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Abstract. The global temperature responses to the eruptions of Moguabhgdin 1963, El Chichénin
1982, and Mount Pinatubo in 1991 are investigated usingaunently available reanalysis datasets
(JRA-55, MERRA, ERA-Interim, NCEP-CFSR, JRA-25, ERA-40CEP-1, NCEP-2, and 20CR).
Multiple linear regression is applied to the zonal and miynthean time series of temperature for
two periods, 1979-2009 (for eight reanalysis datasets)1868—-2001 (for four reanalysis datasets),
by considering explanatory factors of seasonal harmolinesar trends, Quasi-Biennial Oscillation,
solar cycle, and El Nifio Southern Oscillation. The residwake used to define the volcanic sig-
nals for the three eruptions separately, and common anelreliff responses among the older and
newer reanalysis datasets are highlighted for each eruptisesponse to the Mount Pinatubo erup-
tion, most reanalysis datasets show strong warming sigopl$o 2—3K for one-year average) in
the tropical lower stratosphere and weak cooling signatsv(dto —1 K) in the subtropical upper
troposphere. For the El Chichén eruption, warming signalthe tropical lower stratosphere are
somewhat smaller than those for the Mount Pinatubo eruplibe response to the Mount Agung
eruption is asymmetric about the equator with strong wagniinthe Southern Hemisphere mid-
latitude upper troposphere to lower stratosphere. Compardf the results from several different
reanalysis datasets confirms the atmospheric temperaspense to these major eruptions qual-
itatively, but also shows quantitative differences everoagnthe most recent reanalysis datasets.
The consistencies and differences among different reaisadyatasets provide a measure of the con-
fidence and uncertainty in our current understanding of tileawic response. The results of this
intercomparison study may be useful for validation of clienenodel responses to volcanic forc-
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ing and for assessing proposed geoengineering by straisaterosol injection, as well as to link

studies using only a single reanalysis dataset to otheirestuding a different reanalysis dataset.

1 Introduction

Explosive volcanic eruptions inject sulphur species tosthnatosphere in the form &0, andH,S
which convert toH,SO4 aerosols. These aerosols are then transported both Ygrtiod horizon-
tally into the stratosphere by the Brewer—Dobson circata{Butchart, 2014), stay there to perturb
the radiative budget on a timescale of a few years, and thastaflobal climate (Robock, 2000).
The stratospheric volcanic aerosol layer is heated by pbearof near-infrared solar radiation and
upward longwave radiation from the troposphere and surfacie troposphere, the reduced near-
infrared solar radiation is compensated by the additiomalrdvard longwave radiation from the
aerosol layer. At the surface the large reduction in dirbottsvave radiation due to the aerosol layer
is the main cause of net cooling there.

Stratospheric aerosol optical depth (AOD) is an indicaforadcanic eruptions that affect global
climate and has been estimated from various informatiog,(Sato et al., 1993; Robock, 2000;
Vernier et al., 2011). Since 1960 astronomical observatguch as solar and stellar extinction and
lunar eclipses have become available from both hemisplemdssince 1979 extensive satellite mea-
surements have begun with the Stratospheric Aerosol Mo(®taM) Il on the Nimbus-7 satellite.
Extending over a longer period, the global radiosonde neétwhat provides global atmospheric
(upper-air) temperature data has been operating sinced#@s Lwith improved spatial resolution
since the late 1950s (Gaffen, 1994). Since 1979, globalisatemperature measurements have be-
gun with the Microwave Sounding Unit (MSU) and Stratosphi&dunding Unit (SSU) instruments
on the TIROS-N satellite and on the subsequent several Ndtf@ceanic and Atmospheric Admin-
istration (NOAA) satellites. Since 1998, the Advanced MBWAMSU-A) instruments on several
NOAA satellites have provided global temperature measargsn See, e.g., Cristy et al. (2003),
Wang et al. (2012), Wang and Zou (2014), Zou et al. (2014), dash and Saunders (2015) for
these satellite temperature measurements.

