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Abstract

Global temperature response to the eruptions of Mount Agung in 1963, El Chichón
in 1982 and Mount Pinatubo in 1991 is investigated using nine reanalysis datasets
(JRA-55, MERRA, ERA-Interim, NCEP-CFSR, JRA-25, ERA-40, NCEP-1, NCEP-2,
and 20CR). Multiple linear regression is applied to the zonal and monthly mean time5

series of temperature for two periods, 1979–2009 (for eight reanalysis datasets) and
1958–2001 (for four reanalysis datasets), by considering explanatory factors of sea-
sonal harmonics, linear trends, Quasi-Biennial Oscillation, solar cycle, and El Niño
Southern Oscillation. The residuals are used to define the volcanic signals for the
three eruptions separately. In response to the Mount Pinatubo eruption, most reanal-10

ysis datasets show strong warming signals (up to 2–3 K for one-year average) in the
tropical lower stratosphere and weak cooling signals (down to −1 K) in the subtrop-
ical upper troposphere. For the El Chichón eruption, warming signals in the tropical
lower stratosphere are somewhat smaller than those for the Mount Pinatubo erup-
tion. The response to the Mount Agung eruption is asymmetric about the equator with15

strong warming in the Southern Hemisphere midlatitude upper troposphere to lower
stratosphere. The response to three other smaller-scale eruptions in the 1960s and
1970s is also investigated. Comparison of the results from several different reanaly-
sis datasets confirms the atmospheric temperature response to these major eruptions
qualitatively, but also shows quantitative differences even among the most recent re-20

analysis datasets.

1 Introduction

Explosive volcanic eruptions inject sulphur species to the stratosphere in the form of
SO2 and H2S which convert to H2SO4 aerosols. These aerosols are then transported
both vertically and horizontally into the stratosphere by the Brewer–Dobson circula-25

tion (Butchart, 2014), stay there to perturb the radiative budget on a timescale of a few
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years, and thus affect global climate (Robock, 2000). The stratospheric volcanic aerosol
layer is heated by absorption of near-infrared solar radiation and upward longwave ra-
diation from the troposphere and surface. In the troposphere, the reduced near-infrared
solar radiation is compensated by the additional downward longwave radiation from the
aerosol layer. At the surface, large reduction in direct shortwave radiation due to the5

aerosol layer mainly contributes to net cooling there.
Stratospheric aerosol optical depth (AOD) is an indicator of volcanic eruptions that

affect global climate and has been estimated from various information (e.g., Sato et al.,
1993; Robock, 2000; Vernier et al., 2011). Since 1960 astronomical observations such
as solar and stellar extinction and lunar eclipses have become available from both10

hemispheres, and since 1979 extensive satellite measurements have begun with the
Stratospheric Aerosol Monitor (SAM) II on the Nimbus-7 satellite. On the other hand,
the global radiosonde network that provides global atmospheric (upper-air) tempera-
ture data has been operating since the 1940s, with improved spatial resolution since
the late 1950s (Gaffen, 1994). Since 1979, again, extensive satellite temperature mea-15

surements have begun with the Microwave Sounding Unit (MSU) and Stratospheric
Sounding Unit (SSU) instruments on the TIROS-N satellite and on the subsequent sev-
eral National Oceanic and Atmospheric Administration (NOAA) satellites. Since 1998,
the Advanced MSU-A (AMSU-A) instruments on several NOAA satellites have provided
global temperature measurements. See, e.g., Cristy et al. (2003), Wang et al. (2012),20

Wang and Zou (2014), Zou et al. (2014), and Nash and Saunders (2015) for these
satellite temperature measurements.

Since the late 1950s, there occurred three major volcanic eruptions that signifi-
cantly affected global climate, which are Mount Agung (8◦ S, 116◦ E), Bali, Indonesia
in March 1963, El Chichón (17◦ N, 93◦ W), Chiapas, Mexico in April 1982, and Mount25

Pinatubo (15◦ N, 120◦ E), Luzon, Philippines in June 1991. The volcanic explosivity in-
dex (VEI) of these eruptions are 6 for Mount Pinatubo, 5 for El Chichón, and 4 for Mount
Agung (Robock, 2000). Free and Lanzante (2009) and Randel (2010) used homoge-
nized radiosonde datasets while Santer et al. (2001) and Soden et al. (2002) used MSU
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satellite data to investigate the tropospheric and stratospheric temperature response
to these eruptions. When extracting the volcanic signals, one needs a good evaluation,
at the same time, of the components of El Niño Southern Oscillation (ENSO), Quasi-
Biennial Oscillation (QBO), and 11 year solar cycle as well as seasonal variations and
linear trends. Each of the above four studies used a variety of regression analyses.5

