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Abstract. The ability of the climate models submitted to the Coupled3

Model Intercomparison Project 5 (CMIP5) database to simulate the North-4

ern Hemisphere winter climate following a large tropical volcanic eruption5

is assessed. When sulfate aerosols are produced by volcanic emissions into6

the tropical stratosphere and spread by the stratospheric circulation, it not7

only causes globally averaged tropospheric cooling but also a localized heat-8

ing in the lower stratosphere, which can cause major dynamical feedbacks.9

Observations show a lower stratospheric and surface response during the fol-10

lowing Northern Hemisphere (NH) winter, that resembles the positive phase11
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of the Northern Annular Mode for up to two years after the eruption. Sim-12

ulations from 12 CMIP5 models that represent tropical eruptions in the 19th13

and 20th century are examined, focusing on the regional impacts during the14

NH winter season. The models generally fail to capture the NH dynamical15

response following eruptions and tend to overestimate the cooling in the trop-16

ical troposphere. The findings are confirmed by a superposed epoch analy-17

sis of the North Atlantic Oscillation index for each model. The study con-18

firms previous similar evaluations and raises concern for the ability of cur-19

rent climate models to simulate the response of a major mode of global cir-20

culation variability to external forcings. This is also of concern for the ac-21

curacy of geoengineering modeling studies that seek to emulate the atmo-22

spheric dynamical response to stratosphere-injected particles.23
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1. Introduction

For a volcano to have a significant long-term impact on the climate it must inject a24

sufficient amount of sulfur containing gases into the stratosphere [Robock , 2000]. Once in25

the stratosphere the sulfate gas undergoes a chemical reaction to produce sulfate aerosol.26

The e-folding time of the sulfate gas to particle conversion is typically 35 days [Forster27

et al., 2007]. Sulfate aerosol scatters back to space the incoming shortwave radiation28

(SW) and also absorbs solar near infrared (NIR) radiation and upwelling long wave (LW)29

radiation from the surface and atmosphere below [Stenchikov et al., 2006] (S06 hereafter).30

For a given mass load, the scattering of SW radiation is modulated by the particle size31

distribution and as the aerosol particle size increases, scattering of incoming SW radiation32

decreases [Timmreck et al., 2009; Rasch et al., 2008]. The decrease in incoming shortwave33

radiation results in a cooling of Earth’s surface [Robock and Mao, 1995]. The typical34

e-folding lifetime for volcanic aerosols is about 12-14 months [Lambert et al., 1993; Baran35

and Foot , 1994; Barnes and Hofmann, 1997]. However they can have a longer residence36

time if they are injected into the tropics because of uplifting due to the Brewer-Dobson37

circulation [Budyko, 1977; Stenchikov et al., 1998; Kravitz and Robock , 2011], causing38

surface cooling for about two years following an eruption.39

In contrast, localized equatorial heating of up to 3 K [Stenchikov et al., 2002] occurs40

in the lower stratosphere due to the increase in near IR solar and LW absorption by the41

sulfate aerosols. For a tropical volcanic eruption the heating in the tropical stratosphere42

creates an anomalous temperature/density gradient between the equator and poles. By43

the thermal wind relationship, this causes a strengthening of the zonal winds, which results44
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in a strengthened stratospheric polar vortex. In addition, reduced surface temperatures in45

the tropical regions reduce the meridional surface temperature gradient, and this has been46

associated with a reduction in the Eliassen Palm (EP) Flux - essentially, a measure of47

planetary wave activity from the troposphere into the stratosphere [Andrews et al., 1987]48

- and hence a stronger, less disturbed vortex. Further, chemical reactions which result in49

ozone depletion serve to cool and strengthen the vortex, and the reduced temperatures50

cause more NH ozone depletion, creating a positive feedback loop [Stenchikov et al., 2002].51

A substantial body of research has indicated an influence of the stratospheric vortex52

on high latitude circulations at Earth’s surface, with a strengthened vortex associated53

with a positive North Atlantic Oscillation/Arctic Oscillation [Baldwin and Dunkerton,54

2001]. The North Atlantic Oscillation (NAO) is an index corresponding to the difference55

in mean sea level pressure (MSLP) between the Azores and Iceland [Rodwell et al., 1999;56

Hurrell and Deser , 2009], and the Arctic Oscillation (AO) is defined as the first hemi-57

spheric empirical orthogonal function (EOF) of sea level pressure variability [Thompson58

and Wallace, 1998; Stenchikov et al., 2002]. Essentially the NAO can be thought of as the59

AO over the Atlantic region [Christiansen, 2008]. A positive AO corresponds to anoma-60

lously low pressure over the pole, and anomalously high pressure at the midlatitudes, and61

vice versa for the AO. After large volcanic eruptions a positive phase of the AO has been62

observed for the following 1 to 2 winters [Robock and Mao, 1992; Stenchikov et al., 2002].63

The associated stronger westerly winds cause anomalous advection of warm oceanic air64

overland, and this results in anomalously warm temperatures over major NH landmasses65

(S06). Thus, as a result of the combined result of the surface cooling and lower strato-66

spheric tropical heating, a dynamical feedback occurs during NH winter, which results in67
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surface warming over Northern America, Northern Europe and Russia [Robock and Mao,68

