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Abstract. The eruption of Mt. Pinatubo in the Philippines sistently with earlier studies. The indirect effect of the vol-
in June 1991 was one of the strongest volcanic eruptionganic aerosols manifested as the winter warming pattern is
in the 20th century and this well observed eruption cannot simulated in the ensemble mean of the experiments. Our
serve as an important case study to understand the subsanalysis also shows that the response to EoNionditions
guent weather and climate changes. In this paper, the moss very strong in the model and that it partially masks the ef-
comprehensive simulations to date of the climate impact offects due to volcanic forcing.

Mt. Pinatubo eruption are carried out with prescribed vol-
canic aerosols including observed SSTs, QBO and volcani-

cally induced ozone anomalies. This is also the first attempt )

to include all the known factors for the simulation of such 1 Introduction

an experiment. Here, the climate response is evaluated un- ] ) ] )

der different boundary conditions including one at a time, Lr9€ volcanic eruptions and their subsequent climate re-
thereby, investigating the radiative and dynamical response§PONses are reIat|v_er short-lived perturbanqns to the climate
to individual and combined forcings by observed SSTs, QBOsystem. They prowde.an excellent opportunity to u'nd'erstand
and volcanic effects. Two ensembles of ten members eact€ response of the climate system to a global radiative forc-
for unperturbed and volcanically perturbed conditions wereiNd @nd to assess the ability of our climate models to sim-
carried out using the middle atmosphere configuration oflate such large perturbations. The volcanic effects can be
ECHAMS5 general circulation model. Our results show that MOStly divided into three — radiative, dynamical and chemi-
the simulated climate response that may arise solely fronf@l Processes. The Snjected into the stratosphere by ex-
aerosol forcing in lower stratospheric temperature is insenPl0Sive volcanic eruptions is chemically transformed to sul-
sitive to the boundary conditions in the tropics and doesfate aerosols and in the case of Mt. Pinatubo eruption, en-

not show some observed features such as the temperatufé¢led the globe in a monttMcCormick and Veigal992
signature of the QBO phases. Also, statistically signifi- Long and Stowgl1994. Sulfate aerosol particles are purely

cant positive anomalies in the high latitudes in NH winter Scattering in the visible part of the solar spectrum, thus scat-
of 1991/92 seen in our model simulations with prescribed!€"Ng the incoming solar radiation partially back to space,
observed SST and QBO phases as boundary conditions a,rgsult_mg in coolm_g of the Earth surface. After t_he_Plnatubo
consistent with the observations. To simulate realistically€ruPtion a reduction of the amount of solar radiation reach-
the lower stratospheric temperature response, one must id9 the Earth's surfaceQution and Christy1992 Minnis et
clude all the known factors. The pure QBO and ocean sig-2l» 1993 and lower temperatures in the troposphéat{on

natures in lower stratospheric temperature are simulated corf?nd Christy 1992 Jones et 8]2003 have been observed. In
the near infrared (IR) and in the IR, sulfate aerosols are good

absorbers, thus warming the aerosol layers significantly by

Correspondence tdvl. A. Thomas a few degrees depending on the amount of aerosol. How-
BY