An atmospheric reanalysis dataset is constructed as a best estimate of the past state
of the atmosphere using atmospheric observations with a fixed assimilation scheme
and a fixed global forecast model (Trenberth and Olson, 1988; Bengtsson and Shukla,
1988). Using a fixed assimilation-forecast model prevents artificial changes being pro-
duced in the analysed fields due to system changes, but as described above, the10

observational data inputs still vary over the period of the reanalysis. Currently, there
are about 10 global atmospheric reanalysis datasets available worldwide. Table 1 lists
the reanalysis datasets considered in this study. It is known that different reanalysis
datasets give different results for the same diagnostic. Depending on the diagnostic,
the different results may be due to differences either in the observational data assim-15

ilated, the assimilation scheme or forecast model, or any combination of these (see,
e.g., Fujiwara et al., 2012 for a list of some examples). It is therefore necessary to
compare all (or some of the newer) reanalysis datasets for various key diagnostics for
understanding of the data quality and for future reanalysis improvements (Fujiwara and
Jackson, 2013).20

Recently, Mitchell et al. (2015) analysed temperature and zonal wind data from nine
reanalysis datasets using a linear multiple regression technique during the period from
1979 to 2009 by considering QBO, ENSO, AOD as a volcanic index, and solar cycle,
with a focus on the solar cycle response. However, the volcanic response shown by
Mitchell et al. is a combined response due to the major eruptions over the period 1979–25

2009 (i.e., El Chichón in 1982 and Mount Pinatubo in 1991).
Investigation of climatic response to individual volcanic eruptions using reanalysis

datasets is rather limited. For example, Harris and Highwood (2011) showed global
mean surface temperature changes following the Pinatubo eruption using NCEP-1 and
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ERA-40 reanalysis data for comparison with their model experiments. Analysing all
available reanalysis datasets for the 20th-century three major eruptions separately and
for the region covering both troposphere and stratosphere will provide valuable infor-
mation for model validation as well as on the current reanalysis data quality for captur-
ing volcanic signals. Such an analysis would also be valuable when assessing one of5

the proposed geoengineering options, i.e., stratospheric aerosol injection to counteract
global surface warming (e.g., Crutzen, 2006; Robock et al., 2013).

In the present study, we analyse zonal and monthly mean temperature data from
nine reanalysis datasets to investigate the response to the Mount Agung, El Chichón
and Mount Pinatubo eruptions separately. Three other smaller-scale eruptions, Mount10

Awu (4◦ N, 125◦ E), Indonesia in August 1966 (VEI 4, Sato et al., 1993), Fernand-
ina Island (0◦ S, 92◦ W) in the Galápagos Islands in June 1968 (VEI 4, Sato et al.,
1993), and Mount Fuego (14◦ N, 91◦ W), Guatemala, in October–December 1974 (VEI
4, Smithsonian Institution National Museum of Natural History Global Volcanism Pro-
gram, http://www.volcano.si.edu/, last accessed March 2015), are also analysed us-15

ing the same method. The temperature response to the Mount Agung eruption and
other three eruptions during the 1960s and 1970s is investigated using four reanal-
ysis datasets (JRA-55, ERA-40, NCEP-1, and 20CR) that cover the period back to
the 1960s. A multiple regression technique is used to remove the effects of seasonal
variations, linear trends, QBO, solar cycle, and ENSO, and the residual time series is20

assumed to be composed of volcanic effects and random variations. The remainder
of this paper is organized as follows. Section 2 describes the datasets and analysis
method. Section 3 provides results and discussion. Finally, Sect. 4 lists the main con-
clusions.

2 Data and method25

Monthly mean pressure-level temperature data from the nine reanalysis datasets listed
in Table 1 were downloaded from each reanalysis-centre website or the US National
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Center for Atmospheric Research (NCAR) Research Data Archive (http://rda.ucar.
edu/). Zonal means were derived for each dataset before the analysis. All the reanal-
ysis datasets except 20CR assimilated upper-air temperature measurements from ra-
diosondes and from SSU, MSU, and AMSU-A satellite instruments, with varied assimi-
lation techniques. 20CR assimilated only surface pressure reports and used observed5

monthly sea-surface temperature and sea-ice distributions as boundary conditions for
the forecast model. Note also that for the 20CR, annual averages of volcanic aerosols
were specified in the forecast model. Therefore, 20CR is expected to show volcanic
signals even though it did not assimilate upper-air temperature data. Among other re-
analysis datasets, only NCEP-CFSR included stratospheric volcanic aerosols in the10

forecast model. See Mitchell et al. (2015) for further technical comparisons among
different reanalysis datasets. 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 each reanalysis dataset. For a di-
rect intercomparison, we define two analysis periods, namely, between 1979 and 200915