Since the late 1950s, there occurred three major volcamigtiens that significantly affected
global climate, which are Mount Agung(®, 116 E), Bali, Indonesia in March 1963, El Chichdn
(17° N, 93 W), Chiapas, Mexico in April 1982, and Mount Pinatubo{2j 120° E), Luzon, Philip-
pines in June 1991. The volcanic explosivity index (VEI)ledse eruptions are 6 for Mount Pinatubo,
5 for El Chichon, and 4 for Mount Agung (Robock, 2000). Fred aanzante (2009) and Randel
(2010) used homogenized radiosonde datasets while Saate2001) and Soden et al. (2002) used
MSU satellite data to investigate the tropospheric andagpdneric temperature response to these
eruptions. When extracting the volcanic signals, one neai®d evaluation, at the same time, of
the components of El Nifio Southern Oscillation (ENSO), @&asnnial Oscillation (QBO), and
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11year solar cycle as well as seasonal variations and lineads. Each of the above four studies
used a variety of regression analyses.

An atmospheric reanalysis system provides a best estinfidte gast state of the atmosphere
using atmospheric observations with a fixed assimilatidgreste and a fixed global forecast model
(Trenberth and Olson, 1988; Bengtsson and Shukla, 198B).al operational analysis system at
a particular time (e.g., 1995 for the NCEP-1 system and 200%ke JRA-55 system), which has
been continuously improved with the main motivation beiogniprove the tropospheric weather
prediction. Using a fixed assimilation-forecast model todurce analyses of observational data that
were previously analysed in the context of operationaldaséing - hence the “re” in “reanalysis”

- prevents artificial changes being produced in the analfiséts due to system changes. But, as
described above, the observational data inputs still veey the period of the reanalysis. Currently,
there are about 10 global atmospheric reanalysis datagatalde worldwide. Table 1 lists the re-
analysis datasets considered in this study. It is knowndiffarent reanalysis datasets give different
results for the same diagnostic. Depending on the diagndbke different results may be due to
differences either in the observational data assimilateslassimilation scheme or forecast model,
or any combination of these (see, e.g., Fujiwara et al., 2012 list of some examples). It is there-
fore necessary to compare all (or some of the newer) redasalgtasets for various key diagnostics
for understanding of the data quality and for future reasialymprovements (Fujiwara and Jack-
son, 2013). To be more specific to the current study, the nodyservational sources of atmospheric
(upper-air) temperature are basically common for all tfemadysis datasets in Table 1 (except for
the 20CR which only assimilated surface pressure repdrt®y are radiosondes and satellite mi-
crowave and infrared sounders (i.e., MSU, SSU, and AMSUTAgre are three components that
do differ in different reanalysis systems: (1) detailedsbiarrection or quality-control methods for
the original observations before the assimilation, (2)aksimilation scheme, and (3) the forecast
model. Thus, any differences in the analysis results ingtidy would be due to the differences in
these components (except for the 20CR).

Recently, Mitchell et al. (2015) analysed temperature awhkzwind data from nine reanalysis
datasets using a linear multiple regression techniquenduhie period from 1979 to 2009 by con-
sidering QBO, ENSO, AOD as a volcanic index, and solar cywi#h) a focus on the solar cycle
response. However, the volcanic response shown by Mitehall is a combined response due to the
major eruptions over the period 1979-2009 (i.e., El Chidndt982 and Mount Pinatubo in 1991).

Investigation of climatic response to individual volcaaraptions using multiple reanalysis datasets
for the purpose of comparison and evaluation of reanalyaiasgts is rather limited. For exam-
ple, Harris and Highwood (2011) showed global mean surfaogérature changes following the
Pinatubo eruption using NCEP-1 and ERA-40 reanalysis aatadmparison with their model ex-
periments. Analysing all available reanalysis datasetstfe 20th-century three major eruptions
separately and for the region covering both tropospheretatbsphere will provide valuable infor-
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mation for model validation as well as on the current reasialglata quality for capturing volcanic
signals. Such an analysis would also be valuable when asgaesse of the proposed geoengineer-
ing options, i.e., stratospheric aerosol injection to ¢etact global surface warming (e.g., Crutzen,
2006; Robock et al., 2013).

In the present study, we analyse zonal and monthly mean tamupe data from nine reanalysis
datasets to investigate the response to the Mount Agunghieh@n and Mount Pinatubo eruptions
separately. The temperature response to the Mount Agurgi@nuis investigated using four re-
analysis datasets (JRA-55, ERA-40, NCEP-1, and 20CR) thatrdhe period back to the 1960s.
A multiple regression technique is used to remove the effetseasonal variations, linear trends,
QBO, solar cycle, and ENSO, and the residual time seriesigasd to be composed of volcanic ef-
fects and random variations. The remainder of this papegeized as follows. Section 2 describes
the datasets and analysis method. Section 3 providesgesultdiscussion. Finally, Section 4 lists

the main conclusions.