(manu.thomas@zmaw.de) ever, the effects of QBO and amount of ozone depleted due
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to heterogeneous chemical reactions cools the aerosol layetjded with an El Niio) and the specific phases of the Quasi-
but, the net effect is still heating. The Pinatubo volcanic Biennial Oscillation (QBO) and possibly other influences.
aerosol particles produce significant warming in the lowerHence while simulating this impact, one must consider all
equatorial stratospher@itnmreck et al. 1999 Robock and these interactions. Many of the previous studies that simu-
Mao, 1995 thereby increasing the equator to pole temper-lated the climate impact of Mt. Pinatubo eruption considered
ature gradient in the lower stratosphere of the winter hemi-only one or the other of the forcings, thus resulting in incom-
sphere changing atmospheric circulation patte@raf et al, plete interpretation of the results. For examp@chner et
2007 Stenchikov et a).2002 and forcing an anomalously al. (1999 and Ramachandran et a2000 studied the cli-
positive phase of the Arctic OscillatiolRpbock and Map  mate response to Mt. Pinatubo eruption and its sensitivity
1992 1995 Perlwitz and Graf1995. This is manifested at to SSTs, neglecting the effects of QBO and ozone changes.
the surface as a winter warming pattern in the NH high lat- Their model simulations reproduced the lower stratospheric
itude continents, which is typical of low latitude eruptions. temperature response realistically in the tropics, but in the
It has to be noted that the three largest eruptions in the lasstudy by Kirchner et al. (1999, the dynamical response
50 years (Agung, El Chidn and Pinatubo) occurred in con- was weakly simulated under climatological SST as bound-
junction with a strong EI Nio event in the PacificChris-  ary conditions. Several studies were madeSiignchikov et
tiansen(2008 analyzed 13 volcanic eruptions and showed al. (1998 2002 2006 to understand the climate response to
that the impact of volcanic eruptions in the NH winter cir- Mt. Pinatubo eruption, but, all these studies did not incorpo-
culation does not depend on the phase of EldNGouthern  rate all the known factors that may have influenced the ob-
Oscillation (ENSO) and both the AO and NAO (North At- served anomalies. In this paper, the generalized climatic re-
lantic Oscillation) modes are excited during the first winters sponse to Mt. Pinatubo eruption with different boundary con-
after the volcanic eruptions. ditions and forcings is examined. The responses of the tropo-
The circulation in the lower atmosphere can be affectedspheric and stratospheric circulation to individual and com-
by short term stratospheric perturbations, for example, ozonéined factors including volcanic forcing, varying SST bound-
changes Rind et al, 1992 Grainger et al. 1993 Koderag ary conditions and different states of the QBO are assessed.
1994 Randel et a].1995 Timmreck et al.2003. Itis thus  This is important as this gives us insights on how climate re-
interesting to explore the various ways in which the strato-sponds to the radiative forcing of the observed Mt. Pinatubo
spheric perturbations can influence the tropospheric circueruption, in which either one or more of the concurrent forc-
lation. The variability in the stratosphere is mainly due to ings such as the El Rb sea surface anomalies, the QBO
anomalous boundary forcings or natural internal variations.phase are included.
Natural internal variability mainly arises from the non lin-  As mentioned before, none of the simulations carried out
earity of the dynamics of the circulation in the middle atmo- so far included all the important factors together for the sim-
sphere. Boundary forcing arises from variations in the tro-ulation of Mt. Pinatubo eruption. Hence, this study tries to
pospheric forcing such as changes in radiative budget due teimulate the response to this huge natural perturbation by in-
changes in atmospheric composition e.g. ozone depletion vialuding all the known factors and additionally, analyze the
volcanic aerosols/anthropogenic influences or re-distributiorresponse to individual and combined forcings using the same
of tropical heat sources such as the ENSO events. This camodel set up. As the different phases of the QBO have dif-
in turn give rise to changes in vertically propagating wave ferent effects on the stratospheric circulation, the climate im-
disturbancesHolton, 1982 Matsung 197Q Manzini et al, pact after Pinatubo eruption in the opposite QBO phase is
20069. But, in the real world, where the circulation evolves also evaluated in a separate papEngmas et a).2008H.
under the continuous influence of a combination of factors, itThis paper is the first of a two part series where the follow-
is not simple to determine the responses to single influencingng main scientific questions are addressed
factors. For example, it is not possible to isolate the ENSO ) . i
effects from other elements of natural variability if the signal - Whatis the climate effect that arises solely as a result of
is small and is strongly varying because of internal variabil-  volcanic radiative forcing and how does this effect vary
ity (Hamilton, 1993 Baldwin and Sullivan1995. However, under different boundary conditions?
it is possible to do so using a numerical model, for example,
where ENSO is the only specified source of variability in ad-
dition to internal model dynamics and other surface proper-
ties like snow cover or soil moisture, which are computed by
the model. We will focus in our study on the lower stratospheric temper-
The observed climate evolution following a major volcanic ature response and the boreal winter high latitude response
eruption has significant anomalies compared to climatologyin surface temperature and geopotential height at 30 hPa.
These have, however, occurred under additional influences
of sea surface temperature (SST) anomalies (e.g. the ma-
jor explosive volcanic eruptions of the last 50 years coin-

2. What is the climate response to combined influences of
Mt. Pinatubo volcanic eruption and other boundary con-
dition changes?
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2 Model and datasets used
2.1 Model description 60N -

The most recent version of the fifth generation atmospheric gy |
general circulation model ECHAMS developed at the Max
Planck Institute for Meteorology, Hamburg (Special section |
“Climate models at the Max-Planck Institute for Meteorol-
ogy” in Journal of Climate, 19(16), 3769-3987, 2006) is used 5 |
at T42 horizontal resolution and with 39 vertical layers, top- o
most layer at 0.01 hPavianzini et al, 2006. Since radia- C‘o;'n/f,—,\\,ﬂm
tive transfer is the major process linking the general circu- 06114’%0‘02\¥qu0. ’/
lation to volcanic aerosols in the stratosphere, the radiation . . LT r_/ . , ﬁ.l f
schemes in both shortwave (SW) and longwave (LW) are oy oot AR UL oem o L ARR
mentioned briefly here. The SW radiative transfer scheme
of ECHAMS is based on the scheme Bguquart and Bon-
nel (1980 and the LW radiative transfer follows the RRTM  Fig. 1. Zonally averaged Pinatubo aerosol optical depth at 65
(Rapid Radiative Transfer Model) schemdldwer et al, for two years after the eruption.
1997 as implemented in cycle 23 release 1 of the IFS model
of ECMWF (Morcrette et al.1998. The number of spectral 29 Datasets
bands in the shortwave has been increased from 4 to 6 and the
range expanded from [0.250-4.0fn] to [0.185-4.0em] ko the volcanic aerosol forcing, Pinatubo aerosol data that
(Cagnazzo et 812007). Both the Near IR and the UVIVIS ' h5ye peen compiled by G. Stenchikov from SAGE Il (Strato-
spectral range is resolved by three_ bands ea_LCh to accoqnt b%pheric Aerosol and Gas Experiment) and UARS (Upper At-
ter for the wavelength dependencies of optical properties ofogphere Research Satellite) satellite data for the specific
aerosols. Additionally the original shortwave code has beeny,,qel resolution is used. The retrievals at Q.86 are used
generalized for large optical thicknesses of volcanic sulphatg, -aiculate the aerosol parameters as the conventicatin
aerosol layers in the stratosphere as necessary for the aerosgly| (1993. The aerosol dataset consists of zonally averaged
loading after Mt. Pinatubo eruption. This improvement is qjyes of extinction cross section, single scattering albedo
documented imrhomas(2007). and asymmetry factor for two years following the Pinatubo
The radiative transfer calculations are made every tWOeruption. The aerosol optical depth at 0468 for two years
hours using temperature, cloud, water vapour, etc of the Curyfiar the eruption is shown in the Fifj. The spread of the
rent time and solar zenith angles for the middle of the fol-\,|canic aerosol cloud is clearly evident.