(31 years) for eight reanalysis datasets (all except ERA-40) and between 1958 and
2001 (44 years) for four reanalysis datasets (JRA-55, ERA-40, NCEP-1, and 20CR).
The former covers the eruptions of El Chichón in 1982 and Mount Pinatubo in 1991,
while the latter also covers the eruption of Mount Agung in 1963 and three other
smaller-scale eruptions during the 1960s and 1970s. Results from JRA-55, NCEP-1,20

and 20CR for the El Chichón and Mount Pinatubo eruptions for the two different-period
analyses also provide an opportunity to investigate sensitivity to the choice of analysis
period.

A multiple regression technique is applied to extract volcanic signals (e.g., Randel
and Cobb, 1994; Randel, 2010; von Storch and Zwiers, 1999, Chapt. 8.4). First, all25

major variabilities, except for volcanic effects, were evaluated and subtracted from the
original zonal and monthly mean temperature data. The major variabilities include sea-
sonal harmonics of the form, a1 sinωt+a2 cosωt+a3 sin2ωt+a4 cos2ωt+a5 sin3ωt+
a6 cos3ωt, with ω = 2π/(12mon), linear trends, two QBO indices, ENSO, and solar cy-
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cle. For the latter five climatic indices, the six seasonal harmonics and a constant are
further considered to construct seven indices for each of the five indices, as was done
by Randel and Cobb (1994). For the two QBO indices, we use 20 and 50 hPa monthly
mean zonal wind data taken at equatorial radiosonde stations provided by the Freie
Universität Berlin. The cross-correlation coefficient for these two QBO indices is −0.245

for 1979–2009 and −0.21 for 1958–2001. For the ENSO index, we use the Niño 3.4
index, which is a standardized sea surface temperature anomaly in the Niño 3.4 region
(5◦ N–5◦ S, 170–120◦ W), provided by the NOAA Climate Prediction Center. As is often
done, a time lag for atmospheric response is considered for the ENSO index. We chose
4 months for the lag, following Free and Lanzante (2009). We confirmed that changing10

the ENSO lag from 0 to 6 months gives somewhat different ENSO signals particularly
in the tropical stratosphere but does not alter other signals, including volcanic signals,
significantly. For the solar cycle index, we use solar 10.7 cm flux data provided by the
NOAA Earth System Research Laboratory. The multiple regression model that we use
in this study is therefore,15

Y (t) = a0 +
41∑
l=1

alxl (t)+R(t), (1)

where Y (t) is the zonal and monthly mean temperature time series at a particular lat-
itude and pressure grid point, and al is the least squares solution of a parameter for
climatic index time series xl (t). R(t) is the residual of this model which is assumed to
be composed of volcanic signals and random variations (Randel, 2010). Then, by fol-20

lowing Randel (2010), the volcanic signal for each eruption is defined as the difference
between the 12 month averaged R(t) after each eruption and the 36 month averaged
R(t) before each eruption. There are several other possible minor variations for the
methodological details, i.e., for the multiple regression model, the choice of particular
index datasets, and the volcanic signal definition. The use of a consistent methodology25

is important for comparisons of different datasets. Where possible, however, we will
discuss the methodological dependence below.
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3 Results and discussion

3.1 The 1979–2009 analysis

Figures 1 and 2 show temperature variations in association with QBO, solar cycle and
ENSO from JRA-55 and MERRA, respectively, for the region from 1000 to 1 hPa. The
coloured regions are those evaluated as statistically significant at the 95 % confidence5

level (von Storch and Zwiers, 1999, Chapt. 8.4.6), with an effective degree of freedom
where data are assumed to be independent for every three months. Comparing with
the results from Mitchell et al. (2015) who used a regression analysis with different de-
tails, the setting of this effective degree of freedom may be somewhat too conservative.
The general features are quite similar to those shown in Mitchell et al. (2015) although10

they also considered a volcanic index in the multiple regression analysis. The two QBO
variations are displaced vertically in a quarter cycle in the tropics because of their
downward phase propagation. The temperature QBO has off-equatorial out-of-phase
signals centred around 30◦ N and around 30◦ S because of the associated secondary
meridional circulation (Baldwin et al., 2001). The major features of the solar cycle vari-15

