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Abstract: Large explosive volcanic eruptions are capable of injecting considerable amounts of particles
and sulfur gases above the tropopause, causing large increases in stratospheric aerosols. Five major
volcanic eruptions after 1960 (i.e., Agung, St. Helens, El Chichón, Nevado del Ruiz and Pinatubo) have
been considered in a numerical study conducted with a composition-climate coupled model including
an aerosol microphysics code for aerosol formation and growth. Model results are compared between
an ensemble of numerical simulations including volcanic aerosols and their radiative effects (VE) and
a reference simulations ensemble (REF) with no radiative impact of the volcanic aerosols. Differences
of VE-REF show enhanced diabatic heating rates; increased stratospheric temperatures and mean
zonal westerly winds; increased planetary wave amplitude; and tropical upwelling. The impact on
stratospheric upwelling is found to be larger when the volcanically perturbed stratospheric aerosol is
confined to the tropics, as tends to be the case for eruptions which were followed by several months
with easterly shear of the quasi-biennial oscillation (QBO), e.g., the Pinatubo case. Compared to an
eruption followed by a period of westerly QBO, such easterly QBO eruptions are quite different,
with meridional transport to mid- and high-latitudes occurring later, and at higher altitude, with a
consequent decrease in cross-tropopause removal from the stratosphere, and therefore longer decay
timescale. Comparing the model-calculated e-folding time of the volcanic aerosol mass during the
first year after the eruptions, an increase is found from 8.1 and 10.3 months for El Chichón and Agung
(QBO westerly shear), to 14.6 and 30.7 months for Pinatubo and Ruiz (QBO easterly shear). The
corresponding e-folding time of the global-mean radiative flux changes goes from 9.1 and 8.0 months
for El Chichón and Agung, to 28.7 and 24.5 months for Pinatubo and Ruiz.

Keywords: composition-climate model; explosive volcanic eruptions; sulfate aerosols; aerosol
radiative efficiency; stratospheric dynamics; quasi-biennial oscillation

1. Introduction

Surface temperature records [1] have demonstrated that major volcanic eruptions reaching the
stratosphere globally cool the surface by a few tenths of a degree. The stratospheric aerosol layer may
also be perturbed by more moderate eruptions (~0.5–3 Tg-SO2 injected in the upper troposphere and
lower stratosphere [2]), with small but non-negligible impact on global surface temperatures [3]. These
eruptions have contributed to the generally increasing levels of stratospheric aerosols between 2002
and 2010, as observed from measurements by satellite [4]; ground-based lidars [5,6]; and ground-based
sun-photometers, lidar and balloons [7].
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In addition to injecting considerable amounts of particles and sulfur gases above the tropopause,
large explosive eruptions also significantly affect the planetary-scale transport of several other
important stratospheric trace species. Perturbations of stratospheric dynamics result from both
local stratospheric heating (with associated changes of temperature and zonal wind fields), as well as
from climate changes following the increasing scattering of incoming solar radiation by the volcanic
aerosols [8,9]; stratospheric dynamical perturbations may in turn affect surface climate [10]. Climate
changes since the 1960s have also induced dynamical and temperature changes in the stratosphere,
as well as the effects from elevated halogen loading, causing changes in the nature of the volcanic
responses since the 1960s (e.g., when Mt. Agung erupted) compared to Pinatubo.

The radiatively forced changes of the stratospheric circulation during the first two years after
the eruption of Mt. Pinatubo (June 1991) may help explain the observed declining growth rate of
long-lived greenhouse gases (as CH4 and N2O) [11–14], as a result of the increased mid- to high-latitude
stratospheric downward fluxes. Since the stratosphere contains lower CH4 and N2O mixing ratios, a
decline in the observed trends could result from a higher degree of exchange between the stratosphere
and the troposphere [15]. Other important processes that may have affected the tropospheric
abundance of CH4 after the Pinatubo eruption are: (a) the surface cooling, with tropospheric water
vapor decrease as a response, followed by a decrease in OH and a longer CH4 lifetime; (b) Changes in
OH resulting from the perturbed tropospheric UV budget, due to additional aerosol scattering and
stratospheric ozone changes; (c) Increase of sulfate aerosol surface area density (SAD) in the mid-upper
troposphere, thus enhancing heterogeneous chemistry with a decrease of tropospheric NOx and OH.

For major tropical eruptions such as El Chichón and Pinatubo, the initial SO2 plume (located
in the lower stratosphere) undergoes rapid OH oxidation [16,17], thus increasing the amount of gas
phase H2SO4, which can form new nanometer-sized particles via binary homogeneous nucleation of
H2SO4 and H2O [18,19]. The new and existing particles coagulate both among themselves and also
with each other, which together with the condensation of H2SO4 vapor, can grow the particles up
to accumulation-mode sizes [20]. An optically thick cloud of supercooled sulfate aerosols is finally
produced [21–23], which is highly reflective in the visible and ultraviolet UV. This radiative effect is
particularly important in the tropics, where the aerosols (depending on the quasi-biennial oscillation
phase) may remain confined for several months after the eruption with relatively high values of optical
thickness. A typical example of a tropical eruption with a rather pronounced particle confinement in
the tropical lower stratosphere is the 1991 Pinatubo case [24].

Volcanic aerosols impact the stratosphere through several radiative, chemical and dynamical
effects [25]. They produce additional diabatic heating rates via direct interaction with solar
near-infrared and planetary far-infrared radiation and indirect ozone absorption of the aerosol diffused
UV-visible solar radiation [26]; in this way they heat the lower stratosphere. They produce significant
ozone losses [27] via enhanced heterogeneous chemistry on sulfuric acid aerosols [28] and perturbed
photolysis rates [29]. In case of tropical eruptions, the temperature increase is associated with a
mid-latitude westerly wind anomaly. The latter favors vertical propagation of tropospheric planetary
waves and additional tropical upwelling [26], with further decrease of lower stratospheric ozone [30].
The chemical-radiative-dynamical tropical ozone reduction in the enhanced aerosol layer offsets some
of the warming.