lowing two hour interval. While longwave fluxes are kept  The ozone anomalies owing to Mt. Pinatubo eruption

constant over the two hour interval, shortwave fluxes are "”_'were compiled byStenchikov et al.(2002 from in-situ

early corrected by the local cos(zenith angle) at each 15 min,;5nesonde observations and are validated using TOMS
time step in the two hour interval with respect to the 10- (o) Ozone Mapping Spectrometer) column observations
cal cos(zenith angle) in the middle of the two hour inter- pange| et a).1995. To produce the ozone data set for our
val, and shortwave fluxes are set to zero during night time gjm jations, the monthly mean and zonal ozone anomalies
The radiative transfer calculation requires profiles of ac-4ye first interpolated to the model grid and then applied to the
tive gases, aerosols, cloud water and ice and cloud covepona| mean ozone distribution used in ECHAMS5. The zon-
Water vapor, %IOUd water and Icc are prognostlcgvanablesa"y averaged ozone anomalies used in this study at 20 hPa
CO; (348x107°), CHy (1.65¢10°°), N2O (306x107") and ¢4 1o years following the eruption is shown in the FRj.
CFCs (for CFC-11 and CFC-12, the volume mixing ratios There is a maximum ozone loss of up to Aglg in the

12 —12 ; ;
are 280«10~+< and 484 104, respectively) are prescribed tropics and up to 0.Zg/g in the polar regions. Maximum

with a constant volume mixing ratio, and ozone is prescribed,,one 10ss occurs in the winter hemispheres with losses of

as the zonally a\{eraged monthly cIimatoIogyFertuin and up to 0.71g/g in SH and up to 0.4-0,5g/g in NH at 20 hPa.

Kelder (1998 which is based on the observation over a pe-pqsitive 0zone anomalies are visible in the equatorial region
riod 1980-1991. Background aerosol distributions are pre+.5m December 1992 during the westerly QBO phase. The
scribed followingTanre et al(1984. This climatology dis- (14| column ozone loss exceeded 50 Dobson Units (DU) in

tinguishes spatial distributions of sea, land, urban and deset};iqqie and high latitude in NH winter and spring of 1992
aerosols and well mixed tropospheric and stratospheric backsnq 1993. However. in the equatorial region, there is a to-

ground aerosols. tal column ozone loss of up to 15DU in the first year after

the eruption and an increase of up to 5DU in January 1993
(Stenchikov et a).2002.

0.22

60S 1
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Easterly phase Westerly phase 3 Experimental set up

The ensembles of perturbed and unperturbed runs carried out
for two years following the Mt. Pinatubo eruption from June
1991-May 1993 with different boundary conditions are pre-
sented in Tabldl. The perturbed runs include the zonally
and monthly averaged prescribed volcanic aerosol distribu-
tion and volcanically induced ozone anomalies. The sub-
script “u” is used to denote the unperturbed runs aptifor
305 I ” the corresponding perturbed runs. Runs are carried out with
e climatological SST (ClimSST), observed SST (OI&ST)
- and with boundary conditions combining observed SST and
/ the observed QBO phase (@BO).
. . A ; TR . For each experimental set up of Talllean ensemble of
ok, OcT N APRJUL o oCT A APR 10 runs is carried out. In the perturbed experiments with cli-
—— ] | l | I matological SST and sea ice conditions, Jhe initial con-
-izoo-t -8 o 2z 0 ditions are chosen arbitrarily from the 15-year control run
simulation with climatological SST and sea ice (SIC) distri-
Fig. 2. Zonally averaged volcanically induced ozone anomalies atbu“(_)n (_C“) after spin up. Thus, we have ten_ independent
20hPa in [1g/g) for two years after the eruption. Contours are at fe@lizations. The ensemble mean response is calculated as
0.2ug/g intervals. The easterly and westerly phase of the QBOan average difference of the ensemble megnpfthe per-
during this period is also shown as the color bars at the top of theurbed runs and the unperturbed run mean, C
plot. Similarly, ensemble runs have been performed with ob-
served SST and SIC as boundary conditions (from Atmo-
spheric Model Intercomparison ProjeGates 1992. Ten