ations are the tropical lower stratospheric warming. The ENSO features include the
tropical tropospheric warming and a hint of tropical stratospheric cooling, although the
statistical significance of this latter signal is weak. The strength of this cooling signal is
sensitive to the choice of the time lag for the ENSO index (4 months in this study and 0
month in Mitchell et al., 2015). There also exists midlatitude lower stratospheric warm-20

ing in both hemispheres for ENSO. The signals of QBO, solar cycle, and ENSO in the
other 6 reanalysis datasets (ERA-Interim, NCEP-CFSR, JRA-25, NCEP-1, NCEP-2,
and 20CR; not shown) are also similar to those in Mitchell et al. (2015). 20CR shows no
QBO signals and no tropical stratospheric solar response. NCEP-CFSR shows weaker
tropical lower stratospheric solar cycle warming. The overall agreement with the results25

in Mitchell et al. (2015) supports the assumption that the residual R(t) is composed of
volcanic signals and random variations.
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Figure 3 shows the residual time series averaged for 30◦ N–30◦ S at 50 and at
300 hPa together with the lower-to-middle stratospheric AOD time series averaged for
27.4◦ N–27.4◦ S provided by the NASA Goddard Institute for Space Studies (Sato et al.,
1993). The AOD time series clearly shows the timing of the El Chichón eruption and
Mount Pinatubo eruption and the duration of their impact on the stratospheric aerosol5

loading. At 50 hPa, all reanalysis datasets show 1–2 K peak warming within one year
after the El Chichón eruption, and most (except 20CR and JRA-25) show 2–2.5 K peak
warming within one year after the Mount Pinatubo eruption. As described in Sect. 2,
20CR does not assimilate upper-air data, but incorporates annual averages of volcanic
aerosols in the forecast model. Thus, 20CR shows a warming signal in association10

with both eruptions, though the one for Mount Pinatubo is smaller and slower. 20CR
also shows warming signals in 1989 and in 1990 though all other datasets do not
show the corresponding signals. The warming in JRA-25 is ∼ 1 K smaller than other
reanalysis datasets except 20CR. This cold bias can be seen at least during the period
1988–1994. This may be in part due to the known stratospheric cold bias in JRA-2515

(Onogi et al., 2007). The radiative scheme used in the JRA-25 forecast model has
a known cold bias in the stratosphere, and the TOVS SSU/MSU measurements do not
have enough number of channels to correct the model’s cold bias; after introducing the
ATOVS AMSU-A measurements in 1998, such a cold bias disappeared in the JRA-
25 data product. As described in Sect. 2, NCEP-CFSR is the only reanalysis (except20

20CR) that included stratospheric volcanic aerosols in the forecast model, but no clear
difference is found in comparison with other recent reanalysis datasets. At 300 hPa,
all reanalysis datasets show 0.4–0.8 K peak cooling within one year after the Mount
Pinatubo eruption. No clear signals are found at 300 hPa for the El Chichón eruption.
Note that the SD of the residual time series is ∼ 1 K for tropical 50 hPa and ∼ 0.3 K25

for tropical 300 hPa for all the datasets; thus, the volcanic signals discussed above are
distinguishable from random variations.

Figure 4 shows the temperature signals for the El Chichón eruption from the 8 reanal-
ysis datasets. As described in Sect. 2, the volcanic signal is defined as the difference
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between the 12 month averaged R(t) after each eruption and the 36 month averaged
R(t) before each eruption. The coloured regions are also defined by following Ran-
del (2010), i.e., as those regions with positive (negative) values more (less) than twice
the SD of annual mean residual R(t). The annual mean is taken here because of the
use of 12 month average in the volcanic signal definition. For the most recent four re-5

analysis datasets, i.e., JRA-55, MERRA, ERA-Interim, and NCEP-CFSR, the tropical
lower stratospheric warming of 1.2–1.6 K centred around 50–30 hPa is a common sig-
nal. There are also Northern Hemisphere midlatitude lower stratospheric warming and
tropical upper stratospheric cooling signals, though the latter is comparable to random
variations in some of the four datasets and thus its statistical significance is weak. The10

tropical and midlatitude troposphere is only weakly cooling, with a maximum cooling
(0.4–0.8 K) occurring in the upper troposphere at 20–30◦ N. For JRA-25, the tropical
lower stratospheric warming is confined around 100–50 hPa with (statistically insignifi-
cant) cooling signals around 50–10 hPa. This may be due to the cold bias in JRA-25 as
described in the previous paragraph. The tropospheric features in JRA-25 are similar15

to those in the latest four reanalysis datasets. For NCEP-1 and NCEP-2, the tropical
stratospheric warming region extends to 10 hPa where it maximises, and the 20–30◦ N
upper tropospheric cooling is largely missing. For 20CR, tropical stratospheric warming
is present, but this is due to the specified volcanic aerosols in the forecast model.