1992]. Negative surface temperature anomalies in the Middle East are also a distinctive69

feature of post-volcanic winters consistent with the positive phase of the AO (S06).70

Climate model simulations of the historical period have, so far, been able to produce a71

slightly strengthened stratospheric vortex, but much weaker than the observations, and72

have failed to reproduce a positive AO and warming/cooling patterns over Eurasia and73

the Middle East respectively for the two NH winters following volcanic eruptions. S0674

analyzed seven models used for the Fourth Assessment Report of the Intergovernmental75

Panel on Climate Change [IPCC , 2007]. They included all the models that specifically76

represented volcanic eruptions by including a layer of aerosol, and excluded those that77

either did not represent them, or represented them simply by a reduction in the solar78

constant. They found that the temperature increase in the lower equatorial stratosphere,79

caused by radiative heating from the aerosol, was reproduced by all the models. How-80

ever, the models showed less agreement with the observed post eruption NH winter polar81

lower stratospheric cooling. Further, the 50 hPa polar geopotential height (indicative of82

the strength of the stratospheric polar vortex) in the models generally showed almost83

no change whereas the observations show a large negative anomaly of about 200 m, re-84

vealing a statistically significant stronger than average polar vortex at the 90% level.85

Furthermore, the AO responses in the model simulations were significantly weaker than86

in observations, indeed, Otter̊a [2008] notes that some model simulations show no AO87

response. Correspondingly the strength and spatial pattern of the surface temperature88

anomalies were not well reproduced.89
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Since the previous analysis of S06, who used simulations from the the World Climate Re-90

search Programme’s (WCRP’s) Coupled Model Intercomparison Project phase 3 (CMIP3)91

multi-model dataset [Meehl et al., 2007], climate models have undergone changes and im-92

provements, spatial and vertical resolution have been increased, and many now include93

the indirect aerosol effect, which is linked to cloud distribution which can be large but is94

very uncertain. This is therefore likely to increase the spread of model responses in the95

troposphere. In this study, we repeat the analysis of SO6 using CMIP5 model simulations96

and focus our analysis on the impact of the largest volcanic eruptions on the NH winter97

circulation. The models and experiments are described in section 2, results are presented98

in section 3, and in section 4 we present our discussion and conclusions.99

2. Models and Experiments

The model runs analyzed in this study come from the historic simulations of the climate100

of the 20th century as standardized for the CMIP5. Models were forced with natural and101

anthropogenic forcings from the late 19th century to the early 2000s. Although the ma-102

jor external forcings (such as solar, greenhouse gases, land use) are standardized based103

on the most recent observational databases, no specific recommendations were issued for104

other forcings such as the stratospheric injection of sulfate aerosols from explosive volcanic105

eruptions. As for the CMIP3, most modeling groups imposed the stratospheric emissions106

for volcanic eruptions either from the reconstructions of Amman et al. [2003] (AM) or107

from the updated version of Sato et al. [1993] (ST). The AM dataset provides monthly108

latitudinal distributions of stratospheric optical depth for each volcanic event in 64 lati-109

tude bands, computed with an explicit representation of the spread of the aerosol cloud,110

taking into account the seasonal variations in stratospheric transport. A fixed particle111
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size distribution is assumed for all eruptions, with spherical droplets of sulfuric acid of112

effective radius of 0.42 µm.The ST dataset provides latitudinal zonal mean stratospheric113

optical depths for 4 layers between 15 km and 35 km together with variations of the par-114

ticle’s effective radius based on the observations of the 1991 Mt. Pinatubo and 1982 El115

Chichón eruptions.116

Unlike the other models, MRI-CGCM3 computes interactively the radiative effect of the117

stratospheric volcanic aerosol. It includes the aerosol model MASINGAR mk-2 [Tanaka118

et al., 2003], which calculates five species (sulfate, black carbon, organic carbon, mineral119

dust, and sea-salt) of aerosols from emissions and other processes, including sulfate aerosol120

of volcanic origin. The aerosol model is interactively coupled with the atmospheric compo-121

nent that calculates radiation and cloud microphysics and utilizes the inventory of volcanic122

SO2 emissions provided by Stothers [1996], Bluth et al. [1997], Andres and Kasgnoc [1998],123

and Stothers [2001] and the optical properties of spherical sulfate aerosol droplets provided124

by OPAC (Optical Properties of Aerosol and Clouds, [Hess et al., 1998]).125

We restricted model analysis to those models that were both forced with volcanic aerosol126

in the stratosphere and had at least 2 ensemble members, which yielded a total of 12127

different climate models. The models with a brief description of the basic characteristics128

are listed in Table 1. Not all variables were available for all models at the time of this129

work: in Table 1 we list which variables are analyzed for each model. Only 2 models,130

GISS-R and CCSM, in their updated version, are common to both our analysis and that131

of S06.132

Table 2 lists the nine major volcanic eruptions between 40◦S and 40◦N over 1883-present133

day as well as the anomaly period, and the latitudes of eruption. Information for this134
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Table is taken from S06. As with S06 the eruptions listed in 2 are a subset of the volcanic135

events analyzed by Robock and Mao [1992]. In the same approach as S06, high-latitude136

eruptions from those studied by Robock and Mao are not included because they appear to137

produce a qualitatively different effect on circulation than lower-latitude eruptions [Robock138

and Mao, 1995; Oman et al., 2005; Kravitz and Robock , 2011]. The volcanoes listed in139