A 2–3 K warming in the tropical lower stratosphere was measured in September´October 1991
after the Pinatubo eruption [31] and a 20%–25% ozone depletion in the 16–28 km layer over the tropics
during October´November 1991 [32,33]. A model study by Telford et al. [34] calculated a global ozone
column decrease by about 7 DU because of the Mt. Pinatubo eruption. The analysis of Hansen et al. [8]
suggests that the largest change of the globally averaged net radiative top-of-atmosphere flux occurred
during January 1992 (´4.5 W/m2, for clear sky conditions and 0.15 optical thickness at λ = 0.55 µm)
and decreasing afterwards with an e-folding time of approximately 12 months. Climate effects from
the eruptions [35] reflect the overall net effects from all of these mechanisms, so that it is important to
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use models that include the processes that may underpin these effects, namely global variations in
particle size distribution, radiative–chemical interactions and composition–dynamics interactions.

Upper stratospheric dynamical anomalies related to major volcanic eruptions have also been
detected and highlighted. A study of Dunkerton and Delisi [36] on the stratospheric dynamical
perturbations during 1982/83 (after the El Chichón eruption) shows how anomalies of temperature
and zonal winds in the upper stratosphere could be explained as a consequence of the adiabatic cooling
taking place in the tropical stratosphere due to the increased upwelling. A decrease of temperature was
found at an altitude of about 40 km, although a slightly positive diabatic anomaly was present there.
Changes in diabatic heating rates due to absorbing volcanic aerosols, which warm the tropical lower
stratosphere, perturb stratospheric dynamics and interplay with changes in extra-tropical planetary
wave activity in the lower stratosphere. The increase in upwelling motion produced in the tropical
stratosphere was found to be of the order of 10%–20% at approximately 30 hPa [26].

Several modelling studies have been conducted to investigate the effects of volcanic aerosols on
climate [8,37,38] and on the stratospheric circulation [29,30], assessing the effects from the interaction
between aerosol and stratospheric dynamics on the volcanic cloud dispersal [39–41]. Examples of
more recent modelling re-analyses of the Pinatubo perturbation are also available in literature, with
focus on aerosol microphysics [42], aerosol dispersion [43] and ozone perturbations [34,44].

As discussed so far, the planetary scale transport of stratospheric species and the dispersal of
volcanic aerosol clouds may be significantly affected by the radiative perturbations induced by the
volcanic aerosols themselves. The phase of the quasi-biennial oscillation (QBO) of equatorial mean
zonal winds, however, is even more important for stratospheric trace species transport, including
volcanic aerosols transport. Trepte and Hitchman [24] have studied the tropical stratospheric circulation
using satellite aerosol data and have clearly shown the differences between dynamical regimes during
dominant easterly or westerly shear of the QBO. The streamlines of the QBO circulation show that
upwelling motion is enhanced everywhere in the tropical stratosphere (from the tropopause up to
30 km altitude) during years with dominant easterly shear. On the other hand, during years with
dominant westerly shear, descent relative to the mean stratospheric circulation occurs over the equator
and more aerosols can be transported down to altitudes within a few kilometers above the tropopause,
where poleward isentropic transport is relatively fast. The main conclusion of Trepte and Hitchman [24]
is that when the QBO easterly shear is present (as in the months following the Pinatubo eruption),
aerosols are lofted higher over the equator with less meridional transport towards the poles compared
to westerly QBO phase. The additional upwelling due to the Pinatubo aerosol radiative heating has
therefore a feedback on the dynamics of the middle atmosphere similar to that of the QBO easterly
shear and may additionally help to confine the particles in the tropical reservoir and to increase
their lifetime.

An easterly QBO phase causes enhanced aerosol loading in the tropical stratosphere, but the
warming of this enhanced aerosol may also modify the natural evolution of the QBO itself. This could
be the case for a sustained injection of SO2 such as suggested for geoengineering experiments. In their
study, Aquila et al. [45] found that such an injection dramatically alters the QBO, prolonging the phase
of easterly shear with respect to the background atmosphere without geoengineering sulfur injection.
In the case of maximum perturbation, the lower tropical stratosphere could even result to be locked
into a permanent westerly QBO phase.

The purpose of the present study is to study the main features of the dispersal of stratospheric
sulfate aerosol clouds following the most important tropical eruptions during the second half of the
20th century. We analyze the aerosol tropical confinement, lifetime and effective radius (as a proxy
of the size distribution) and compare metrics of the stratospheric circulation changes for historical
eruptions with differences in time of the year, atmospheric chemical composition, and SO2 injection,
though mostly in the QBO phase (Agung and El Chichón in the westerly phase, Ruiz and Pinatubo in
the easterly phase).
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2. Experimental Section

A short description of the composition-climate coupled model used in this study and its basic
setups for the specific numerical experiments are presented in the following subsections. For more
details on the model features we refer to Pitari et al. [46].

2.1. University of L’Aquila´Composition-Climate Coupled Model (ULAQ-CCM)

The University of L’Aquila model is a global scale composition-climate coupled model
(ULAQ-CCM), including on-line aerosol–chemistry–climate interactions. It uses 126 log-pressure
vertical levels extending from the surface to the mesosphere (0.04 hPa), with a T21 horizontal resolution
(5˝ ˆ 6˝ lat ˆ lon). The ULAQ-CCM has been described in Pitari et al. [47] and also in Eyring et al. [48]
and for the SPARC (i.e., Stratospheric Processes and their Role in Climate) climate-chemistry model
validation (CCMVal) campaign. The most recent version of the ULAQ-CCM has been documented in
Pitari et al. [46], with some important updates in regards to the SPARC-CCMVal exercise. The most
important range is from the increase of vertical/horizontal resolution, to the use of JPL-2011 photolysis
cross-sections [49], spherical geometry/refraction for twilight conditions, inclusion of solar cycle for
top-of-atmosphere radiation fluxes and use of a two-stream delta-Eddington radiative transfer code
evaluated in SPARC-Photocomp-2011 [50] and in AeroCom-2011 [51]. The ULAQ-CCM also includes
an external forcing code for the QBO, using a time series of monthly mean-observed equatorial zonal
winds from 1960 to 2010 [52].

The chemistry module calculates the chemical evolution of long-lived and surface-flux species
(CH4, N2O, CFCs, HCFCs, CO, NOx, NMVOC (i.e., non-methane volatile organic compounds)) and
with medium- and short-lived species grouped in the families Ox, NOy, HOx, CHOx, Cly, Bry, SOx, and
aerosols. In total, there are 40 transported species, 26 species at photochemical equilibrium, and 57 size
categories for the aerosols. The photochemistry module is organized with 140 gas-phase reactions,
45 photolysis reactions and 30 heterogeneous reactions on the surface of sulfate aerosols, nitric acid
trihydrate and ice particles or water droplets.