Free and Lanzante (2009) and Randel (2010) analysed the temperature signals for20

the El Chichón eruption using different homogenized radiosonde datasets globally up
to the 30 hPa level. The distribution of the tropical lower stratospheric warming signal is
similar, though the peak warming is greater, i.e., 1.6–2 K for Free and Lanzante (2009)
and 2.5–3 K for Randel (2010). (Note that Free and Lanzante defined the volcanic
signals as the difference between the 24 month average after the eruption and the25

24 month average before the eruption.) Free and Lanzante (2009) also show a 20–
30◦ N upper tropospheric cooling of 0.6–0.9 K.

Figure 5 shows the temperature signals for the Mount Pinatubo eruption. For the
latest four reanalysis datasets, i.e., JRA-55, MERRA, ERA-Interim, and NCEP-CFSR,
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the tropical lower stratospheric warming of 2.0–2.8 K (depending on datasets) centred
around 50–30 hPa is a common signal. In the upper troposphere, a cooling (0.4–0.8 K)
at 20–30◦ N and at 15–45◦ S can be seen, with the latter somewhat greater. JRA-25
shows similar upper tropospheric features and relatively similar lower stratospheric fea-
tures, though for the latter, the warming magnitude is smaller and the “random” variabil-5

ity becomes large above the 50 hPa level because of the reason described above. For
NCEP-1 and NCEP-2, the tropical tropospheric and stratospheric features are similar
to those for the latest four reanalysis datasets, though the lower stratospheric warming
magnitude is somewhat small. For 20CR, the tropical stratospheric warming is not de-
tected. This is because of the unknown warming signals in 20CR in 1989 and in 199010

(see Fig. 3) that raised the 36 month averaged base in the volcanic signal definition.
The temperature signals for the Mount Pinatubo eruption shown in Randel (2010)

are similar to the present results both in the tropical-midlatitude stratosphere and tropo-
sphere, though Randel’s stratospheric warming peak value is somewhat greater (∼ 3 K)
and his upper tropospheric cooling is somewhat greater (0.5–1 K) and more uniform in15

latitude. On the other hand, Free and Lanzante (2009) show that the lower strato-
spheric warming signal is split near the equator with two maxima (1.6–2 K at 10◦ N and
> 2 K at 15◦ S, both at 70–50 hPa) and that the upper tropospheric cooling signal has
its peak (0.9–1.2 K) around 20◦ S. In summary, the latest four reanalysis datasets give
more consistent signals for both eruptions compared to the two radiosonde data anal-20

yses using different homogenized datasets by Free and Lanzante (2009) and Randel
(2010).

3.2 The 1958–2001 analysis

The multiple regression analysis is applied to the four reanalysis datasets, namely,
JRA-55, ERA-40, NCEP-1, and 20CR which cover the period of 1958–2001. Figure 625

shows temperature variations associated with the QBO, solar cycle, and ENSO from
JRA-55. Comparing with the 1979–2009 analysis results shown in Fig. 1, all variations
are quite similar, with the statistically significant regions for the solar cycle variation
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being much greater both in the tropical stratosphere and in the tropical troposphere.
The same is true for NCEP-1 (not shown). 20CR does not have QBO and strato-
spheric solar-cycle signals, but does show ENSO signals in both 1979–2009 and 1958–
2001 analyses; the 20CR ENSO signals are similar to those from all other reanalysis
datasets. ERA-40 shows similar results to JRA-55 except for the solar cycle variation.5

In ERA-40, the tropical lower stratospheric warming signal in association with the so-
lar cycle is very weak and not symmetric about the equator, in contrast to the results
by Crooks and Gray (2005) and Mitchell et al. (2015) who both applied a regression
analysis during the period 1979–2001.