Table 2 also correspond to the volcanoes south of 40◦N in Christiansen [2008] with the140

caveat that we use different dates for the first winter after the eruptions of Santa Maŕıa141

and Fuego, shifting them forward one year with respect to Christiansen’s convention. The142

implication of this choice is explored in section 3.4.143

For comparison with observations the reanalysis of the 20th Century version 2 (20CRv2,144

[Compo et al., 2011]) is employed. From this dataset we will use only near-surface tem-145

perature and Mean Sea-Level Pressure (MSLP) fields for the period of 1871 to 2008.146

More information about the database is provided at http://www.esrl.noaa.gov/psd/. The147

ERA40 [Uppala et al., 2005] and NCEP/NCAR [Kistler et al., 2001] reanalysis fields are148

also used to compare with middle atmosphere circulation changes during the winter season149

for the largest eruptions after 1950.150

To isolate the anomalies of the post-volcanic seasons and generate the average volcanic151

composite, we adopt the same averaging procedure employed by S06, choosing a different152

reference time for each eruption and averaging two winter seasons after each eruption.153

Using a large number of eruptions and minimum of two ensemble members per model154

should help to average out spurious effects, for example due to incorrect sampling of the155

El Niño Southern Oscillation (ENSO) cycles, which cannot be controlled in these coupled156

ocean atmosphere simulations.157
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The statistical significance of anomalies from the mean climatology is evaluated with a158

local two-tailed t-test. Christiansen [2008] showed through analysis of observations that159

the largest volcanic eruptions of the 20th Century tend to be followed by a positive index160

of the North Atlantic Oscillation (NAO). He noted that the NAO signal is strongest and161

significant in the first year after the eruption and does not appear to be influenced by162

ENSO events or by the specific volcanic eruption chosen for the composite.163

The NAO index for all the model ensembles is computed to test whether the simu-164

lated dynamical response to volcanic forcing projects onto the NAO index as observed by165

Christiansen [2008] in the observations. The NAO index is computed for each ensemble of166

each model, as in Christiansen [2008]: the EOFs are calculated from the monthly winter167

MSLP anomalies north of 20◦N and between 110◦W and 70◦E for the period 1948-2000,168

weighted by the square root of the grid area. The index is then computed for the total169

period 1860-2000 by projecting the monthly anomalies of the mean sea level pressure onto170

the first EOF. Model results are compared to the same index computed from the MSLP171

fields from the 20CRv2 dataset using a superposed epoch analysis for the nine volcanic172

eruptions listed in Table 2 for each model. The eruptions in each ensemble member are173

considered to be independent events. The effective number of eruptions for each model174

depends on the number of the ensemble members.175

The statistical significance of the epoch analysis is estimated using 5,000 random vol-176

canic surrogate composites drawn from the whole epoch matrix to preserve the structure177

of the sample and comparing the distribution obtained for each time lag to the epoch178

results. The normalization procedure adopted in [Adams et al., 2003] was used to avoid179

possible biases due to single outliers in each volcanic window.180
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We also tested for the occurrence of positive NAO for both in the first and second181

post-volcanic winter and its significance is tested using a bi-nomial distribution with182

the probability of the single event (σ) estimated from the full timeseries. As noted in183

Christiansen [2008], σ is in general different from 0.5 which is the probability distribution184

of the NAO index not being normal.185

The main conclusions are robust with respect to the definition of the winter season186

(DJF or DJFM) and we will present here the results for the NAO index computed for the187

DJF composite to allow comparison with previous results in the literature.188

3. Results

3.1. Direct radiative effect of volcanic aerosol

Due to a lack of direct information on the radiative forcing of volcanic aerosol for each189

model, we choose to use the time series of the anomalies in the reflected short wave190

(SW) radiation at the top of atmosphere (TOA) (Fig. 1) as a rough proxy for the global191

radiative effect of the stratospheric aerosol, as in S06 (their Fig. 1). All the models192

perform consistently and show the increase in the reflected SW radiation corresponding193

to the major explosive eruptions and do not show any appreciable differences compared194

with the AR4 models shown in S06. The largest anomaly in the reflected SW radiation195

is observed for the bcc-csm1-1 model whereas MRI-CGCM3 simulates the lowest signal196

among the models. MRI-CGCM3 computes interactively the effect of the volcanic aerosol197

from the stratospheric SO2 load and shows a lower scattering efficiency of incoming SW198

radiation with respect to the other models.199

As noted in S06, larger spread among the model response is observed for the early200

eruptions and less uncertainty appears for the most recent El Chichón and Pinatubo201
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events. Notably, the largest effect on the reflected SW radiation for the eruptions pre-202

1900 is observed in the models that adopt the [Amman et al., 2003] reconstruction.203