2 Data and Method

Monthly mean pressure-level temperature data from the r@aralysis datasets listed in Table 1
were downloaded from each reanalysis-centre website dd&h&lational Center for Atmospheric
Research (NCAR) Research Data Archive (http://rda.udaf)eZonal means were derived for each
dataset before the analysis. All the reanalysis datasetpeR0CR assimilated upper-air temperature
measurements from radiosondes and from SSU, MSU, and AMSatéllite instruments, with
varied assimilation techniques. 20CR assimilated onljaserpressure reports and used observed
monthly sea-surface temperature and sea-ice distritgiigsrboundary conditions for the forecast
model. Note also that for the 20CR, monthly latitudinalBrying distributions of volcanic aerosols
(averaged for four bands, i.e., 98-45" N, 45° N—equator, equator—4%, and 48 S-90' S) were
specified based on data from Sato et al. (1993), and a monihigtological global distribution
of aerosol vertical profiles on & Hrid was specified based on data from Koepke et al. (1997) (G.
Compo and C. Long, private communication, 2015). Theref2@€R is expected to show volcanic
signals even though it did not assimilate upper-air tentpegalata. The atmospheric forecast model
of the 20CR is nearly the same as used in the NCEP-CFSR butawdtver resolution, and thus
the NCEP-CFSR also included the same volcanic aerosolse bthe other reanalysis datasets
included radiative forcing due to volcanic aerosols in thieefast model. See Mitchell et al. (2015)
for further technical comparisons among different reasialgatasets. For a complete description of
each reanalysis, see the reference papers shown in Table 1.

Table 1 also shows the period of data availability for ea@natysis dataset. For a direct inter-
comparison, we define two analysis periods, namely, bet@8&8 and 2009 (3iears) for eight
reanalysis datasets (all except ERA-40) and between 1952@M1 (44years) for four reanalysis
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datasets (JRA-55, ERA-40, NCEP-1, and 20CR). The formeersathe eruptions of El Chichon in
1982 and Mount Pinatubo in 1991, while the latter also cotle®ruption of Mount Agung in 1963.
Results from JRA-55, NCEP-1, and 20CR for the El Chichén aodii Pinatubo eruptions for the
two different-period analyses also provide an opportutttinvestigate sensitivity to the choice of
analysis period.

A multiple regression technique is applied to extract woicasignals (e.g., Randel and Cobb,
1994; Randel, 2010; von Storch and Zwiers, 1999, Chapt. Bist, all major variabilities, except
for volcanic effects, were evaluated and subtracted fragrotiginal zonal and monthly mean tem-
perature data. The major variabilities include seasormahbaics of the formg; sinwt + as coswt +
as sin 2wt + a4 cos 2wt + a5 sin 3wt + ag cos 3wt, with w = 27 /(12mon), linear trends, two QBO in-
dices, ENSO, and solar cycle. For the latter five climatiddes, the six seasonal harmonics and
a constant are further considered to construct seven mfticeeach of the five indices, as was done
by Randel and Cobb (1994). For the two QBO indices, we use d®GamPa monthly mean zonal
wind data taken at equatorial radiosonde stations prowigielde Freie Universitat Berlin. The cross-
correlation coefficient for these two QBO indicesi6.24 for 1979-2009 and0.21 for 1958—-2001.
For the ENSO index, we use the Nifio 3.4 index, which is a staliked sea surface temperature
anomaly in the Nifio 3.4 region {N-5° S, 170-120W), provided by the NOAA Climate Predic-
tion Center. As is often done, a time lag for atmosphericaasp is considered for the ENSO index.
We chose 4 months for the lag, following Free and Lanzant®@qR0Ne confirmed that changing
the ENSO lag from 0 to 6 months gives somewhat different ENig@ass particularly in the trop-
ical stratosphere but does not alter other signals, inetugblcanic signals, significantly. For the
solar cycle index, we use solar 1014 flux data provided by the NOAA Earth System Research
Laboratory. (Note that we do not consider other indices, ¢hg North Atlantic Oscillation index
and the Indian Monsoon index because the former is considerke a response not a forcing and
both are considered to be more related to regional respoaseonal mean response.) The multiple
regression model that we use in this study is therefore,