The model includes the major components of stratospheric and tropospheric aerosols (sulfate,
nitrate, organic and black carbon, soil dust, sea salt, PSCs). The ULAQ-CCM has on-line an
aerosol module including SOx chemistry, gas´particle conversion (starting from SO2 oxidation
by OH) and microphysical processes for aerosol growth (homogeneous/heterogeneous nucleation,
coagulation, condensation/evaporation). The aerosol particles formed in this way perturb the
wavelength-dependent extinction, absorption and asymmetry parameter at all stratospheric vertical
layers of the model, producing large perturbations in up/down diffuse radiation and absorption of
solar near-infrared and planetary radiation, with consequent perturbations of O2 and O3 photolysis,
O3 heating rates, aerosol heating rates in the solar and planetary infrared ranges [46].

The updated radiative transfer module operating on-line in the ULAQ-CCM, is a two-stream
delta-Eddington approximation model for the calculation of photolysis rates in the ultra-violet (UV)
to visible (VIS) wavelengths and for solar heating rates and radiative forcing in UV-VIS and solar
near-infrared (NIR) bands [53]. In addition, a companion broadband, k-distribution longwave radiative
module is used to compute radiative transfer and heating rates in the planetary infrared spectrum [54].

2.2. Numerical Experiment Setup

The model has been run for a total of 20 time-dependent simulations from 1960 to 2000. Of these
numerical experiments, 10 will be from now on referred to as “reference” simulations (REF): they
do not include the volcanic aerosols, except in the heterogeneous chemistry code, through use of
externally specified time-dependent fields of SAD [55]. In this way, we may isolate the radiative impact
of the volcanic aerosols, keeping heterogeneous chemistry unchanged. The other 10 experiments will
be referred to as “volcanic perturbed” simulations (VE) with inclusions of the volcanic aerosols both in
heterogeneous chemistry and in the radiative transfer code. Table 1 shows a summary of the major
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explosive eruptions from 1960 to 2000 included in the present study; the four tropical cases will be
analyzed in detail.

Table 1. Major volcanic eruptions considered in the present study, with the adopted amounts of the
injected SO2 and indication of the QBO E/W shear at the eruption time and following months.

Eruption Time Tg-SO2 QBO E/W Shear

Agung (8S,11E) 16 May 1963 12 W
St. Helens (46N,122W) 18 May 1980 2.1 W
El Chichón (17N,93W) 4 April 1982 7 W

Nevado del Ruiz (5N,75W) 13 November 1985 1.2 E
Pinatubo (15N,120E) 16 June 1991 20 E

Ten different January 1st fields for the meteorological and tracer mixing ratios were taken from
different years in the last 10 of a 20-year control time slice integration at perpetual 1960 conditions.
These fields were then used to provide initial conditions for each of the ensemble members in the
transient 1960–2000 REF and VE experiments. Monthly varying boundary conditions are used for sea
surface temperatures and aerosol SAD. Top-of-atmosphere solar fluxes are also prescribed as monthly
varying spectrally resolved solar irradiance data from the NRLSSI model. Details on the external data
sources for sea surface temperatures, aerosol SAD and top-of-atmosphere solar fluxes are given in
Eyring et al. [55].

Performing an ensemble of simulations allows to significantly increase the robustness of the
calculated VE-REF anomalies for the main quantities involved in this study. As an example, the
20–30 hPa anomaly of the residual vertical velocity in the second half of 1991 (i.e., the Pinatubo case)
is calculated to be 0.050 ˘ 0.015 mm/s, with the uncertainty being the standard deviation from the
ensemble of simulations. Another important example is the mid-stratospheric westerly wind anomaly
in the second half of 1991, calculated in the range of 7–10 m/s at 10 hPa and 45˝ latitude (see Section 3.1
for in-depth discussion). The interannual variability of mean zonal wind anomalies relative to a
reference decade (1970–1979) is calculated to be 2.7 m/s at the same location (i.e., 10 hPa and 45˝

latitude), measured by the standard deviation from the ensemble of all REF simulations.

3. Results and Discussion

Figure 1 shows the calculated time series of the stratospheric aerosol optical depth (AOD)
at λ = 0.55 µm, compared with reference values taken from Sato et al. [56] and McCormick and
Thomason [57] and available at NASA/GISS (http://data.giss.nasa.gov/modelforce/strataer). The
three largest eruptions (Agung 1963, El Chichón 1982, Pinatubo 1991) produce maximum stratospheric
aerosol optical depth (AOD) ranging between 0.06 and 0.10 in the ULAQ-CCM, which are somewhat
underestimated with respect to the NASA/GISS values. Note that the eruptions of Fernandina
(1968) and Tolbachik (1975) have not been included in the model simulation. The calculated AOD is
obtained by vertically integrating the aerosol extinction. This is in turn obtained from the aerosol size
distribution calculated in the ULAQ-CCM aerosol microphysics module, with final conversion of the
calculated particle concentration into aerosol extinction by means of a Mie scattering program [54].

1960 1965 1970 1975 1980 1985 1990 1995 2000
0

0.02

0.04

0.06

0.08

0.1

0.12

Stratospheric AOD

 

 

ULAQ

NASA/GISS

Figure 1. ULAQ-CCM-calculated time series of the global annual mean stratospheric aerosol optical
depth at λ = 0.55 µm (solid line), as an average from the VE simulations. As a comparison, the NASA/
GISS values are superimposed (http://data.giss.nasa.gov/modelforce/strataer; dashed line) [56,57].
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Figure 2 shows the observed equatorial zonal wind shear (28 km–20 km) with indication of
the major volcanic eruptions considered in this study (see Table 1). The QBO is treated in the
ULAQ-CCM using a nudging approach [52], with external data taken from merged observations
of zonal winds at Canton Island, Gan and Singapore. The QBO phase is a critical parameter affecting
the lower stratospheric tropical upwelling and horizontal mixing. In turn, a more pronounced
tropical confinement increases the stratospheric lifetime of the volcanic aerosols, by slowing down
the meridional transport outside the tropics. Their downward cross-tropopause transport, in fact, is
produced by the extratropical lower branch of the Brewer´Dobson circulation and by the gravitational
settling of accumulation and coarse mode aerosols.