3.2. Surface temperature and mean sea level pressure

Fig. 2 and 3 shows the NH composites of surface temperature and MSLP for the post-204

volcanic winter season (as given in the fourth column in Table 2) in the reanalysis and205

models. Fig. 2 shows in the reanalysis the well known significant surface warming signal206

over northern Europe and Asia. The anomalies are about 1-2 K over Scandinavia and207

central-eastern Asia. Significant cooling is observed over NE Canada and also, though208

not significant, over the Middle East. As noted in S06, a warming signal also appears on209

the Eastern Pacific but this could be spurious due to a positive ENSO sampling bias. A210

general cooling is observed in the Tropical region, although weak and barely significant.211

The surface temperature in the Arctic region appears unusually warm, but the reliability of212

the reconstructed lower tropospheric temperature at high latitudes reduces the significance213

of the anomaly [Compo et al., 2011].214

Large variability among the models is observed in the NH response: the observed warm-215

ing in the northern Eurasia is simulated by a few models but is much weaker than in the216

observations. For example, GISS-E2-H and GISS-E2-R simulate the northern European217

warming reasonably well but the maximum amplitude is only 0.5K. The cooling over218

NE Canada seems to be simulated more widely, independent of how well the northern219

Eurasian warming is captured. Some models (CSIRO-Mk3.6, HadGEM2-ES, NorESM1)220

simulate a general cooling in the Asian-European area, opposite to the observations, and221

the majority show a significant cooling in the tropical lower latitudes, of order of 0.2K222

and over all basins.223
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The observed surface temperature anomalies in the NH post-volcanic winters are closely224

related to changes in the winter circulation as confirmed by the mean sea-level pressure225

(MSLP) anomalies (Fig. 3). In agreement with previous studies (e.g., S06), in the reanal-226

ysis a significant positive NAO-like pattern marks the north-Atlantic region, with negative227

pressure anomalies in the Arctic region and positive over the north Atlantic. Notice that228

the minimum and maximum of the positive anomaly are both displaced northward with229

respect to the position of the canonical maximum of the leading variability mode in the230

MSLP anomalies in the region [Hurrell and Deser , 2009].231

Again, there are large differences in the MSLP patterns in the CMIP5 models as shown232

in Fig. 3. Only CNRM-CM5 and CanESM2 reproduce a weak dipole over the north233

Atlantic, whereas NorESM1 shows anomalies opposite to the observed. The other models234

show only weak anomalies with weak statistically significance. The two GISS models,235

although managing to simulate weak but reasonable surface temperature anomalies, do236

not show any significant anomaly in the MSLP.237

The analysis of the surface temperature and MSLP hence shows a poor agreement of238

the historic CMIP5 runs with the observations in the first two NH winters after large239

tropical eruptions and no improvement is seen with respect to the findings of S06 based240

on seven models participating to the CMIP3.241

3.3. Geopotential

The anomalies in the geopotential in the upper troposphere and mid stratosphere help242

to define the vertical structure of the circulation changes in the post volcanic NH winter243

seasons. Due to the high uncertainty in the 20CRv2 reconstructions of upper air fields244

[Compo et al., 2011], we decide to analyse only the last four eruptions since 1950 using the245
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ERA40 dataset. In the upper troposphere (Figure 4), the observed 200 hPa geopotential246

anomalies are linked to the MSLP anomalies, with a general decrease over the North Pole247

surrounded by positive geopotential in the mid latitudes and a strong dipole over the248

North Atlantic region. A general decrease in the geopotential dominates at low latitudes,249

consistent with the generalized cooling tendency observed in the tropical troposphere.250

The anomaly pattern in the troposphere is mirrored in the stratosphere by a cold and251

deep polar night vortex, as observed in the 50 hPa geopotential anomalies (Figure 5)252

showing a large statistically significant decrease in geopotential height over the pole of253

around 200 m (Fig. 5). A weaker anomaly at 50 hPa is observed at low latitude, with254

a geopotential increase of about 25 m which has been attributed to the direct heating255

effect of the volcanic aerosol in the lower tropical stratosphere [Ramachandran et al.,256

2000; Stenchikov et al., 1998]. The low 50 hPa geopotential at high latitude is associated257

with a colder polar lower stratosphere, which suggests a stronger and persistent polar258

vortex. Recent studies suggest that this might be a characteristic of the early stage of the259

post-volcanic winter season. For example Graf et al. [2007] observed no clear weakening260

of the wave activity during post-volcanic winter and Mitchell et al. [2011] show that the261

polar vortex in the upper stratosphere is weaker than normal from the end of January262

into February after the three major volcanic eruptions since 1960.263

A few of the models capture a similar structure in the stratosphere (see Fig. 5) as in264

the reanalysis, though much weaker. HadGEM2, MPI, CNRM-CM5 and MRI simulate265

a decrease in the geopotential of order of 25 m, but other models show no significant266

anomaly at high latitudes. Most of the models reproduce a statistical significant increase267

in the geopotential at low latitude in agreement with the observations.268
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As observed for the MSLP, the modelled geopotential anomalies at 200 hPa are highly269

variable (Fig. 4). The dipole between high and mid latitudes is weakly reproduced by270

four models (HadGEM2-ES, CNRM-CM5, MPI and MRI). Three of them also simulate271

a significant uniform decrease in the geopotential roughly south of 30N, stronger than in272

the observations. Some of the other models (GISS-E2-H, Can-ESM2, MPI) simulate the273

opposite anomaly, with a general increase in the geopotential at low latitudes, in contrast274

to S06 where all of the analysed models showed a decrease in the geopotential in the275

tropical and sub-tropical latitudes.276

3.4. NAO index

As noted in section 3.2, the observed anomalies in the MSLP in the post-volcanic winters277

are not well reproduced by the CMIP5 models. The observed MSLP anomalies in the278

winters after the largest volcanic eruptions since 1880, project onto the leading variability279

mode of the NH circulation, especially the NAO index, with a significant prevalence of280

positive NAO in the first winter after the eruption [Fischer et al., 2007], both in terms of281

amplitude and number of positive events [Christiansen, 2008].282

In this section we test whether looking at the principal modes of variability can help283

to better isolate the dynamic response in the model simulations. As mentioned in section284