Y(t)=ao+ Zalzl(t) +R(t), 1)
=1

whereY (t) is the zonal and monthly mean temperature time series atiayar latitude and pres-
sure grid point, and; is the least squares solution of a parameter for climatiexrtime series
x;(t). R(t) is the residual of this model which is assumed to be composedicanic signals and
random variations (Randel, 2010). Then, by following Rar{@@10), the volcanic signal for each
eruption is defined as the difference between the 12 monttagedR(¢) after each eruption and
the 36 month averagefi(t) before each eruption. There are several other possiblerwami@tions
for the methodological details, i.e., for the multiple reggion model, the choice of particular in-

dex datasets, and the volcanic signal definition. The usecoihaistent methodology is important
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for comparisons of different datasets. Where possible, iemveve will discuss the methodological

dependence below.

3 Results and Discussion
3.1 The 1979-2009 Analysis

Figures 1 and 2 show temperature variations in associatitinthe QBO, solar cycle and ENSO
from JRA-55 and MERRA, respectively, for the region from @G0 1hPa. The coloured regions
are those evaluated as statistically significant at the 96#fidence level (von Storch and Zwiers,
1999, Chapt. 8.4.6), with an effective degree of freedomrevata are assumed to be independent
for every three months. Comparing with the results from hkdtet al. (2015) who used a regression
analysis with different details, the setting of this effeetdegree of freedom may be somewhat too
conservative. This is because the regions evaluated &stistdly significant are smaller than those
in Mitchell et al. (2015) particularly for the solar and ENS@nals in the tropical lower strato-
sphere, but the general features are quite similar to tHo®ersin Mitchell et al. (2015) although
they also considered a volcanic index in the multiple regjogsanalysis. The two QBO variations
are displaced vertically by a quarter cycle in the tropicsase of their downward phase propaga-
tion. The temperature QBO has off-equatorial out-of-plsigeals centred around 38l and around
30° S because of the associated secondary meridional cirmol@ialdwin et al., 2001). The major
response to the solar cycle is the tropical lower stratasph&rming. The ENSO response includes
the tropical tropospheric warming and a hint of tropicahgispheric cooling, although the statistical
significance of this latter signal is weak. The strength &f tooling signal is sensitive to the choice
of the time lag for the ENSO index (4 months in this study anddhth in Mitchell et al., 2015).
There also exists midlatitude lower stratospheric warniinigoth hemispheres for ENSO. The sig-
nals of QBO, solar cycle, and ENSO in the other 6 reanalydiseéts (ERA-Interim, NCEP-CFSR,
JRA-25, NCEP-1, NCEP-2, and 20CR; not shown) are also sitaildnose in Mitchell et al. (2015).
20CR shows no QBO signals (and no zonal-wind QBO; not showd)rep tropical stratospheric
solar response. NCEP-CFSR shows weaker tropical lowensplaeric solar cycle warming. The
overall agreement with the results in Mitchell et al. (2086pports the assumption that the residual
R(t) is composed of volcanic signals and random variations.