60S

Table 1. Perturbed and unperturbed ensemble experiments. Th‘?wo—year experiments are carried out with Pinatubo aerosol
subscript %" is used to denote the unperturbed runs apdis used

for perturbed runs. C stands for climatological SST; O stands forforcmgtar;)d ((j)zone flo:rcmbg ﬁerturbec:;un) _?n:j W”g?;.“t them
observed SST: Q for QBO. (unperturbed run). For both cases, e initial conditions are
taken from the 15 year control run carried out with climato-

logical SST and SIC as boundary conditions and a spin up of

Experiments ‘ C“r(né?ST ‘ Ob(%S)ST ‘ O(gg)o 17 months using the ob;erved lower boundary goqditions of
Jan 1990 to May 1991 is made before the beginning of the

Unperturbed runj Cu ‘ Ou ‘ OQu perturbed and unperturbed runs. The response in this case is

Perturbed runs Cp Op OQp calculated as a one-to-one difference of the ensemble means
of the perturbed and the unperturbed ensemblgsyi@ Q,,
respectively.

Our results are validated with the ERA-40 fields. ERA-40  For the runs including the QBO, a similar procedure as
is a re-analysis of meteorological observations from Septemabove is adopted. In this case, a spin up of 17 months is
ber 1957 to August 2002 produced by the European Centecarried out with observed SST and with the observed QBO
for Medium Range Weather Forecasts (ECMWF) in collab-phase. This experiment includes the 1991/92 Hid\in-
oration with many institutionsippala et al.2009. In this duced SST anomalies that coincided with this eruption. To
paper, the monthly data for 43 years from January 1958 tdnclude the QBO forcing in this study, the zonal winds in
December 2001 are used for the computation of the meaithe tropics are nudged towards the zonal wind observations
climatology. The anomalies are calculated as a differenceat SingaporeGiorgetta and Bengtssph999. The nudging
of the fields for the Pinatubo period (June 1991-May 1993)is applied uniformly in a core domain and extends with de-
from the mean climatology. It has to be noted that Pinatubocreasing nudging rate to the boundary of the domain. The
eruption is only one volcanic event and so, the observationdatitudinal core domain specified for the study hereid+#
correspond to only one member of the PDF (Probability Dis-7° S and the domain boundary is?Il8—10C S. In the vertical
tribution Function). In order to validate the simulated fields the core domain and the boundary is over the levels extend-
with the observations, one should consider at least a signifiing from 70 hPa to 10 hPa. The nudging rate is (10 dals)
cant number of similar volcanic events. However, it has to beHence, the nudging interferes with the dynamics in this
mentioned that the NH winter surface temperature anomaliesvell defined domain only on time scales of 10 days and
and the strengthening of the polar vortex is a robust featurdonger. Practically this means that only zonal wind features
after tropical explosive volcanic eruptions such as Agung, Elof timescales longer than 10 days are directly influenced by
Chichdn and Mt. PinatuboTlhomas 2007). the nudging scheme. The QBO signals in meridional and
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vertical W'r,]d or tempgrature W'th'r,] the nudglng domain, or Table 2. Ensemble mean differences between perturbed and unper-
the QBO signals outside the nudging domain result from theyrmed runs. The text in bold are the difference between the corre-

primitive equation dynamics of the model. sponding perturbed runs and unperturbed control runs.
The ensemble runs can be analyzed in different ways as
shown in Table2 to obtain ensemble mean responses for Unperturbed runs | Perturbed runs

specific forcing differences. The boxes show the differences

between the corresponding perturbed ensemble (in the row) O | C | = | C | O | OQp
and the unperturbed control ensemble (in the column). For Cy, | Aerl | Aer+O | Aer+O+QBO
example, Aerl is the ensemble mean differenge-C, and (AO) (AOQ)
Aer+O+QB_O is the_dﬂ‘ference _O,Q—Cu. Hence, Aerl, Aer2 Ocean | O, Aer2 Aer+QBO
and Aer3 give the simulated climate response to aerosol forc- () (AQ)

ing under different boundary conditions. So, Aerl gives the

response under climatological SST as boundary conditions, @QBO | QBO+O | OQ, Aer3
Aer2 the response under observed SST (Eid\&ffects of Q (©Q)