Figure 7 shows the time series of residual R(t) and stratospheric AOD averaged10

over the tropics for the period between 1958 and 2001. The AOD time series shows
the timing of the Mount Agung eruption in March 1963 as well as the El Chichón and
Mount Pinatubo eruptions. The features at both 50 and 300 hPa for the El Chichón and
Mount Pinatubo eruptions are quite similar to the 1979–2009 analysis results shown
in Fig. 3, including the 20CR’s smaller and slower Mount Pinatubo signal at 50 hPa.15

For the Mount Agung eruption, ∼ 2.5 K peak warming is seen within one year after the
eruption except for 20CR. At 300 hPa, a sudden cooling occurred in mid-1964 for all
the datasets, which is probably related to the Mount Agung eruption. ERA-40 shows
anomalous ∼ 1 K warming in the mid-1970s at both levels, which are not present in
other reanalysis datasets (see also Fig. 14 of Kobayashi et al., 2015).20

Figure 8 shows the temperature signals for the Mount Agung eruption from 4 different
reanalysis datasets. All except 20CR show Southern Hemisphere lower stratospheric
warming centred at 40–30◦ S and 100–50 hPa, with an extension to equatorial lati-
tudes at 50 hPa. The maximum warming value varies with dataset, that is, 1.6–2 K for
NCEP-1, 2–2.4 K for JRA-55, and 2.4–2.8 K for ERA-40. The reason for the weak signal25

in 20CR is in the fact that 20CR does not assimilate upper-air temperature observa-
tions but does consider volcanic aerosol loading in the forecast model. The modelled
aerosol loading was probably too weak. The 300 hPa cooling shown in Fig. 7 is not
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captured with the current volcanic-signal definition (i.e., 12 month average after the
eruption started).

Free and Lanzante (2009) showed a very similar Southern Hemisphere midlatitude
lower stratospheric warming signal (> 2 K) in association with the Mount Agung erup-
tion using a homogenized radiosonde dataset. Sato et al. (1993) showed that the5

aerosols emitted from the Mount Agung eruption were transported primarily to the
Southern Hemisphere. Figure 9 shows time-latitude distributions of temperature resid-
ual at 50 hPa and at 300 hPa from JRA-55 and of the stratospheric AOD. The aerosol
loading due to the El Chichón and Mount Pinatubo eruptions was very large in the
tropics and extended to both hemispheres, while that due to the Mount Agung eruption10

extended primarily to the Southern Hemisphere.
The El Chichón signal from the 1958–2001 analysis (not shown) is very similar to the

one from the 1979–2009 analysis for JRA-55 and 20CR shown in Fig. 4. For NCEP-1,
the warming signal in the tropical 30–10 hPa shown in Fig. 4 becomes weaker, thus
showing better agreement with the results from the modern reanalysis datasets (e.g.,15

JRA-55). ERA-40 shows similar signal to JRA-55 at least up to the 10 hPa level globally.
The Mount Pinatubo signal from the 1958–2001 analysis (not shown) is very similar to
the one from the 1979–2009 analysis for JRA-55, NCEP-1, and 20CR. ERA-40 shows
similar signal to JRA-55 at least up to the 20 hPa level globally.

The AOD time series in Figs. 7 and 9 also shows two smaller aerosol loading20

cases, i.e., in 1968/69 and in 1975. The former may correspond to the eruption of
Fernandina Island in the Galápagos Islands, Ecuador in June 1968 (Sato et al., 1993).
The latter may correspond to the eruption of Mount Fuego, Guatemala, in October–
December 1974 (Smithsonian Institution National Museum of Natural History Global
Volcanism Program, http://www.volcano.si.edu/, last accessed March 2015). The same25

volcanic-signal definition, i.e., the difference between the 12 month averaged R(t) af-
ter each eruption and the 36 month averaged R(t) before each eruption, was applied.
Interestingly, for the Fernandina Island case (Fig. 10), JRA-55 and NCEP-1 show trop-
ical upper tropospheric warming (peak value of 0.4–0.8 K at 300 hPa) and tropical
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100–50 hPa cooling (1.2–1.6 K for JRA-55 and 1.6–2.0 K for NCEP-1), which is op-
posite to the response following the 3 major eruptions previously examined. ERA-40
shows a similar tropical lower stratospheric cooling, and ERA-40 and 20CR shows
much weaker tropical tropospheric warming. It is possible that the upper tropospheric
warming signal is a radiative response to aerosols that did not penetrate so deeply into5

the stratosphere. In addition, despite the inclusion of QBO indices in the regression
analysis, the residual signal (interpreted as the volcanic response) has a structure in
the stratosphere similar to the QBO response, with a tropical signal whose sign alter-
nates in the vertical direction plus a weaker subtropical response of opposite sign. For
the Mount Fuego case (not shown), ERA-40 showed very different signals from other10

three reanalysis datasets, as can be inferred from Fig. 7, and all four datasets basi-
cally showed no substantial signal exceeding twice the SD of annual mean residual.
There also occurred an eruption of Mount Awu, Indonesia in August 1966 (Sato et al.,
1993), but the AOD time series do not show any substantial signal (Fig. 7). The same
volcanic analysis for Mount Awu eruption showed cooling (0.8–1.6 K) in the Southern15