Figure 3 shows the residual time series averaged foN330° S at 50 and at 300Pa together
with the lower-to-middle stratospheric AOD time seriesraged for 27.4N-27.4 S provided by
the NASA Goddard Institute for Space Studies (Sato et aB319The AOD time series clearly
shows the timing of the EI Chichdn eruption and Mount Pinatatuption and the duration of their
impact on the stratospheric aerosol loading. Ahb@, all reanalysis datasets show IkZeak
warming within one year after the EI Chichén eruption, andgsti{except 20CR and JRA-25) show
2-2.5K peak warming within one year after the Mount Pinatubo eauptAs described in Sect. 2,
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20CR does not assimilate upper-air data, but incorporategad averages of volcanic aerosols in
the forecast model. Thus, 20CR shows a warming signal ircaggm with both eruptions, though
the one for Mount Pinatubo is smaller and slower. 20CR alswshvarming signals in 1989 and in
1990 though none of the other datasets show the corresgpsidinals. The warming in JRA-25 is
~ 1K smaller than other reanalysis datasets except 20CR. Thid®@s can be seen at least during
the period 1988-1994. This might be in part related to thevknstratospheric cold bias in JRA-25
(Onogi et al., 2007). The radiative scheme used in the JRAeREcast model has a known cold
bias in the stratosphere, and the TOVS SSU/MSU measurememist have a sufficient number of
channels to correct the model’s cold bias; after introdgitire ATOVS AMSU-A measurements in
1998, such a cold bias disappeared in the JRA-25 data prdtistlso possible that the cold bias
in JRA-25 during the TOVS era was not constant over time, itiqqdar when unusual, volcanically
affected temperature measurements came into the JRA-2&nsywhich could contribute to the
smaller warming signals in our data analysis. As descrilbe8dct. 2, NCEP-CFSR is the only
reanalysis (except 20CR) that included stratosphericavitcaerosols in the forecast model, but
no clear difference is found in comparison with other reaeatalysis datasets. At 30Pa, all
reanalysis datasets show 0.4-R.8eak cooling within one year after the Mount Pinatubo enipti
No clear signals are found at 3B for the El Chichén eruption. Note that the standard devatio
(SD) of the residual time seriesds1 K for tropical 50hPa and~ 0.3 K for tropical 300hPa for all
the datasets; thus, the volcanic signals discussed abevkstinguishable from random variations.
Figure 4 shows the temperature signals for the El Chichdptienufrom the 8 reanalysis datasets.
As described in Sect. 2, the volcanic signal is defined asifferehce between the 12 month aver-
agedR(t) after each eruption and the 36 month averagét) before each eruption. The coloured
regions are also defined by following Randel (2010), i.ethase regions with positive (negative)
values more (less) than twice the SD of annual mean resid(tal The annual mean is taken here
because of the use of 12 month average in the volcanic sigfiaitibn. For the recent four reanaly-
sis datasets, i.e., JRA-55, MERRA, ERA-Interim, and NCHFSR, the tropical lower stratospheric
warming of 1.2—1.6< centred around 50—-3(Pa is a common signal. There are also Northern Hemi-
sphere high-latitude middle-upper stratospheric warnaing tropical upper stratospheric cooling
signals, though the latter is comparable to random variatio some of the four datasets and thus
its statistical significance is weak. The tropical and niitlide troposphere is only weakly cooling,
with a maximum cooling (0.4-0R) occurring in the upper troposphere at 20=80 For JRA-25,
the tropical lower stratospheric warming is confined aroL@d-50hPa with (statistically insignif-
icant) cooling signals around 50-Ba. This may be due to the cold bias in JRA-25 as described
in the previous paragraph. The tropospheric features indRAre similar to those in the latest four
reanalysis datasets. For NCEP-1 and NCEP-2, the tropiedbspheric warming region extends to
10hPa where it maximises, and the 2039 upper tropospheric cooling is largely missing. The
major differences of the NCEP-1 and NCEP-2 systems fromeahent four reanalysis systems in-
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clude the lower model top height (3 hPa), older forecast madd assimilation scheme (of the
1990s; see Table 1), and the use of retrieved temperatuacfatathe assimilation of SSU, MSU,
and AMSU-A data. It is possible that these factors may beamsiple for the different signals of
the El Chichon eruption in NCEP-1 and NCEP-2. (See also di&ou on the results for the Mount
Pinatubo eruption below.) For 20CR, tropical stratosghwdrming is present, but again, this is due
to the specified volcanic aerosols in the forecast model.

Free and Lanzante (2009) and Randel (2010) analysed thetatage signals for the EI Chichén
eruption using different homogenized radiosonde datagekslly up to the 3GPa level. The dis-
tribution of the tropical lower stratospheric warming sagjis similar, though the peak warming is
greater, i.e., 1.6-K for Free and Lanzante (2009, their Figure 3) and 25-#8r Randel (2010,
his Figure 4). (Note that Free and Lanzante defined the vidcagnals as the difference between
the 24 month average after the eruption and the 24 month gevdrafore the eruption, but we use
the same definition of volcanic signals as Randel (2010) &ticbbtain roughly a factor of two
discrepancy in tropical lower stratospheric warming (1.BK from the reanalyses versus 2.3<3
from the radiosondes).) Free and Lanzante (2009) also sta®20 N upper tropospheric cooling
of 0.6—-0.9K.