1960 1961 1962 1963 1964 1965
−50
−30
−10

10
30

ZONAL WIND SHEAR (EQUATOR 28km−20km)

1980 1981 1982 1983 1984 1985 1986 1987
−50
−30
−10

10
30

m
/s

1990 1991 1992 1993 1994 1995
−50
−30
−10

10
30

YEAR

Figure 2. Time series of the observed equatorial zonal wind shear (28 km–20 km) with indication of the
major volcanic eruptions considered in this study (red arrows).

3.1. Lower Stratospheric Dynamical Anomalies

Figure 3 shows the model-calculated time series of 50 hPa annually averaged global mean
temperature anomalies relative to the 1980–1989 decadal average, compared to ERA-40 (after 1980)
and radiosonde data. The model prediction including the volcanic aerosol radiative interactions (VE)
is close to the observed temperature increases during 1963/64, 1982/83, 1991/92, contrary to the REF
case. The observed globally averaged temperature increase of 1 or 1.5 K following Agung, El Chichón
and Pinatubo eruptions is only present in the VE model simulation. A 2–3 K temperature increase was
indeed observed during fall months of 1991 in the tropical lower stratosphere [31]. The VE case, in
addition, gives a 1980–2000 temperature trend (´0.55 K/decade) closer to the observed ERA-40 trend
(´0.77 K/decade), with respect to the REF case (´0.31 K/decade). The 50 hPa decadal temperature
trend is mainly driven by chemically/dynamically forced O3 decrease in the lower stratosphere and in
part also by the increasing amount of well-mixed greenhouse gas and by the aerosol changes [55].

Figure 4 summarizes the radiative-dynamical anomalies after the Pinatubo eruption
(Sept-Oct-Nov 1991), as calculated in the ULAQ-CCM (VE-REF). The heating rate anomaly is shown
in the top two panels: the solar component (Figure 4a) is due to direct aerosol absorption in the
NIR wavelengths and O3 absorption of the upward diffused radiation in the UV-VIS wavelengths.
It is displaced somewhat above the longwave component, whose maximum is located closer to the
temperature minimum in the region above the tropical tropopause layer (TTL). The latter component
(“instantaneous” value with fixed REF temperatures) is summed up with the solar one in Figure 4b, to
show the total aerosol diabatic perturbation. The maximum heating rate change VE-REF is calculated
to be approximately 0.3 K/day, in the 20–25 km altitude layer between 15˝S´15˝N latitude. While the
tropical stratosphere is warmed by the volcanically enhanced stratospheric aerosol, the tropical upper
troposphere cools as a result of increased aerosol scattering of incoming solar radiation. The negative
south polar anomaly of the diabatic heating rates is due to additional O3 depletion on enhanced
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surface area density of PSCs, produced by dynamical cooling [46] (decreased horizontal eddy heat
fluxes at mid–high latitudes). An average 3–4 K temperature increase (Figure 4c) is predicted during
the fall months of 1991 in the 30–50 hPa layer over the tropics. Observations collected in Labitzke
and McCormick [31] have shown a ~30% smaller warming, with respect to June–July 1991 mean
values. The temperature anomaly in Figure 4c induces a significant increase of westerly winds from
the thermal wind equation, with peaks at mid-latitudes in the mid-stratosphere (Figure 4d).

1960 1965 1970 1975 1980 1985 1990 1995 2000
−2

−1

0

1

2

K

Global T changes at 50 hPa relative to 1980−1989
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REF

ERA−40 & sondes
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K

 

 

VE

ERA−40 & sondes
VE:−0.55 K/decade
ERA−40:−0.77 K/decade

(a)

(b)

Figure 3. Time series of 50 hPa annually averaged global mean temperature anomalies relative to
the 1980–1989 decadal average (VE, REF, OBS) (a). Linear trends of the temperature anomalies are
superimposed to (VE, OBS) time series in panel (b) (´0.55 K/decade for VE and ´0.77 K/decade for
ERA-40 reanalysis, for 1980–2000 trends). Observations are from Uppala et al. [58]; Free et al. [59].
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Figure 4. ULAQ-CCM-calculated mean zonal anomalies due to the Pinatubo aerosols (VE-REF), during
September´October´November 1991: (a) solar heating rates (K/day); (b) total heating rates, i.e.,
solar + longwave (“instantaneous” value with fixed REF temperatures) (K/day); (c) temperatures (K);
(d) zonal winds (m/s).
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These zonal wind positive changes favor the propagation of planetary waves into the stratosphere
with enhanced tropical upwelling. This is summarized in Figure 5, where the calculated amplitude
anomaly of planetary waves 1–2 is shown in the left panel, along with the associated perturbation of the
residual vertical velocity in the right panel. The latter is shown for the second half of 1991: it accounts
for approximately 10%–20% of the baseline REF upwelling in the 30–50 hPa layer over the tropics, with
an increased downward component at mid-latitudes. Aquila et al. [44] have shown how the coupling of
enhanced heterogeneous chemical reactions on Pinatubo volcanic aerosols (causing O3 depletion) with
this strengthening of the Brewer–Dobson circulation may explain the observed unexpected column
ozone increase in the Southern Hemisphere (SH) mid-latitudes in the months following the eruption.
This modification of the stratospheric transport, together with the season of the year and the direction
of the Brewer–Dobson circulation, moved mid-stratospheric tropical ozone-rich air masses to the SH
mid-latitudes, causing the unexpected increase of column ozone there. In the Northern Hemisphere
(NH) mid-latitudes, on the other hand, the chemical depletion dominated the ozone perturbation in
the six months after the eruption. Our results in Figure 5, which include volcanic perturbations to the
SAD in the REF and VE simulations, also show a larger positive/negative displacement of the residual
vertical velocity anomaly in Northern/Southern Hemisphere, respectively.
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Figure 5. ULAQ-CCM-calculated mean zonal anomalies due to the Pinatubo aerosols (VE-REF):
(a) amplitude of geopotential wavenumber 1 and 2 (m), during September´October´November 1991;
(b) residual mean vertical velocity, averaged from July to December 1991.