1991/92) as boundary conditions and Aer3 under both ob-
served SST and QBO. The table also gives the responses
to individual forcing differences of the ocean (O) and QBO observed SST as boundary conditions, with a maximum of
(Q). The other responses discussed in this chapter are (1) thgp to 3K. The magnitude of the response is well simulated
combined aerosol and ocean forcing (AO), (2) the combinedvhen compared to the observations (g showing that the
aerosol and QBO forcing (AQ) and (3) the combined aerosolanomalies are clearly linked with the eruption. Both ENSO
ocean and QBO forcing (AOQ). and QBO are prescribed as boundary conditions in the runs
The main advantage of these experiments is that it is posof Aer3 (Fig.3c). The tropical response in Aer3 remains
sible to isolate the effects of volcanic aerosol, the ocean andnore or less the same as Aerl and Aer2 simulations, different
the QBO and also assess their combined effects so as to bettésom the well structured observed anomalies. The response
understand the observed responses. for Aerl, Aer2 and Aer3 in the latitudinal belt of 58I-50° S
is statistically significant at the 99% significance level from
August 1991 to April 1993 (not shown). The main point to
4 Results and discussion be noted here is that the warming during the period January
1992—April 1992 in the Northern Hemisphere (NH) high lat-
A comparison of the different forcing experiments in sim- itudes in Aer3 corresponding to the weak polar vortex is con-
ulating the tropical and high latitude response to thesistent with observations (Figj) and is statistically signifi-
Mt. Pinatubo eruption is discussed. In this paper, wecantat 95% confidence level (not shown), with temperatures
choose the stratospheric temperature to characterize the dieaching as high as 7 K, whereas, this signal is much weaker
rect aerosol radiative effects and 30 hPa geopotential and 2 rand is not significant in Aerl and Aer2. The large anoma-
temperature to analyze the circulation response in the winterfes in the SH springtime high latitudes in the observations

following Mt. Pinatubo eruption. (Fig. 3j) are not simulated in these experiments.
Before analyzing the responses to combined forcings, it
4.1 Stratospheric temperature response is important to analyze the ocean (O) and QBO (Q) alone

ensemble differences to see whether the model reproduces
The Pinatubo volcanic plume reached a maximum height ofthe effect of EI Nfio and QBO circulation realistically.
40km (Lynch and Stephen$996 Holasek et al.1996), with Figure3d accounts for the effects of El Rib alone. ENSO
the bulk of aerosol centered around 25km. Hence, in thissignal propagates into the middle atmosphere by means of
section the simulation of the temperature response at 30 hPalanetary Rossby waves and this propagation is strong when
to the Pinatubo aerosol forcing is discussed by means of thehe stratospheric winds are westerly and peaks during boreal
different forcing experiments. The simulated responses argvinter in the mid-latitudesGarcia et al.2006. Studies by
presented in Fig3a—i and the observed response from ERA- Sassi et al(2004; Manzini et al.(2006; Chen et al(2003
40 is shown in Fig3;j. have shown that during an El i event, the enhancement

As mentioned in the previous section, Aerl and Aer2 of vertical propagation and divergence of E-P flux cools the

give the simulated climate responses to the volcanic aerosatopics and warms the high latitudes. Fig@deshows a sim-
forcing for different SST boundary conditions (Tahlg. ilar pattern for the period from January 1992 to July 1992
Hence, Aerl is the aerosol response for climatological SSTsas in the literature and the anomalies are significant (not
whereas Aer2 is the aerosol response where the boundamshown) except that the cooling in the tropics is less by 50%
condition includes SST and ice of 1991-1993 including theat 30 hPa. The cooling is more evident in the 50 hPa temper-
effects of EI Nflo. In Fig.3a and b, the tropical responses ature anomalies (not shown here).
are similar in pattern, but the response is slightly higher with
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Fig. 3. Lower stratospheric temperature anomalies at 30 ikPddr (a) Aerl (b) Aer2 (c) Aer3 (d) ocean respons@) QBO responséf)
combined ocean and QBO — Q@) combined aerosol and ocean — A combined aerosol and QBO — A combined aerosol, ocean
and QBO — AOQ(j) ERA-40. Contours are at 1 K intervals. The anomalies in the latitudinal belt®di560° S are statistically significant
at 99% level from August 1991 to April 1993 for all the cases except (d) where the 99% significance level is restricted to the period January
1992 to July 1992.