Figure 5 shows the temperature signals for the Mount Pime&ubption. For the latest four re-
analysis datasets, i.e., JRA-55, MERRA, ERA-Interim, ai@HR-CFSR, the tropical lower strato-
spheric warming of 2.0-2R (depending on datasets) centred around 504+30is a common sig-
nal. In the upper troposphere, a cooling (0.440)&t 20-30 N and at 15-45S can be seen, with
the latter somewhat greater. JRA-25 shows similar upppospheric features and relatively similar
lower stratospheric features, though for the latter, themirrg magnitude is smaller and the “ran-
dom” variability becomes large above thelda level because of the reason described above (i.e.,
the cold bias and its disappearance in 1998). For NCEP-1 &#P\2, the tropical tropospheric
and stratospheric features are similar to those for thetlédear reanalysis datasets, though the lower
stratospheric warming magnitude is slightly smaller thamiost of the other reanalyses. Compar-
ing with the El Chichén case, the NCEP-1 and NCEP-2 systemkeaganuch better to capture the
Mount Pinatubo signals for some reasons. For 20CR, thecimbptratospheric warming is not de-
tected. This is because of the unknown warming signals inRRBICL989 and in 1990 (see Fig. 3)
that raised the 36 month averaged base in the volcanic sitgfi@ition. As in Fig. 3, there are no
relevant signals in AOD around 1989-1990. Thus, the unknearming signals are likely due to
unrealistic (unforced) variations in the 20CR system.

The temperature signals for the Mount Pinatubo eruptionvehio Randel (2010) are similar to
the present results both in the tropical-midlatitude esphere and troposphere, though Randel’s
stratospheric warming peak value is somewhat greateyI{) and his upper tropospheric cooling
is somewhat greater (0.5Kl) and more uniform in latitude. On the other hand, Free andaate
(2009) show that the lower stratospheric warming signaplig sear the equator with two maxima



275

280

285

290

295

300

305

(1.6-2K at 10 N and> 2K at 158 S, both at 70-58Pa) and that the upper tropospheric cooling
signal has its peak (0.9-1k2 around 20 S. In summary, the recent four reanalysis datasets (i.e.,
JRA-55, MERRA, ERA-Interim, and NCEP-CFSR) give more cet®sit signals for both eruptions
compared to the two radiosonde data analyses using diffe@nogenized datasets by Free and
Lanzante (2009) and Randel (2010).

3.2 The 1958-2001 Analysis

The multiple regression analysis is applied to the four abesis datasets, namely, JRA-55, ERA-40,
NCEP-1, and 20CR which cover the period of 1958-2001. Figushows temperature variations
associated with the QBO, solar cycle, and ENSO from JRA-58n@aring with the 1979-2009
analysis results shown in Fig. 1, all variations are quiteilgir, with the statistically significant
regions for the solar cycle variation being much greateh liothe tropical stratosphere and in the
tropical troposphere. The same is true for NCEP-1 (not sho2®CR does not have QBO and
stratospheric solar-cycle signals, but does show ENSQakign both 1979-2009 and 1958-2001
analyses; the 20CR ENSO signals are similar to those fromtladir reanalysis datasets. ERA-40
shows similar results to JRA-55 except for the solar cycleatian. In ERA-40, the tropical lower
stratospheric warming signal in association with the solale is very weak and not symmetric
about the equator, in contrast to the results by Crooks aag 005) and Mitchell et al. (2015)
who both applied a regression analysis during the perio§427G01.