3.2. Equatorial Winds Quasi-Biennial Oscillation (QBO) and Aerosol Transport

Figure 6 shows the different latitude/altitude patterns of aerosol extinction for the considered
tropical eruptions, correlated with the equatorial wind QBO phase. Using satellite aerosol data,
Trepte and Hitchman [24] have shown the differences between dynamical regimes during dominant
E or W shear of the QBO of the equatorial stratosphere. During years with dominant E shear, the
streamlines of the circulation anomaly caused by the QBO show definite upwelling motion extended
everywhere in the tropical stratosphere. During years with dominant W shear, descent relative to
the mean stratospheric circulation occurs over the equator and lower stratospheric air masses can be
transported within a few kilometers above the tropopause, where poleward isentropic transport is
relatively fast. Figure 6 shows the ULAQ model prediction of zonally averaged aerosol extinction at
λ = 0.55 µm, four months after each tropical eruption. Only in 1986 and 1991 (QBO E shear) is the
aerosol extinction highly confined around the equator with large values well above 25 km altitude.
During years with dominant QBO E shear, as in the months following the Ruiz and Pinatubo eruptions
(Figure 6a,b), aerosols are lofted over the equator with less poleward transport. This better tropical
confinement of the volcanic aerosols with respect to years with dominant QBO W shear, as in the
months following the Agung and El Chichón eruptions (Figure 6c,d), produces a larger latitudinal
gradient of the perturbation heating rates, with stronger impact on the tropical upwelling. Some
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differences in plume evolution of these particular eruptions may also arise simply because of their
different latitude, so that some of them are closer to the edge of the tropical pipe than others (e.g.,
El Chichón).
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Figure 6. Top panels (a,b) show the ULAQ model prediction of zonally averaged aerosol extinction at
λ = 0.55 µm during the month of March 1986 (a) and October 1991 (b), following the major eruptions of
Nevado del Ruiz (a) and Pinatubo (b) (E wind shear). Bottom panels (c,d) as in (a,b) but for September
1963 (c) and August 1982 (d), following the major eruptions of Agung (c) and El Chichón (d) (W wind
shear). Only in March 1986 and October 1991 (E wind shear) is the aerosol extinction strongly confined
around the equator with high values well above 24 km altitude.

Vertical profiles of the tropical aerosol extinction four months after each eruption are shown
in Figure 7a and compared with satellite and lidar observations for the Ruiz and Pinatubo volcanic
perturbations. The reference volcanically clean vertical profile of the background aerosol extinction at
the Equator is also shown and compared with SAGE-II data. The clear difference in aerosol extinction
above 25 km can be seen between Agung and El Chichón on one side (QBO W shear), and Ruiz and
Pinatubo on the other side (QBO E shear). The zonal-mean latitudinal sections of the aerosol extinction
at 20.5 km during the same months of Figure 7a are presented in Figure 7b, where the more pronounced
tropical confinement of the aerosol clouds after Ruiz and Pinatubo eruptions is also clear. A comparison
of the model-calculated heating-rate changes (VE-REF) is presented in Figure 7c, where the zonal-mean
latitudinal sections of the instantaneous heating-rate changes are shown (i.e., fixed temperature and
ozone fields). The latitudinal gradient of the aerosol heating rates is one of the primary drivers for the
stratospheric dynamical anomalies. The enhanced aerosol tropical confinement during QBO E shear
episodes produces much higher heating rate gradients between mid-latitudes and the tropics, with
respect to the QBO W shear episodes. We calculate 0.28 K/day and 0.023 K/day for Pinatubo and
Ruiz, versus 0.0045 K/day and 0.075 K/day for El Chichón and Agung, all calculated as the difference
between an average over the latitude region 15˝S´15˝N and an average of the heating-rate changes at
45˝S and 45˝N. Note that the ratio of the heating-rate changes for Pinatubo and Ruiz is consistent with
the different magnitude of the initial SO2 injection (20 and 1.2 Tg-SO2, respectively). On the other hand,
the ratios of the heating-rate changes for Pinatubo and Agung (3.7) or Pinatubo and El Chichón (62)
are much larger than the corresponding ratios of the initial SO2 injections (1.67 and 2.86, respectively).
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Figure 7. Top left panel (a) model-calculated vertical profiles of the aerosol extinction at 5˝N for
Pinatubo during October 1991 (red) and 5˝S for Ruiz during March 1986 (magenta): cases with E shear
of the equatorial winds; at 10˝N for El Chichón during August 1982 (blue) and at 5˝S for Agung during
September 1963 (green): cases with W shear of the equatorial winds. A volcanically clean extinction
profile at 5˝N is shown in black, averaged over 1999–2000. SAGE-II observations are shown with
asterisks and uncertainty bars: black for 1999/2000, magenta for March 1986 (Ruiz), red for October
1991 (Pinatubo). Pinatubo observations are from SAGE-II observations only above 25 km altitude (since
the instrument was saturated below this altitude); lidar observations (red diamonds) are used below
25 km [32]. The clear difference in aerosol extinction above approximately 24 km can be seen between
Agung and El Chichón on one side (QBO W shear) and Pinatubo and Nevado del Ruiz on the other
side (QBO E shear). Top right panel (b) zonal-mean latitudinal section of the model-calculated aerosol
extinction at 20.5 km altitude, compared with SAGE-II data: black asterisks for March 1986 (Ruiz), black
circles for October 1991 (Pinatubo) (at 25.5 km in the tropics). The black diamond is derived from lidar
measurements of Grant et al. [32] for October 1991 (Pinatubo) at 20.5 km; the black square is from lidar
measurements of Jäger and Hofmann [60] for August 1982 (El Chichón). Bottom panel (c) zonal-mean
latitudinal section of the model-calculated aerosol heating-rate changes VE-REF at 70 hPa (K/day)
for the aerosol distribution four months after each eruption, as in panels (a) and (b) (instantaneous
SW + IR heating-rate changes, with fixed temperature and ozone fields).