Hemisphere midlatitude lower stratosphere for all the four datasets (not shown).
Figure 9 provides a useful summary plot for the volcanic effects on the tempera-

ture using JRA-55 from the 1958–2001 analysis together with the AOD latitudinal time
series. The tropical lower stratosphere warmed after the three major volcanic erup-
tions, Mount Agung in March 1963, El Chichón in April 1982, and Mount Pinatubo in20

June 1991 with a time scale of 1–2 years. The warming after the Mount Agung erup-
tion is not equatorially symmetric and is shifted to the Southern Hemisphere and to
somewhat lower levels, in association with the distribution of aerosol loading. The trop-
ical troposphere became cooler after the Mount Pinatubo eruption but the tropospheric
response is not clear for the other two eruptions. The high latitude response is also25

unclear both in the troposphere and stratosphere due to high random variations that
mask any volcanic signals, if they exist. The smaller-scale Fernandina Island eruption
in June 1968 may have had weak but opposite effects, i.e., tropical lower stratospheric
cooling and tropical upper tropospheric warming.
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4 Conclusions

Monthly and zonal mean temperature data from nine reanalysis datasets were anal-
ysed to characterize the response to the three major volcanic eruptions and three other
smaller-scale eruptions during the 1960s to 1990s. Multiple linear regression analysis
was applied to evaluate seasonal variations, trends, QBO, solar cycle and ENSO com-5

ponents, and the residual time series R(t) was assumed to be composed of volcanic
signals and random variations. The volcanic signals were defined as the difference
between the 12 month averaged R(t) after each eruption and the 36 month averaged
R(t) before each eruption. Two separate analyses were performed, that is, one for the
period 1979–2009 (31 years) using eight reanalysis datasets and the other for 1958–10

2001 (44 years) using four reanalysis datasets. The former covered the eruptions of
El Chichón (April 1982) and Mount Pinatubo (June 1991), while the latter also covered
those of Mount Agung (March 1963), Mount Awu (August 1966), Fernandina Island
(June 1968) and Mount Fuego (October–December 1974).

The general features of the response to QBO, solar cycle, and ENSO were found to15

be quite similar to those shown in Mitchell et al. (2015) who also used a multiple linear
regression with different methodological details, in particular, considering a volcanic
index as well. Also, these signals were at least qualitatively similar among reanalysis
datasets, with a notable exception that 20CR shows no QBO signals and no tropical
stratospheric solar response.20

The latitude-pressure distribution of El Chichón and Mount Pinatubo temperature re-
sponse was quite similar at least among the four latest reanalysis datasets (JRA-55,
MERRA, ERA-Interim, and NCEP-CFSR) and between the 1979–2009 and 1958–2001
analyses. For the Mount Pinatubo eruption, tropical lower stratospheric warming and
tropical upper tropospheric cooling were observed. For the El Chichón eruption, trop-25

ical lower stratospheric warming was observed, but tropospheric cooling was much
weaker than the Mount Pinatubo case. For the Mount Agung eruption, JRA-55, ERA-
40, and NCEP-1 showed Southern Hemisphere lower stratospheric warming centred
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at 40–30◦ S and 100–50 hPa, with an equatorial extension to 50 hPa. Thus, the Agung
signal was asymmetric about the equator and very different from the El Chichón and
Pinatubo signals. We suggest that this may be due to differences in the transport of vol-
canic aerosols (Sato et al., 1993). There were some other smaller-scale tropical erup-
tions during the 1960s and 1970s. Among them, the Fernandina Island case showed5

tropical upper tropospheric weak warming and tropical lower stratospheric cooling, i.e.,
with opposite signs to the three major eruptions. The Awu also showed Southern Hemi-
sphere midlatitude lower stratospheric cooling.

It was found that the temperature response was different for different eruptions even
for the three major eruptions. In particular, wide-spread upper tropospheric cooling was10

observed only for the Mount Pinatubo case. The Mount Agung lower stratospheric re-
sponse was found to be asymmetric about the equator. Smaller-scale eruptions may
have resulted in very different climatic response, such as lower stratospheric cooling,
not warming, although the cases are limited. The characteristics in the temperature re-
sponse are related to the transport of stratospheric aerosols together with the amount15

of sulphur species emitted into the stratosphere. Depending on the location, season,
and magnitude of the eruption, the climatic response can be very different (e.g., Trepte
and Hitchman, 1992). This needs to be taken into account when evaluating the strato-
spheric sulphur injection as a geo-engineering option, and thus accurate estimations of
stratospheric circulation and transport are essential for assessing the climate impacts.20

Also, it should be noted that accurate evaluation of naturally induced variability such
as QBO, solar cycle, and ENSO is necessary to detect the effects of artificial injection.
Finally, reanalysis intercomparison for this case gave us some more confidence on the
volcanic and other naturally induced effects, even if there are several known issues
(e.g., inhomogeneity of observational data) in the current reanalysis systems.25
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Table 1. List of global atmospheric reanalysis datasets considered in this study.