Figure 7 shows the time series of residil) and stratospheric AOD averaged over the trop-
ics for the period between 1958 and 2001. The AOD time sefiews the timing of the Mount
Agung eruption in March 1963 as well as the ElI Chich6n and M&inatubo eruptions. The fea-
tures at both 50 and 30@a for the ElI Chichén and Mount Pinatubo eruptions are quitalaim
to the 1979-2009 analysis results shown in Fig. 3, inclutieg20CR’s smaller and slower Mount
Pinatubo signal at 50Pa. For the Mount Agung eruptiony 2.5 K peak warming is seen within one
year after the eruption except for 20CR. At 30x, a sudden cooling occurred about one year later,
i.e., in mid-1964 for all the datasets, which is probablatedl to the Mount Agung eruption. The
cooling might have continued for more than one year. ERAH®\s anomalous- 1 K warming
in the mid-1970s at both levels, which are not present inratk@nalysis datasets (see also Fig. 14
of Kobayashi et al., 2015). The AOD time series in Fig. 7 shavgsnall increase in the mid-1970s
which is probably due to the eruption of Mount Fuego (¥ 91° W), Guatemala, in October—
December 1974 (VEI 4, Smithsonian Institution National Ew® of Natural History Global Vol-
canism Program, http://www.volcano.si.edu/, last aceggsugust 2015). But, the magnitude and
the sign (i.e., warming) at 300 hPa seems unrealistic. Bdfu introduction of horizontally dense
satellite measurements in 1979, the upper-air temperetwenstrained basically only by horizon-
tally inhomogeneous, relatively sparse radiosonde datg €sg., Fig. 2 of Uppala et al., 2005). Also,
the ERA-40 system is a relatively old system (the 2001 varsiothe ECMWF analysis system).
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These two facts are possible reasons for the ERA-40’s amusalarming in the mid-1970s. A
stream change of the reanalysis execution could also beeatmdtreason. For the ERA-40, there
were three execution streams, that is, 1989-2002, 1952-48d 1972-1988 (Uppala et al., 2005).
But the stream change point of 1972 is unlikely to explainghemalous warming starting around
the end of 1974.

Figure 8 shows the temperature signals for the Mount Aguagtem from 4 different reanalysis
datasets. All except 20CR show Southern Hemisphere lowagiospheric warming centred at 40—
30° S and 100-5@Pa, with an extension to equatorial latitudes atd®. The maximum warming
value varies with dataset, that is, 1.8<2or NCEP-1, 2—-2.4& for JRA-55, and 2.4-2 R for ERA-
40. The reason for the weak signal in 20CR is in the fact th&R20oes not assimilate upper-air
temperature observations but does consider volcanic@édoasling in the forecast model. The mod-
elled aerosol loading was probably too weak to simulate dlest stratospheric warming signals.
For all the four reanalysis datasets, the BB@ cooling shown in Fig. 7 is not captured with the
current volcanic-signal definition (i.e., 12 month averaer the eruption started).

Free and Lanzante (2009) showed a very similar Southern $idraie midlatitude lower strato-
spheric warming signat{ 2 K) in association with the Mount Agung eruption using a hormzed
radiosonde dataset. Sato et al. (1993) showed that theodessitted from the Mount Agung erup-
tion were transported primarily to the Southern Hemisph&he uncertainty of the Mount Agung
signal is considered to be much greater than that of the ElH@hi and Mount Pinatubo signals be-
cause of the unavailability of satellite temperature daténg the 1960s and because of the limited
number of available reanalysis datasets. A tentative csiuanh is that the JRA-55 dataset is the most
reliable for studies of the Mount Agung eruption, since itisrently the only available dataset that
employs the most up-to-date reanalysis system.

The EI Chichon signal from the 1958-2001 analysis (not shasvwmery similar to the one from
the 1979-2009 analysis for JRA-55 and 20CR shown in Fig. A N&QEP-1, the warming signal
in the tropical 30-10Pa region shown in Fig. 4 becomes weaker, thus showing betreeagent
with the results from the modern reanalysis datasets @A;55). ERA-40 shows similar signal
to JRA-55 at least up to the lPa level globally. The Mount Pinatubo signal from the 1958—P00
analysis (not shown) is very similar to the one from the 120®9 analysis for JRA-55, NCEP-1,
and 20CR. ERA-40 shows similar signal to JRA-55 at least upe®0hPa level globally.

Figure 9 provides a useful summary plot for the volcanicaffen the temperature at bBa and
at 300hPa using JRA-55 from the 1958-2001 analysis together with t®Aatitudinal time se-
ries. The aerosol loading due to the Mount Agung eruption ard¥t 1963 extended primarily to the
Southern Hemisphere, that due to the EI Chichdn eruptiorpiil A982 was very large in the tropics
and extended primarily to the Northern Hemisphere, anddbatto the Mount Pinatubo eruption
in June 1991 was very large in the tropics and extended to tatiispheres. The tropical lower
stratosphere warmed after these three major volcaniciengpivith a time scale of 1-2ars. The
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warming after the Mount Agung eruption is not equatoriajlgnsnetric and is shifted to the Southern
Hemisphere and to somewhat lower levels, in associatiom thié distribution of aerosol loading.

The tropical troposphere became cooler after the Mountt@eaeruption but the tropospheric re-
sponse is not as clear for the other two eruptions. The htifhide response is also unclear both in
the troposphere and stratosphere due to high random wessatihat mask any volcanic signals, if

they exist.