The conclusions of Trepte and Hitchman [24] relative to the variant equatorial upwelling regime
during W/E shear of the QBO were based on direct satellite observations of aerosol extinction (SAGE-II
time series). In Figure 8, we compare the vertical profiles of the ULAQ-CCM-calculated residual
mean vertical velocity (w*) over the tropics (15˝S´15˝N). To illustrate the contrasting circulation
in the easterly and westerly QBO phase, we have paired up the westerly QBO eruptions with
a corresponding easterly QBO eruption, with El Chichón and Pinatubo paired in panels (a,c) of
Figure 8, and Agung and Ruiz paired up in panels (b,d) of Figure 8. The w* anomalies shown in
Figure 8c,d are calculated by subtracting a reference velocity profile averaged from 1960 to 2000 (a
linear trend of 0.006 mm¨s´1/decade is removed from the ULAQ-CCM time series of w*, mostly
due to time-increasing well-mixed greenhouse gases). A significant descent relative to the mean
stratospheric circulation is found above approximately 30 hPa, during years with dominant W shear,
as indirectly obtained from satellite measurements of aerosol extinction. In addition, we find that
the tropical w* increase in the VE experiments relative to REF is much larger (and also extended in
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time) during 1991 and 1986, with respect to the years interested by Agung and El Chichón volcanic
aerosol (1963 and 1982). This is an indirect consequence of the higher tropical confinement of the
aerosols in 1991 and 1986, essentially due to the QBO E shear circulation following Pinatubo and
Ruiz eruptions. This enhanced confinement helps in producing a diabatic heating perturbation with a
significantly larger latitudinal gradient with respect to the volcanic episodes coincident with the QBO
W shear (see Figure 7c). Aerosol microphysical effects could potentially be superimposed onto the
tropical confinement of the particles, thus changing their size distribution and modifying scattering
and absorption; this will be discussed later, in relation to the calculated radiative flux changes.
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Figure 8. Left panels (a,b) ULAQ-CCM residual mean vertical velocity profiles (mm/s) from 20 to
30 km altitude, averaged between 15˝S and 15˝N latitude; panel (a) time average during 1982 (El
Chichón, W shear, blue) and 1991 (Pinatubo, E shear, red); panel (b) time average during 1963 (Agung,
W shear, green) and 1986 (Ruiz, E shear, magenta). Right panels (c,d) as in panels (a,b), but for the
anomalies of the residual mean vertical velocity, calculated with respect to the 1960–2000 average.
Solid/dashed curves are for VE and REF simulations, respectively.
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Figure 9. Panel (a) evaluation of the ULAQ-CCM lower stratospheric tropical upwelling (solid line, VE
simulation) with MERRA reanalysis data (dashed line), in terms of the residual mean vertical velocity
profile (mm/s) (15˝S´15˝N latitudinal average). Velocity profiles are averaged from 1979 to 2000 for
both ULAQ-CCM and MERRA. Panel (b) as in (a), but for the anomalies of the residual vertical velocity
with respect to the long-term averages of panel (a), calculated during 1982 (El Chichón, W shear, blue),
1986 (Ruiz, E shear, magenta) and 1991 (Pinatubo, E shear, red). Panels (c,d) as in panel (a), but for
years 1982 (El Chichón, W shear, blue) and 1986 (Ruiz, E shear, magenta) in (c); and for 1991 (Pinatubo,
E shear, red) in (d). Solid/dashed curves are for ULAQ-CCM (VE simulations) and MERRA data,
respectively. The dotted line in panel (d) shows the ULAQ-CCM 1991 results for the REF simulation.
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An additional support to the ULAQ-CCM findings comes by comparing the w* vertical profiles
(and anomalies) with those available from the Modern Era Retrospective-Analysis for Research and
Applications (MERRA) reanalysis [61] (Figure 9) (a linear trend of 0.012 mm s´1/decade is removed
in this case from the MERRA time series of w*). The 22-year average (1979–2000) of the ULAQ-CCM
results shown in Figure 9a is in good agreement with MERRA data averaged over the same years,
except for some overestimation immediately above the TTL and some underestimation in the 20–22 km
layer. The 1982 negative w* anomaly above 30 hPa shown in Figure 8 is also found in the MERRA
reanalysis (Figure 9b), contrary to the 1986 and 1991 cases (E shear of the QBO). A direct comparison
of 1982 and 1986 w* profiles is presented in Figure 9c, whereas 1991 is in Figure 9d, all showing a
satisfactory consistency. In the latter case, we also see that the VE simulation including the effects of
aerosol heating compares better with the MERRA profile in respect to the REF results. Younger age of
air is predicted in VE with respect to REF [62], for at least one year after the Pinatubo eruption, mainly
as a consequence of the enhanced tropical upwelling [63].

3.3. Aerosol Cloud Dispersal and e-folding Time

Gas´particle conversion processes typically last for approximately 4–6 months from the explosive
eruption and produce an optically thick cloud of supercooled sulfuric acid aerosols. At this point,
the stratospheric global amount of aerosol mass reaches its maximum and then a continuous slow
decrease of the global burden begins, due to particle loss from the stratosphere into the troposphere,
where the aerosols are readily removed by wet scavenging. This stratosphere–troposphere exchange
follows essentially two pathways: (a) large-scale transport following the downwelling branch of
the Brewer´Dobson stratospheric circulation; and (b) gravitational settling of the particles. The
effectiveness of these two processes determines the volcanic aerosol global lifetime, measured as
the e-folding time of the initial cloud. Process (a) is strongly affected by the length of time the cloud
remains in the tropical pipe, where the large-scale atmospheric dynamics is characterized by slow mean
zonal upwelling and limited horizontal eddy mixing across the subtropical barriers. The stronger the
tropical pipe isolation, the longer the aerosol export time towards mid-high latitudes where large-scale
air descent is associated with the downwelling branch of the Brewer´Dobson circulation. In this case,
the aerosols reside longer within the stratosphere, thus favoring a longer e-folding time of the volcanic
cloud. As previously discussed in Figures 6–9 process (b) is largely governed by the QBO phase:
a longer aerosol lifetime is expected during months with an E shear of the equatorial zonal winds.
Process (b) is governed by the average size of the particles, which is in turn related to the magnitude
of the initial amount of SO2 injected in the stratosphere. The larger the SO2 amount, the larger the
effective radius (i.e., the surface-area-weighted particle size across the entire radius spectrum), the
faster gravitational settling and the shorter the volcanic cloud e-folding time.