Dataset Centre Period Reference

ERA-Interim ECMWF 1979–present Dee et al. (2011)
ERA-40 ECMWF Sep 1957–Aug 2002 Uppala et al. (2005)
JRA-55 JMA 1958–present Ebita et al. (2011);

Kobayashi et al. (2015)
JRA-25/JCDAS JMA and CRIEP Jan 1979–Jan 2014 Onogi et al. (20 07)
MERRA NASA 1979–present Rienecker et al. (2011)
NCEP-CFSR NOAA/NCEP 1979–2009,

20101–present
Saha et al. (2010)

NCEP-DOE AMIP-II R-2 (NCEP-2) NOAA/NCEP and DOE AMIP-II 1979–present Kanamitsu et al. (2002)
NCEP-NCAR R-1 (NCEP-1) NOAA/NCEP and NCAR 1948–present Kalnay et al. (1996);

Kistler et al. (2001)
NOAA-CIRES 20CR v2 (20CR) NOAA and CIRES/Univ. Colorado Nov 1869–Dec 2012 Compo et al. (2011)

1 The model horizontal resolution has increased in 2010 in the NCEP-CFSR.
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Figure 1. Latitude–pressure distribution of the temperature variations in association with (top
left) QBO 20 hPa zonal wind index, (top right) QBO 50 hPa zonal wind index, (bottom left)
solar cycle index, and (bottom right) ENSO index from JRA-55 reanalysis data for the period
1979–2009. The units are in Kelvin per SD of each index (note that each index time series
was standardized before the regression analysis). Solid and dashed lines denote positive and
negative values, respectively. The contour interval is 0.2 K for QBO, and 0.1 K for solar cycle
and ENSO. Coloured regions denote those greater (orange) and smaller (blue) than random
variations with the 95 % confidence interval at each location.

13337

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/13315/2015/acpd-15-13315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/13315/2015/acpd-15-13315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 13315–13346, 2015

Response to volcanic
eruptions in
reanalyses

M. Fujiwara et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 2. As in Fig. 1 but for MERRA reanalysis data.
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Figure 3. Time series of temperature residual R(t) averaged for 30◦ N–30◦ S for the 1979–2009
regression analysis from eight reanalysis datasets at (a) 50 hPa and (b) 300 hPa. (c) Time
series of aerosol optical depth at 550 nm averaged for 27.4◦ N–27.4◦ S and integrated for the
region 15–35 km. Vertical dotted lines indicate the starting date of the two volcanic eruptions.
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Figure 4. Latitude-pressure distribution of the temperature response to the El Chichón eruption
in April 1982 for the 1979–2009 analysis from eight reanalysis datasets. Solid and dashed
lines denote positive and negative values, respectively. The contour interval is 0.4 K. Coloured
regions denote those with positive and greater (orange) and negative and smaller (blue) than
twice the SD of annual mean residual R(t) at each location.
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Figure 5. As in Fig. 4 but for the Mount Pinatubo eruption in June 1991.
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Figure 6. As in Fig. 1 but for the period 1958–2001.
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Figure 7. As in Fig. 3 but for the 1958–2001 regression analysis from four reanalysis datasets.
Vertical dotted lines indicate the starting date of the six volcanic eruptions.
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Figure 8. As in Fig. 4 but for the Mount Agung eruption in March 1963 for the 1958–2001
analysis from four reanalysis datasets.
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Figure 9. Time-latitude distribution of temperature residual R(t) for the 1958–2001 regression
analysis from JRA-55 reanalysis data at (a) 50 hPa and (b) 300 hPa. Thirteen-month running
average has been taken for R(t). The contour interval is 1.0 K for (a) and 0.25 K for (b). The
regions with 0–1 K (> 1 K) are coloured in orange (red) in (a). The regions with 0 to −0.25 K
(<−0.25 K) are coloured in light (dark) blue. (c) Time-latitude distribution of aerosol optical
depth at 550 nm integrated for the region 15–35 km. The contour interval is 0.04.The regions
with 0.04–0.12 (> 0.12) are coloured in orange (red) in (c).
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Figure 10. As in Fig. 8 but for the Fernandina Island eruption in June 1968.
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