2, we use the same time convention adopted by Fischer et al. [2007] and S06 to identify285

the 1st and 2nd winter after each eruption. The majority of the volcanoes erupted in286

the spring-early summer but two erupted in autumn, the minor eruption of the Fuego in287

October 1974 and the large eruption of Santa Maŕıa at the end of October 1902. It can be288

argued that their full effect is unlikely to be present in the first winter immediately after289

the eruption and therefore the first winter should be considered to be a full year after the290
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eruption time, as listed in our Table 2. This differs from the time convention adopted291

by Christiansen [2008] who considered the first winter immediately after the eruption for292

all the volcanoes, hence changing the years of winters considered for the two eruptions293

of Fuego and Santa Maŕıa. In his paper he reported the robustness of his results when294

those two eruptions are excluded from the analysis. However, we show here that with the295

different dating convention the results are affected when these two eruptions are included.296

When all nine eruptions south of 40◦N as listed in Table 2 are included, the 20CRv2297

shows a clear prevalence of positive NAO index in the first year after the eruptions (Fig.298

6, 20CRv2, lag 0). The amplitude is significant at the 5% level with seven volcanoes out299

of nine with positive NAO in the first winter and the occurrence is significant at the 9%300

level. No significant signals are observed for the second post-volcanic winter.301

Only two post-volcanic winters show a negative NAO, after the eruptions of Agung and302

Quizapu, which both erupted in the southern hemisphere. Quizapu has the weakest effect303

on the stratospheric optical depth between 30◦S and 30◦N among all the analyzed volca-304

noes (S06) and Agung’s aerosol was mostly concentrated south of the Equator [Robock ,305

2000]. This could affect the dynamics associated with the forcing of the NAO circulation.306

It has also to be noted that the winter 1903-04 after the Santa Maŕıa eruption has a NAO307

signal close to zero (0.03, also consistent in the DJFM composite with -0.04 as confirmed308

in Christiansen [2008], his Fig. 2). This brings the effective number of sizable positive309

NAO events to six, which is not significant at the 10% level.310

Among the 12 models analysed in this study, four models show a positive NAO signal311

at lag 0 (Fig. 7, HadCM3 at the 5% significance level, GISS-E2-R at the 9% significance312

level, CanESM2 at the 2% significance level and CNRM-CM5 at the 3% significance313
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level) but only CNRM-CM5 and CanESM2 show also a significant number of events at314

lag 0 (52/90, p=0.1 for CNRM-CM5 and 28/45, p=0.07 for CanESM2). The analysis is315

confirmed by the MSLP gridded anomalies shown in Fig. 3 where these two models also316

show a weak NAO-like dipole even when averaged across 2 winter seasons. The MRI is317

the only model that shows a positive NAO signal in the second winter after the eruptions318

(5% level, p=0.08) but the model appears to have a positive NAO at all lag times, so it319

is not clear whether this response is necessarily associated with the volcanic eruption.320

The other models show no significant positive anomaly at lag 0, but many spurious321

signals are detected at various lags for different models. CSIRO-Mk3.6 displays a negative322

NAO at lag 0, while other models (NorESM1-M and CCSM4) show negative NAO at lag323

-1. HadCM3 and CNRM-CM5 detect a positive NAO at lag -3: the signal could partially324

be due to the degenerate contribution of the Krakatau eruptions that happens 3 years325

before the 1886 eruption of Tarawera and shows a positive NAO in both of these models326

(not shown). Finally, no strong signals are displayed by HadGEM2-ES at lag -1 and327

NorESM1-M at lag +1: such signals could both be unphysical and occur by chance or328

they could also depend on periodicity sampled in the epoch analysis at the same frequency329

of the volcanic signal. We have not analyzed in detail the origin of the spurious result of330

these two models.331

As mentioned above, when a different convention is used to identify the closest winters332

affected by the eruption of Santa Maŕıa and Fuego, changes are observed in the epoch333

analysis. Figure 7 examines the robustness of the analysis with respect to the choice of the334

winters after Santa Maŕıa and Fuego, using the convention adopted in Christiansen [2008].335

Since the reanalysis are based on a limited sample, they prove to be highly sensitive to336
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changes in the epoch key date. The signal at lag 0 becomes now highly significant (1%337

level) with an occurrence of 7 positive NAO out of 9 events (p=0.09). Most of the change338

in the signal comes from the Santa Maŕıa event, which shows a strong positive NAO in the339

winter 1902-1903, immediately after the eruption and positively contributes to enhance340

the epoch composite at lag 0.341

The largest effect of the change of the year of the first winter after the eruptions of342