Figure3e shows the QBO-related lower stratospheric tem-weak warm equatorial temperature anomalies at 30 hPa re-
perature anomalies at 30 hPa. A cooling of about 1-2 K assults from the bias in climatological temperature of the refer-
sociated with the easterly phase of QBO is shown in the lat-ence simulation ¢, which misses the long term net effects of
itudinal belt from 183 N-15 S from June 1991 to June 1992 the QBO Punge and Giorgett2008. Hence Fig3e shows
and warm anomalies in mid-latitudes. The opposite is seera combination of this climatological bias in equatorial tem-
during the westerly phase of QBO though the warming isperature at 30 hPa of Qand the actual phase related QBO
only of about 0.5 K. This asymmetry between strong cold andsignal evolving in OQ over the displayed time period. The
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resulting asymmetry of cold and warm equatorial anomaliesthe left column is the response for the first winter and the
at 30 hPa (Fig3e) occurs also in Figdh and i. In the latter  right column is the response for the second winter following
case this is obvious in comparison with Fgj.of ERA-40, the eruption. The statistical significance is indicated by shad-
where the reference climatology includes the long term ef-ing. Differences in heavily and lightly shaded areas are sig-
fects of the QBO (cf. Part Il of this paper for more details on nificant at the 99% and 90% confidence level, respectively.
the role of the QBO phase). The QBO signature in the stratodn both winters, the aerosol response simulated under clima-
spheric temperature can also be seen in the other responstsogical SST as boundary conditions (Féa and b) does
with QBO (Fig. 3e, f, h and i) and is consistent with pre- not capture the magnitude and spatial pattern of the polar
vious studies Baldwin et al, 2001). The response to com- vortex (refer Fig.4s and t). However, under observed SST
bined ocean and QBO forcings is shown in R3§and the  as boundary conditions (Figc and d), the aerosol response
responses are linear except in high latitudes, which meanshows an anomalously strong stratospheric polar vortex in
that the tropical temperature response to combined ocean artie second winter that is consistent with the observations,
QBO forcing is the sum of the temperature responses to sinbut the anomaly is weaker and not statistically significant.
gle forcings by ocean and QBO. The geopotential height anomaly reache 00 m. Statisti-

The AO ensemble difference accounts for the effects ofcally significant negative geopotential anomalies are simu-
both aerosol and ocean (Figg). The maximum tempera- lated in the second winter in Aer3 experiment (F, but
ture anomaly of 2K is simulated and here too, the anomaliegshe anomalies are weak and shifted to the East compared to
are statistically significant at 99% level and the responses arthe observations, whereas the vortex is disturbed in the first
linear in the tropics. winter (Fig.4e).

Figure 3h is the 30 hPa temperature response when both The ENSO effect on the winter circulation is shown in
aerosol and QBO (AQ) effects are considered. The effect ofFig. 4g and h. A dipole structure is seen with positive geopo-
easterly and westerly phase of QBO can be clearly seen. ltential height anomalies over northern N. America and Rus-
the easterly phase, the AQ response shows a dual peak witia and negative anomalies over northern Atlantic and Eu-
relative maximum in the subtropics and a minimum at therope during the first winter, whereas in the second winter, the
equator and in the westerly phase, the AQ response showdipole is shifted clockwise, with positive anomalies over the
a single equatorial peak. The significant warming beyondpole and Siberia and negative geopotential height anomalies
60° N during the winter of 1991/92 and the cooling during over the East coast of North America. During a warm ENSO,
the winter of 1992/93 is not seen in the runs without the enhanced wave propagation in boreal winter disturbs the po-
QBO and is consistent with observations. Comparing withlar vortex Sassi et a.2004 Manzini et al, 2006.
the observed response as in F3j.the simulated response  In the westerly phase of the QBO the polar vortex is ex-
is most realistic when A, O and Q forcings are included pected to be anomalously strong and in the easterly phase
(Fig. 3i). There is not much difference between the AQ and anomalously weakHolton and Tan198Q 1982 in the ab-
AOQ, except that the high latitude response in first borealsence of the aerosol effects. This is evident in the QBO
winter is much stronger in AOQ. Though the NH high lati- experiment, where the QBO is the only source of variabil-
tude response is realistically simulated, it has to be noted thaty (Fig. 4i and j). Figure4j shows that the geopotential
large discrepancies exist in the southern hemisphere high lafieight anomalies at high latitudes is lower reaching a mini-
itudes in all the model simulations. Hence, our simulationsmum value—140 m and is surrounded by positive anomalies
show that in order to simulate the pattern and the magnitudén the second winter when the QBO is in its westerly phase.
of the observed lower stratospheric temperature anomalies The combined effects of ENSO and QBO (OQ) do not
realistically, it is best to include all three forcings, namely, Simulate a strong vortex in neither of the two winters (Big.
volcanic radiative forcing, observed SST/ice and the correcnd I). This is because, during the first winter, neither ENSO

QBO phase. nor the easterly phase of the QBO favors an anomalously
strong polar vortex. But, during the second winter, with the
4.2 Geopotential height response at 30 hPa ENSO effects relatively weak and with QBO in its westerly

shear, the model still cannot produce a strong polar vortex,
In the two winters following the major eruptions, an anoma- reflecting the non-linearity in the way QBO modulates the
lously positive AO index Thompson et al.1998 Baldwin circulation. A dipole structure is observed with low values
and Dunkerton1999 is observed. This can be seen in over Europe, Russia and the northern Atlantic and high val-
Fig. 4s and t calculated from ERA-40 re-analysis data af-ues over Canada in the first winter and the opposite is ob-
ter Mt. Pinatubo eruption. The vortex is much deeper in theserved in the second winter.
second winter where the anomalies reach as low280m In the first winter (Fig.4m), the vortex is shifted south-
compared to the first winter, where the lowest value reachedvard and is weak, whereas in the second winter (&g,
is —150 m. Figureda—r shows the 30 hPa geopotential height the vortex is disturbed for the combined aerosol and ocean
anomaly as a representative of the strength of the polar vorte§AO) forcing. The same is seen for the combined aerosol and
for all the forcing experiments considered here. Of which, QBO (AQ) forcing in the first winter (Figdo). However, in
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(1) 0Q - DJF 1992/93