The cooperation of these two regulating processes of the stratospheric aerosol residence time
(i.e., the dynamical and microphysical removal pathways) has a clear impact on the volcanic cloud
dispersal, as shown in Figure 10. Starting from the time series of the volcanic SO4 global mass ratio
relative to its maximum value (Figure 10a), we have then separated the time tendency during the
first and second year after each eruption (Figure 10b,c, respectively). The e-folding time during the
second year (referring to the decay in the sulfate global mass burden) is rather similar for all the
tropical eruptions (10–12 months), since the coarser particles have already been lost by sedimentation
and a significant amount of the aerosol has been transported outside the tropics. This estimate is
consistent with SAGE-II observations of the Pinatubo aerosol cloud decay and results from other
global models [64]. On the other hand, the e-folding time shows considerable variability during the
first year, with the largest values for Ruiz and Pinatubo eruptions (E shear of the QBO), contrary to
Agung and El Chichón (W shear of the QBO). The ULAQ-CCM-calculated values are approximately
31 and 15 months for Ruiz and Pinatubo, contrary to 10 and 8 months for Agung and El Chichón,
respectively. The very long lifetime calculated in the Ruiz case is likely caused by the much smaller
amount of the injected SO2 in this case, with a consequently much smaller effective radius of the
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aerosol size distribution spectrum. The SO2 time series during the first six months after each eruption
is presented in Figure 10d. The SO2 e-folding time is primarily governed by the regulating factors of
the OH stratospheric abundance: (a) altitude–latitude position of the initial cloud; (b) eruption time of
the year; (c) SO2 magnitude. Point (c) is probably the most important because the reaction OH+SO2

not only represents the dominant sink of SO2 forming sulfate after multi-step gas-phase reactions, but
also accelerates the OH conversion into HO2, which is normally driven by NOx and Ox in volcanically
quiet conditions of the stratosphere. This is most likely to be the reason for the shorter SO2 lifetime
in the Ruiz case (more abundant OH due to an inefficient sink by sulfur dioxide). The calculated
e-folding time in the Pinatubo case (31 days) is rather close to the value derived from MLS satellite
observations [17].
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Figure 10. Panels (a–c): time series of volcanic SO4, as globally integrated mass burden ratio with
respect to its maximum value, reached 5–6 months after each eruption (see legend for the line styles
adopted for the tropical eruptions considered in this study). Panel (a) shows the ULAQ-CCM-calculated
values up to approximately 19 months after each eruption; panels (b) and (c) show the values obtained
from a linear fit in the time frame of post-eruption months 4–10 (or 5–11) in (b) and months 12–19 in (c).
In the legends of panels (b–c) the calculated e-folding times of volcanic SO4 are presented. Panel (d) is
similar to (b), but in this case the globally integrated SO2 mass burden ratio with respect to its initial
value is shown, as from the ULAQ-CCM calculations. In the legend, the calculated e-folding time of
volcanic SO2 is presented (referring to the decay in the sulfate global mass burden).

The microphysical processes (homogeneous nucleation, coagulation, gas condensation) produce
a size distribution of the volcanic aerosols with two clear peaks, the first for the ultrafine Aitken
mode, the second for the accumulation of optically active particles (Figure 11a). The latter results
from the gas–particle interaction, with the mode radius moving to larger values proportionally to
the amount of the injected SO2. The time evolution of the aerosol size distribution in the early stages
after the eruption is summarized in Figure 11b for the Pinatubo case. The accumulation mode moves
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with time towards larger radii, gaining mass from self-coagulation of molecular clusters formed via
homogeneous nucleation and from condensation of H2SO4 gas formed via SO2 oxidation. The distinct
peak at around 6 µm in the coarse mode is due to direct stratospheric injection of large ash particles,
which have been removed within a few weeks via gravitational settling. The peak is still apparent on
July 15th, but is very weak and has shifted to smaller size. The aerosol mass distribution is presented in
Figure 11c, showing the particle volume distribution: as expected, it mostly reflects the growth of the
accumulation mode discussed in Figure 11a. The overall result of these processes can be summarized
with the time series of the aerosol effective radius (Figure 11d), which again follows directly the
evolution of the accumulation mode. For the Ruiz and Pinatubo cases an evaluation of the ULAQ
model results is made using SAGE-II-retrieved values. The reff growth in the Pinatubo case represents
the variations indicated by the values derived from SAGE-II extinction measurements [64], from the
initial background value of ~0.2 µm up to ~0.6 µm after approximately 6 months from the eruption.
The subsequent reff decline is mostly produced by the gravitational settling of the largest particles,
arriving at ~0.45 µm 18 months after the eruption. As already discussed in Figure 10, the aerosol size
distribution in the Ruiz case produces much smaller particles, giving a significantly longer e-folding
time (reff ~ 0.25 µm).
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Figure 11. Panel (a) ULAQ-CCM-calculated aerosol size distribution [dN/dlogr] (cm´3) averaged
between 25˝S´25˝N latitude and 30´100 hPa, four months after each eruption (see legend for the
line styles adopted for the tropical eruptions considered in this study). Panel (b) as in (a), but for the
Pinatubo case as a function of time, from immediately before the eruption (June 15, 1991) to June 30
every 5 days and then 15 July and 15 October, i.e., four months after the eruption, as in panel (a). Panel
(c) as in (a), but the volume distribution [dV/dlogr] (µm3¨cm´3) is a proxy of the mass distribution.
Panel (d) time series of the aerosol effective radius (µm), calculated in the lower stratospheric tropical
domain (25˝S´25˝N and 30–100 hPa); black symbols show SAGE-II-retrieved values [64], with open
circles for Pinatubo (1991/92) and asterisks for Ruiz (1986/87). SAGE-II effective radius values for
the first 12 months after the Pinatubo eruption are calculated by interpolating the missing data in the
20–25 km layer (due to instrument saturation).
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3.4. Aerosol Radiative Flux Changes

The volcanic AOD time series (VE-REF)-calculated in the model is presented in Figure 12a
and is compared with satellite data for Ruiz and Pinatubo cases, using data from SAGE-II [65]
and AVHRR [18] retrievals. Background values were removed from AVHRR observations [43] by
subtracting the background values over the corresponding months preceding the Pinatubo eruption,
following the method described in Long and Stowe [23]. The simulated peak value is in reasonable
agreement with AVHRR, although slightly underestimated, and occurred earlier in time than in the
SAGE II data. However, the AOD calculated from SAGE II observations is probably underestimated,
due to saturation of the SAGE-II instrument [18].
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Figure 12. Panel (a) time series of the calculated global mean optical depth of volcanic aerosols (see
legend). Black asterisks show SAGE-II values for the Ruiz eruption; black open and filled-up circles
show post-Pinatubo values from SAGE-II [65] and AVHRR [23], respectively. Background values were
removed from AVHRR observations (see text). Panel (b) time series of the calculated net tropopause
RF due to the volcanic aerosols (global mean for clear sky conditions) (W/m2).