Santa Maŕıa and Fuego is observed for HadGEM2, which does not detect any significant343

signal at any lag. CanESM2 and CNRM-CM5 both still detect a positive NAO at lag 0344

(respectively at 5% and 2% level) but the number of events is now significant only for345

CNRM-CM5 (54/90, p=0.04). HadCM3 shows a weaker positive NAO at lag 0 that is346

not significant at the 10% level. Again, the analysis detects a positive NAO signal at lag347

1 for MRI (10%) but with only 16 cases out of 27, it is not significant at the 10% level.348

The main conclusions of this section are 1) the superposed epoch analysis of the 20CRv2349

NAO index confirms previous findings of a positive NAO in the first winter following the350

major tropical eruptions in the 19th and 20th century, but the strength of the signal is351

sensitive to the choice of the key dates for each eruption. 2) as observed in the previous352

sections, the models struggle to reproduce a detectable positive NAO signal in the first353

post-eruption winter. Even with 10 ensemble members, the CNRM-CM5 and CSIRO-354

Mk3.6 model results are sensitive to changes in the definition of the post-volcanic key355

dates.356

4. Discussion and Conclusions

All available models submitted to the CMIP5 archive as of December 2011 that had357

a reasonably realistic representation of volcanic eruptions and number of samples have358
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been analyzed for their ability to simulate post-volcanic radiative and dynamic responses.359

With substantially different dynamics between the models it was hoped to find at least one360

model simulation that was dynamically consistent with observations, showing improve-361

ment since S06. Disappointingly, we found that again, as with S06, despite relatively362

consistent post volcanic radiative changes, none of the models manage to simulate a suf-363

ficiently strong dynamical response. Although all the models reproduce reasonably well364

the increase in geopotential height in the lower stratosphere at low latitudes, none of the365

models simulate a sufficiently strong reduction in the geopotential height at high lati-366

tudes and correspondingly the MSLP pressure fields and temperature fields show major367

differences with respect to the observed anomalies. This is despite some models having368

10 ensemble members, giving a strong signal to noise ratio.369

It is unclear why models fails to simulate the dynamics following volcanic eruptions.370

The dynamical mechanism proposed by Stenchikov et al. [2002] (their Fig. 13), involves371

lower stratosphere tropical heating caused by the presence of volcanic aerosols which gives372

rise to a stronger polar vortex due to the thermal wind relationship. A stronger vortex373

also could be due to a decrease in planetary wave forcing from the troposphere, although374

the evidence for this is unclear. The modelling results of Stenchikov et al. [2004] showed a375

decreased EP flux into the stratosphere following the Pinatubo eruption but observations376

suggest an increase in the EP flux following the Agung, Fuego, El Chichón and Pinatubo377

eruptions [Graf et al., 2007].378

There are therefore still uncertainties in the dynamical mechanisms following volcanic379

eruptions for example regarding the wave propagation through the polar stratosphere as380

seen in EP flux diagnostics [Graf et al., 2007; Bozzo and Tett , 2011].381
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In addition, the degree of El Niño influence and interaction following volcanic eruptions382

is unknown. Based on the epoch analysis of post-volcanic winters stratified according383

to the ENSO phase, [Christiansen, 2008] concluded that the ENSO does not change the384

impact of volcanic eruptions on the Northern Hemisphere winter circulation, although385

the low number of cases imposes caveats on the conclusions. A recent work [Graf and386

Zanchettin, 2012] argues that ENSO has a different effect on the Northern Hemispheric387

winter circulation when the differences between Central-Pacific (CP) and East-Pacific388

(EP) El Niño events are taken into account. In particular, CP El Niño events appear to389

have a significant effect on winter NH circulation, with a tendency towards a negative NAO390

index. According to their definition, CP El Niño occurred in 1963-1964 and 1991-1992 but391

not in 1982-1983, which could explain the strong Eurasian warming signal observed after El392

Chichón, even though a strong El Niño event was taking place, and the relatively disturbed393

vortex in January 1992 [Graf et al., 2007]. Moreover, biases in model representations of394

ENSO variability [Guilyardi , 2006] could in the same way affect their response to volcanic395

forcing. The issue is also complicated by the intrinsic problems in defining the modes of396

ENSO variability [Takahashi et al., 2011]. In our analysis the large number of ensemble397

members should help to smooth out possible contaminations induced by the Pacific SST398

variability.399

Finally, Stenchikov et al. [2004] found that including the Quasi-Biennial Oscillation400

(QBO) in the model made a substantial difference to the volcanic impact on the vortex.401