(a) Aerl - DJF 1991/92 (b) Aerl - DJF 1992/93 (k) OQ - DJF 1991/92

c) Aer2 - DJF 1991/92

e) Aer3 - DJF 1991/92 (0) AQ - DJF 1991/92

() QBO - DJF 1992/93

e D5 N

Fig. 4. Geopotential height anomalies at 30 hikg for Aerl (a, b); Aer2 (c, d); Aer3 (e, f); ocean responsf, h); gbo responsé, j);
combined ocean and gbo (O() I); combined aerosol and ocean (A®), n); combined aerosol and QBO (AQ), p); combined aerosol,

ocean and QBO (AOQ(, r); for DJF 1991/92 (left column) and DJF 1992/93 (right column). Heavily shaded areas are significant at 99%
level, lightly shaded at 90% significance level. Observed 30 hPa geopotential height response from ERAs4@OF 1991/92s) and

DJF 1992/93t). Contours are at 20 m intervals in the model simulations and at 50 m intervals in the ERA-40 observations. The projection
spans from 10 to 90N latitudinally.
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(e) Aer3 - DJF 1991/92
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Fig. 5. 2m temperature anomaliek | for Aerl (a, b); Aer2 (c, d); Aer3 (e, f); ocean respondg, h); gbo responsé, j); combined ocean

and gbo (OQJK, I); combined aerosol and ocean (A®), n); combined aerosol and QBO (AQ), p); combined aerosol, ocean and QBO
(AOQ) (g, r); for DJF 1991/92 (left column) and DJF 1992/93 (right column). Heavily shaded areas are significant at 99% level, lightly
shaded at 90% significance level. Observed 2 m temperature response from ERA-40 for DJF (92h@DJIF 1992/98). The y-axis

shows the latitudinal extend from 15 to 9¢ N. The contours are at 0.5K intervals for the model simulations and at 1K intervals for the
observations.

the second winter of AQ response, the polar vortex is more4.3 2 m temperature response
stable (Fig4p). This may be because, the westerly shear of
the QBO favors a polar vortex with values reaching as low as _ . .
220 m. With all the effects included, the model simulates theStratosphenc sulfate aerosol particles from strong tropical

deepening of the geopotential height anomaly in the seconéfOICaniC. eruptions produce sign?ficant vyarming in the lower
winter, though the magnitudes are relatively weak (aroundequatorlal stratosphere thereby increasing the equator to pole

—100m). It should be noted that the polar vortex was muchtémperature gradient in the lower stratosphere of the winter

weaker after the first winter following Mt. Pinatubo eruption hemisphere. This forces a positive phase of the Arctic Os-

compared to the second winter when the vortex was deepef!|ation during northern winter and as a dynamical response
(Fig. 4s and 1). This study suggests that there is signifi_produces a winter warming pattern at the surf&teigchikov

cant non-linearity between aerosol and QBO effects and th&t al, 2009. This pattern is manifested as a prgmment warm-
ing over Northern and Eastern Europe and Siberia and cool-

strengthening of the polar vortex is more effective when the, . . g
L ing over Greenland, Middle East and Mediterranean. This is
QBO is in the westerly phase. . . . :
presented in the Fighs and t, respectively, for the first and
second winters following the Mt. Pinatubo eruption, where

