eruptions. The range is not symmetric about zero due to the tropical warming
trend during this interval. All data are based on the EN&@val technique discussed in text.
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Figure 5. Annuatmeantemperature changeQ, ocean masked) for each L20 eruption (labeled
on plot) in GISTEMP (top row) and each ModeiRZnsemble member, as discussed in text. All
plots use ENS@emoval procedure desioed in text.
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LM Composite: Post-Volcanic Temperature Anomaly

Temperature Anomaly (jC)
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"#"%! Figure. 7. Last Millennium posivolcanic temperature compositeC) averaged over all 45 events
"#"& ! duringa) DJF andb) JJA from GISS ModelER using procedure describedtext. Stippling
"#" 1 highlights areas with anomalies significant at p<0.1.
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LM Composite: Post-Volcanic Precipitation Anomaly

DJF JJA

Precipitation Anomaly (mm day™)
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Figure. 8. Last Millennium postolcanic precipitation composite (mm d8ywith all eruption
events during) DJF andb) JJA from GISS ModelER using procedure described in text.
Stippling highlights areas with anomalies significant at p<0.1.
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Figure. 9. a) Average temperature anomaly during DJF within the SAMS region (redp 75

45/W, 20;S to QN) and equatorial South America during JJA (blug,t8545W, 0 to 1GN)

plotted againsthe peak AOD for all 15 eruptions (each point averaged over three ensemble
members with the three member spread shown as horizontal bats) Asdh a), but for
precipitation. Dashed horizontal lines indicate th@586 range for a twseason average eéch
variable relative to the previous 15 years (averaged over the same domain) in the entire control
simulation with no external forcing. In both panels, the correlation coefficient-aatlip are
reported for a) temperature and b) precipitation %)plin each season and over the same

domain. The regression uses all 45 volcanic events.
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LM Composite: Post-Volcani¢®0, Anomaly

DJF

Oxygen Isotopes In Precipitation Anomaly (per mil)
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Figure. 10 Last Millennium postvolcanic oxygen isotope in precipitatioriw(op) composite (per
mil) with all eruption events during) DJF andb) JJA from GISS Modé&?2-R using procedure
described in text. Stippling highlights areas with anomalies significant at p<0.1.
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Figure. 11 Last Millennium Hovrsller diagram (10 years, time moving forward going upward,
with year number labeled next to each monthjafidemperatire anomalyj(C) b) precipitation
anomaly (mm day) using procedure described in text. Solid black lines mark closest January to
start of each eruption used in compogijeSame as panel b, except zoomed in opSL® 10N

and over 3 years of time beging with the January closest to each eruption. Red line in panel ¢
shows latitude of maximum climatological precipitation as a function of time of year. All results
zonally averaged in model from 7626 46.75 W. d) Last Millennium Hovn§ller diagram ér
oxygen isotopes in precipitation (per mil)
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Figure. 12 Frequency distribution of 100 random-d&ent composites in LM control simulation

of ModelE2R (blue) for temperature (top row), precipitation (middle), and oxygen isotopes in
precipitation (bottm) for DJF (left column) and JJA (right column). Results averaged over same
domains as in Figure 9. Normal distribution with a mean and standard deviation equal to that of
the data shown in red. Purple square shows the singgeel® composite used in shstudy, with

the distribution of individual 15 volcanic eruptions (each averaged over three ensemble members)

in black dots.
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