4 Conclusions

Monthly and zonal mean temperature data from nine rearsatistiasets were analysed to charac-
terize the response to the three major volcanic eruptiongagithe 1960s to 1990s. Multiple linear
regression analysis was applied to evaluate seasonalioagatrends, QBO, solar cycle and ENSO
components, and the residual time serfi¥$) was assumed to be composed of volcanic signals and
random variations. The volcanic signals were defined asiffe¥ehce between the 12 month aver-
agedR(t) after each eruption and the 36 month averaét) before each eruption. Two separate
analyses were performed, that is, one for the period 19738-2Blyears) using eight reanalysis
datasets and the other for 1958—2001d#s) using four reanalysis datasets. The former covered
the eruptions of El Chichén (April 1982) and Mount Pinatullare 1991), while the latter also
covered the eruption of Mount Agung (March 1963).

The general features of the response to QBO, solar cycle&sHS®D were found to be quite similar
to those shown in Mitchell et al. (2015) who also used a migltimear regression with different
methodological details, in particular, considering a aolic index as well. Also, these signals were
at least qualitatively similar among reanalysis dataseits, a notable exception that 20CR shows
no QBO signals and no tropical stratospheric solar response

The latitude-pressure distribution of EI Chichén and MoBirtatubo temperature response was
quite similar at least among the recent four reanalysissétsdJRA-55, MERRA, ERA-Interim, and
NCEP-CFSR) and between the 1979-2009 and 1958-2001 améafgsehe Mount Pinatubo erup-
tion, tropical lower stratospheric warming and tropicapeptropospheric cooling were observed.
For the EI Chichén eruption, tropical lower stratospherarming was observed, but tropospheric
cooling was much weaker than the Mount Pinatubo case. Fdvithent Agung eruption, JRA-55,
ERA-40, and NCEP-1 showed Southern Hemisphere lower sphtgic warming centred at 40—
30° S and 100-5@Pa, with an equatorial extension to h®a. Thus, the Agung signal was asym-
metric about the equator and very different from the El Céichnd Pinatubo signals. We suggest
that this may be due to differences in the transport of vatcaarosols (Sato et al., 1993).

Evidently the temperature responses were different féewdift volcanic eruptions. In particular,
wide-spread upper tropospheric cooling was observed amlyhe Mount Pinatubo case, and the

Mount Agung lower stratospheric response was found to b@amtric about the equator. The char-
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380 acteristics in the temperature response are related toahgport of stratospheric aerosols together
with the amount of sulphur species emitted into the strdtesg Depending on the location, season,
and magnitude of the eruption, the climatic response carebedifferent (e.g., Trepte and Hitch-
man, 1992). This needs to be taken into account when evadutite stratospheric sulphur injection
as a geo-engineering option, and thus accurate estimati@tisatospheric circulation and transport

385 are essential for assessing the climate impacts. Alsopitldibe noted that accurate evaluation of
naturally induced variability such as QBO, solar cycle, &NSO is necessary to detect the effects
of artificial injection.

Finally, we conclude that the four most recently developeanalysis datasets, i.e., JRA-55,
MERRA, ERA-Interim, and NCEP-CFSR are equally good for &sdn the response to the El Chichdn

390 and Mount Pinatubo eruptions. The NCEP-1, NCEP-2, and JRghawed different tropical strato-
spheric signals particularly for the EI Chichon eruptidmugh the original upper-air temperature
observations assimilated are basically common, and thisoist probably in association with the
use of older analysis systems. The 20CR did not assimilgtersgr observations and gives very
different volcanic signals, despite including volcanicas®ls in the forecast model. Of the currently

395 available datasets that extend back far enough (JRA-55 -HRAICEP-1, and 20CR) the JRA-55
dataset is probably the most ideally suited for studies efrésponse to the Mount Agung eruption
because it is the only dataset that employs the most recamalyesis system.
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Figure 1. Latitude—pressure distribution of the temperature variations in associatio(top left) QBO 2thPa
zonal wind index, (top right) QBO 50Pa zonal wind index, (bottom left) solar cycle index, and (bottom right)
ENSO index from JRA-55 reanalysis data for the period 1979-2008.urits are in Kelvin per standard
deviation (SD) of each index (note that each index time 