warming of up to 3-5K are observed over N. Europe and

www.atmos-chem-phys.net/9/757/2009/ Atmos. Chem. Phys., 9,/6872009



766 M. A. Thomas et al.: Simulation of Mt. Pinatubo eruption — sensitivity to atmospheric and boundary conditions

Siberia and cooling up te-5K is observed over Greenland to the observed winter warming, but the magnitude of the
and up to—2 K over the Middle East and the Meditteranean. anomalies are less than the observed and there is a northward
This feature is typical of low latitude volcanic eruptions of shift.
the explosive type@man et al.2005. The AO experiment that accounts for the effects of both
Figure5a—r shows the ensemble mean surface temperatureerosol and SST for the two winters are shown in Big.
anomalies for two winters following the Pinatubo eruption. and n. The patterns associated with ENSO during the first
The shading in the figures corresponds to the level of sigwinter is clearly seen in the figures and the interactions be-
nificance. Areas with significance level at 95% are heavilytween aerosol and ocean seems to be minimal. Comparing
shaded and at 90% lightly shaded. the AO-related response with the ocean response, the only
For the two winters following the eruption, the warming difference is that the warming over Eurasia in the first winter
over northern Europe and Siberia is weakly simulated byis more pronounced in the AO response and lower tempera-
the model with climatological SST as boundary conditionstures are observed over Greenland in the second winter in the
(Aerl) (Fig.5a and b) and is shifted further north, but the AO response which is typical of volcanic winters. This may
anomalies are not significant. The cooling over the Mid- be because the ocean response is too strong in the model,
dle East and Meditteranean is simulated by the model in thehereby, over-riding the effects due to volcanic eruptions.The
Aerl experiments reasonably well, though the magnitudesombined effects of aerosol and QBO in the AQ experiment
are over-estimated. With observed SST as boundary conéFig.50 and p) do not reproduce the observed volcanic winter
ditions (Fig.5c), the aerosol response cannot reproduce thepatterns in both winters. Even in the case where all effects,
volcanic winter pattern during the first winter. This may be aerosol, ENSO and QBO are included (Fig. and r), the
because of El Nio that is present during the first winter and pattern is shifted poleward.
the signal is stronger than the effects due to the volcanic The ensemble mean responses to individual and combined
aerosols. However, the volcanic winter pattern is weaklyforcings for two NH winters cannot reproduce the observed
simulated in the second winter (Figd), but they are not warming, though the cooling is simulated fairly well by some
statistically significant. With both observed SST and QBO of the forcing experiments. One of the possible reasons can
effects, the aerosol response show significant cooling ovepe that the model may not have sufficient vertical resolu-
Eurasia. Hence, we can conclude that model is not able teion in the upper troposphere and lower stratosphere to re-
reproduce the observed volcanic winter pattern in the ensemsolve the interactions between troposphere and stratosphere
ble means with respect to the volcanic radiative forcing aloneaccurately. Our analysis also shows that the ENSO signal
under the set of boundary conditions considered here. is dominating and partly masks the effects due to volcanic
The individual responses to EIfb SST in the winter cir-  forcing. Another reason would be that zonally averaged vol-
culation is shown in Fighg and h. The warm anomalies canic forcing and volcanically induced ozone anomalies are
associated with EI Nio over the Eastern Pacific are clearly used in the model simulations. The omission of the zonal
seen in the ocean response alone experiments $§igand  asymmetric component of volcanic forcing and ozone forc-
h) which is expected as the SST in this case is prescribethg may produce differences in the response. It is shown that
from observations. The ENSO-related warming over centralthe zonally asymmetric component of ozone has an effect on
and northern North America during the winter of 1991/92 the stratospheric temperature and planetary wave propaga-
is also well simulated by the model. However, statistically tion (Gabriel et al, 2007. Although in the mean response,
significant above normal temperatures are observed beyonghe model cannot simulate the dynamical response correctly,
north of 60 N and cooling over Middle East and parts of Eu- it should be noted that about 30% of the individual ensemble
rope and China for both the winters following the eruption. members for some of the forcing experiments do simulate
These anomalies are not seen in the observed temperatutiis response realistically.
anomalies in El Nio winters excluding volcanic eruptions
(not shown). However, in these experiments, it can only be
attributed to the observed SST differences between the ob5 Conclusions
served period and the climatology or to internal variability.
It has to be noted that these anomalies are evident in the setn this paper, the generalized climatic response to the
ond winter, when the El Nio effects are negligible. Mt. Pinatubo eruption is investigated. The response of the
The QBO effects on the winter circulation of 1991/92 and tropospheric and stratospheric circulation to individual and
1992/93 are presented in Fig.and j, respectively. Signifi- combined factors such as volcanic forcing, varying SST
cant warming over Europe, parts of Russia and over Easterboundary conditions and different states of the QBO are as-
China and cooling over northern North America, Canada andsessed. This study is important as it provides insights on
Greenland is simulated for the two winters. However, thehow the climate responds to the volcanic forcing when either
warming is slightly weaker in the second winter. The com- one or more of the boundary conditions are included. This is
bined ocean and QBO effects (Figk—I) produces the spa- the first study of this kind that shows clearly the individual
tial patterns to some extend in both the winters and is closesand combined effects after Pinatubo eruption. To evaluate
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how well the model simulates these observed impacts, en- The model simulates the stratospheric temperature re-
sembles of perturbed and unperturbed runs are carried owgponse to the volcanic aerosols correctly, but, the simulation
using the middle atmosphere version of ECHAMS with dif- of the dynamical response still remains a challenge. A re-
ferent boundary conditions and the differences between theent study by $tenchikov et a).2006 showed that also 20th
several combinations of perturbed and unperturbed runs giveentury simulations made for IPCC AR4 could not reproduce
the responses to individual and combined forcings by vol-the surface winter anomalies after volcanic eruptions. Hence,
canic aerosols, El Mo and the QBO. So, the ensemble meanfurther investigations are necessary to understand better the
differences give an idea on how different the responses wouldiifficulties in modelling the surface warming pattern derived
be if El Nifio was not present or if only the volcanic forcing from the winters after major volcanic eruptions of the 20th
exists, which otherwise, would have been possible to esticentury.
mate without these sets of experiments.
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