They found in observations following the Pinatubo eruption that the vortex was strength-402

ened more in the second winter than the first, despite more aerosol being present in the403

stratosphere in the first winter. They proposed that this could be explained by the QBO404
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being in the East phase in the first winter, which tends to weaken the vortex, and was in405

the West phase in the second winter, which tends to strengthen it. They concluded that a406

model with a QBO in the correct phase could better represent the dynamical simulation407

of the Pinatubo eruption. We note here that none of the models tested have a QBO in408

them, which could affect the performance of the dynamical simulation.409

Another factor which could account for the poor simulation of the dynamical response410

following a volcanic eruption is related to how the aerosol is imposed in the model. We411

note that it is typical for a model to employ a very crude representation of aerosol in four412

latitude bands [Marshall et al., 2009], and the question of the suitability of this aerosol413

representation has been raised before [Otter̊a, 2008; Marshall et al., 2009]. Another reason414

for the “common failure” of models to simulate the dynamics following volcanic eruptions415

may be their representation of the AO. Otter̊a [2008] notes that it may be that models416

have a general basic inadequacy that does not allow a sufficiently strong AO response to417

large-scale forcing. Others have pointed to ozone as being an important factor [Stenchikov418

et al., 2002; Otter̊a, 2008], however, as noted by Marshall et al. [2009] the response to419

the past major eruptions (before major ozone loss and larger amounts of ozone destroying420

chlorine in the atmosphere) is similar to that of El Chichón and Pinatubo combined,421

which suggests that inclusion of ozone chemistry is unlikely to be a major factor in the422

simulation of a volcanic eruption.423

The impact of volcanic eruptions on surface climate is the closest natural analogue to424

sulfate aerosol geoengineering, despite the differences in injection method and duration of425

the perturbation. Unlike sulfate aerosol geoengineering, the ability of models to accurately426

reproduce the response to volcanic eruptions can be tested against observations. Despite427
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it being likely that a more uniform profile of aerosol in the stratosphere would occur428

from geoengineering than following volcanic eruptions, the results of GCM simulations429

of stratospheric geoengineering need to be considered in the light of their limitations430

when it comes to certain aspects of their responses to volcanic eruptions. This is of431

concern not only for the temperature response, but also for the precipitation response, as432

the dynamical effects following an eruption can often overwhelm the radiative response433

[Anchukaitis et al., 2010]. Accordingly, research into the climate response to volcanic434

eruptions and their simulations is an area of major importance, not only in its own right,435

but for stratospheric aerosol geoengineering.436
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Figure Captions.616

Figure 1.617

3-months running average of global averaged and de-seasonalised TOA outgoing shortwave618

radiation anomalies for 11 models in the CMIP5 database over the period of 1860-2000 (only619

GISS-E2-R is shown being not different from GISS-E2-H). For each model the ensemble mean620

is shown. The red line at the bottom shows the volcanic aerosol optical depth (AOD) at 550nm621

from Sato et al. [1993] (and updates). The grey bars at the top of plots indicate the occurrence622

of the 9 volcanic eruptions listed in Table 2.623

Figure 2.624

Composite near-surface temperature anomalies (K) for the two following winters of the past625

nine most recent large tropical volcanic eruptions (Table 2) in all models and the 20th century626

reanalysis (20CRv2). Hatching displays areas at or over 95% Significance using a two tailed627

t-test.628

Figure 3.629

Composite MSLP anomalies (hPa) for the two following winters of the past nine most re-630

cent large tropical volcanic eruptions in all models and the 20th century reanalysis (20CRv2).631

Hatching displays areas at or over 95% Significance using a two tailed t-test.632

Figure 4.633

Composite 200 hPa Geopotential Height anomalies (m) for the two following winters of the634

past nine most recent large tropical volcanic eruptions in all models and ERA40 reanalysis. The635

anomalies in the reanalysis are computed for the 4 eruptions after 1960. Hatching displays areas636

at or over 95% Significance using a two tailed t-test.637

Figure 5.638
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Composite 50 hPa Geopotential Height anomalies (hPa) for the two following winters of the639

past nine most recent large tropical volcanic eruptions in all models and ERA40 reanalysis. The640

anomalies in the reanalysis are computed for the 4 eruptions after 1960. Hatching displays areas641

at or over 95% Significance using a two tailed t-test.642

Figure 6.643

Superposed epoch analysis for the winter (DJF) NAO index for the 12 CMIP5 models and644

the 20th century reanalysis (20CRv2) for the 9 eruptions listed in Table 2. The average over 9645

volcanic eruptions is shown at different lag time. Lag 0 indicates the first winter after a volcanic646

eruption. The horizontal lines show, from bottom to top, the 1st, 5th, 95th and 99th percentiles647

of the Monte Carlo distribution, which correspond to a one-tailed confidence interval of 1%648

(continuous lines) and 5% (dashed lines). In the top right corner of each plot is indicated the649

number of winters at lag 0 with positive NAO and the relative p-value.650

Figure 7.651

As Fig 6 but using the convention adopted in Christiansen [2008] for the first winter after the652

eruptions of Santa Maŕıa (1902-1903) and Fuego (1974-1975).653
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Table 1. Models used in the study and their basic characteristics (horizontal resolution, vertical

levels and model top), imposed aerosol forcing and number of ensemble members available. In

the last column are listed the variables analysed for each model (T=1.5m temperature, P=mean

sea level pressure, Z=geopotential height).

Model Atmospheric Model Volcanic N. of ens. Variables
Name Resolution Top Forcing members

bcc-csm1.1a T42L26 2.9hPa Amman et al. [2003] 3 T,Z,P

HadGEM2-ESb 1.25◦Lat x 1.875◦Lon L38 3hPa Sato et al. [1993] 4 T,Z,P

HadCM3c 2.5◦Lat x 3.75◦Lon L19 5hPa Sato et al. [1993] 10 T,Z,P

CanESM2d T63L35 1hPa Sato et al. [1993] 5 T,Z,P

CNRM-CM5e T127L31 10hPa Amman et al. [2003] 10 T,Z,P

GISS-E2-Hf 2◦Lat x 2.5◦Lon L40 0.1hPa Sato et al. [1993] 5 T,Z,P

GISS-E2-Rf 2◦Lat x 2.5◦Lon L40 0.1hPa Sato et al. [1993] 5 T,P

NorESM1-Mg 0.9◦Lat x 1.25◦Lon L26 2.9hPa Amman et al. [2003] 2 T,Z,P

CCSM4h 0.9◦Lat x 1.25◦Lon L26 2.9hPa Amman et al. [2003] 6 T,P

CSIRO-Mk3-6-0i T63L18 10hPa Sato et al. [1993] 10 T,Z,P

MRI-CGCM3l T159L48 0.01hPa interactive 3 T,Z,P

MPI-ESM-LRm T63L47 10hPa Sato et al. [1993] 3 T,Z,P

The references for each model are: a)Wu et al. [2012] and Wu et al. [2008], b) Collins et al.

[2011], c) Collins et al. [2001], d) Chylek et al. [2011], e) Voldoire and coauthors [2011], f)

Schmidt et al. [2006], g) Kirkev̊ag et al. [2011] and Kirkev̊ag et al. [2008], h) Gent et al. [2011],

i) Rotstayn et al. [2010] l)Mizuta et al. [2012] and Yukimoto and coauthors [2011], m) Raddatz

et al. [2007], Marsland et al. [2003]
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Table 2. Major low latitude eruptions over 1883 to present day.

Volcano Eruption Date Latitude Appropriate Winters to Analyse Reference Period

Krakatau Aug 27, 1883 6.10◦S 1883-1884 1884-1885 1860-1882

Tarawera Jun 10, 1886 38.23◦S 1886-1887 1887-1888 1860-1882

Bandai Jul 15, 1888 37.60◦N 1888-1889 1889-1890 1860-1882

Santa Maŕıa Oct 24, 1902 14.76◦N 1903-1904 1904-1905 1890-1901

Quizapu Apr 10, 1932 35.65◦S 1932-1933 1933-1934 1915-1931

Agung Mar 17, 1963 8.34◦S 1963-1964 1964-1965 1934-1955

Fuego Oct 10, 1974 14.47◦N 1975-1976 1976-1977 1965-1973

El Chichón Apr 4, 1982 17.36◦N 1982-1983 1983-1984 1976-1981

Pinatubo Jun 15, 1991 15.13◦N 1991-1992 1992-1993 1985-1990
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Figure 1. 3-months running average of global averaged and de-seasonalised TOA outgoing

shortwave radiation anomalies for 11 models in the CMIP5 database over the period of 1860-2000

(only GISS-E2-R is shown being not different from GISS-E2-H). For each model the ensemble

mean is shown. The red line at the bottom shows the volcanic aerosol optical depth (AOD) at

550nm from Sato et al. [1993] (and updates). The grey bars at the top of plots indicate the

occurrence of the 9 volcanic eruptions listed in Table 2.
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Figure 2. Composite near-surface temperature anomalies (K) for the two following winters of

the past nine most recent large tropical volcanic eruptions (Table 2) in all models and the 20th

century reanalysis (20CRv2). Hatching displays areas at or over 95% Significance using a two

tailed t-test.
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Figure 2. (continued)
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Figure 3. Composite MSLP anomalies (hPa) for the two following winters of the past nine most

recent large tropical volcanic eruptions in all models and the 20th century reanalysis (20CRv2).

Hatching displays areas at or over 95% Significance using a two tailed t-test.
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Figure 3. (continued)
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Figure 4. Composite 200 hPa Geopotential Height anomalies (m) for the two following winters

of the past nine most recent large tropical volcanic eruptions in all models and ERA40 reanalysis.

The anomalies in the reanalysis are computed for the 4 eruptions after 1960. Hatching displays

areas at or over 95% Significance using a two tailed t-test.
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Figure 5. Composite 50 hPa Geopotential Height anomalies (hPa) for the two following winters

of the past nine most recent large tropical volcanic eruptions in all models and ERA40 reanalysis.

The anomalies in the reanalysis are computed for the 4 eruptions after 1960. Hatching displays

areas at or over 95% Significance using a two tailed t-test.
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Figure 6. Superposed epoch analysis for the winter (DJF) NAO index for the 12 CMIP5

models and the 20th century reanalysis (20CRv2) for the 9 eruptions listed in Table 2. The

average over 9 volcanic eruptions is shown at different lag time. Lag 0 indicates the first winter

after a volcanic eruption. The horizontal lines show, from bottom to top, the 1st, 5th, 95th and

99th percentiles of the Monte Carlo distribution, which correspond to a one-tailed confidence

interval of 1% (continuous lines) and 5% (dashed lines). In the top right corner of each plot is

indicated the number of winters at lag 0 with positive NAO and the relative p-value.
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Figure 6. (continued)
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Figure 7. As Fig 6 but using the convention adopted in Christiansen [2008] for the first winter

after the eruptions of Santa Maŕıa (1902-1903) and Fuego (1974-1975).
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Figure 7. (continued)
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