The calculated net radiative flux changes (RF) of volcanic aerosols are presented in Figure 12b for
clear sky conditions. These are actually effective flux changes, because model predictions include the
dynamical responses. The ULAQ-CCM radiative transfer module [46,54] was set up to compute the
tropopause-adjusted RF time series for each eruption considered in this study, both in clear and all
sky conditions. Sulfate aerosol Mie scattering data have been computed using refractive properties
for a 75% concentration by weight of sulfuric acid derived from the OPAC database. Significant
absorption occurs in the far infrared only between 8 and 18 µm. As a general result, all sky RFs for
both UV-VIS-NIR and planetary infrared are ~60% of the corresponding clear sky RFs. In turn, the
longwave component accounts for ~20% of the shortwave component in clear sky conditions and ~30%
in all sky conditions. RF occurring during the first 12 months following the Pinatubo eruption has been
reported in Hansen et al. [66], as a net-adjusted global annual mean value of ´2.9 W/m2 at the WMO
tropopause for a sulfate optical depth of 0.12, in clear sky conditions. The corresponding absolute
value of the AOD-normalized RF is then 24. In these same conditions, the ULAQ-CCM calculates a
quite close normalized RF of 25.

The time series of the volcanic forcing efficiency for each eruption (i.e., global tropopause RF
normalized to global optical thickness) is presented in Figure 13, for both shortwave and longwave
components (Figure 13a,b, respectively). The time variability of the RF efficiency is regulated by the
magnitude of shortwave and longwave radiative fluxes at the tropopause. The seasonal variability
is more pronounced when more volcanic aerosol particles are transported outside the tropics, as
in the QBO W shear cases of El Chichón (with aerosol transport towards Northern Hemisphere
mid-latitudes) and Agung (towards Southern Hemisphere mid-latitudes) (see Figures 6 and 7). The
seasonal variability is significantly less pronounced in the QBO E shear cases (i.e., Ruiz and Pinatubo)
with aerosols more confined in the tropical region, where the seasonal cycle of solar radiative fluxes is
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smaller in respect to mid´high latitudes. This is better shown in a compact form in Figure 13c,d, where
the variability is measured using the standard deviation of monthly mean values of the RF efficiency,
for both shortwave (SW) and longwave (LW) components. This measure gives a factor of 3–6 larger
variability in the SW for the QBO W shear cases in terms of the QBO E shear cases, and a factor 1.5–2.5
for the LW. The sensitivity of both SW and LW RF efficiencies to the average effective radius of the
volcanic aerosols is presented in Figure 13e,f, showing consistency with the results of Lacis et al. [9]
and Hansen et al. [66]. The slope with reff of the SW RF efficiency from Lacis et al. [9] appears larger
than ours (Figure 13e), with a similar value of 31 Wm´2/AOD for reff = 0.3 µm and 41 Wm´2/AOD
for reff = 0.5 µm in Lacis et al. [9], the latter being larger in respect to the 34 Wm´2/AOD calculated in
our case. However, the normalized absolute value of the SW RF calculated in Hansen et al. [66] for the
Pinatubo case (32 Wm´2/AOD, assuming a planetary longwave contribution of 8 Wm´2/AOD) is
closer to the ULAQ-CCM value of 34 Wm´2/AOD, with reff = 0.52 ˘ 0.10 µm.
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Figure 13. Panel (a) time series of the calculated shortwave RF efficiency, defined as the absolute value
of globally averaged SW RF normalized to the volcanic aerosol optical depth (Wm´2/AOD). Panel
(b) as in (a), but for the longwave RF efficiency. Panel (c) standard deviation of monthly mean values of
the SW RF efficiency for Ruiz, Pinatubo, El Chichón and Agung cases, from left to right (Wm´2/AOD).
Panel (d) as in (c), but for the LW RF efficiency. Panel (e) average values of the SW RF efficiency, as
a function of the volcanic aerosol average effective radius (Wm´2/AOD); whiskers denote standard
deviation values of monthly mean values of both efficiency and effective radius; the latter increases
going from Ruiz, to El Chichón, Agung and finally to Pinatubo. Panel (f) as in (e), but for the LW
RF efficiency.

The calculated e-folding time of the global-mean volcanic forcing during the first year after the
eruptions is also very different between those in W or E shear of the QBO. The radiative decay time
goes from 9.1 and 8.0 months for El Chichón and Agung, to 28.7 and 24.5 months for Pinatubo and
Ruiz, respectively. However, an interesting difference in regards to the mass decay time should be
noted: in the RF case, the e-folding time after Pinatubo is comparable to that after Ruiz, even though
the mass decay time was much shorter (14.6 vs. 30.7 months). The reason is that although the transport
pathways are similar in the two cases (both in the QBO easterly phase), the effective radius in the Ruiz



Atmosphere 2016, 7, 75 17 of 21

case is rather constant in time, whereas after Pinatubo it grows to ~0.65 µm during the first six months
(see Figure 11d): this helps keep the optical thickness at higher values more steadily during the first
year after the eruption (see Figure 12a).

4. Conclusions

Major volcanic eruptions after 1960 have been considered for the first time in a numerical study
conducted with a composition-climate coupled model including an aerosol microphysical code for
aerosol formation and growth. For four major eruptions since 1960, we have assessed several metrics
of stratospheric dynamics and used these to interpret the effects of transport on the dispersion of the
volcanic plumes and assessed the efficiency of the resulting radiative flux changes at the tropopause.
The volcanic perturbations show enhanced diabatic heating rates; increased stratospheric temperatures
and mean zonal westerly winds; increased planetary wave amplitude; and tropical upwelling. The
impact on tropical upwelling is found to be larger for eruptions whereby enhanced aerosol remains
confined to the tropics for longer, as tends to be the case in the easterly shear of the quasi-biennial
oscillation (QBO; Pinatubo case). Model results are consistent with the mechanism identified by Trepte
and Hitchman [24] on the QBO modulation of stratospheric aerosol transport from the tropics, based
on satellite observations of aerosol extinction.

The e-folding time during the second year after each eruption is rather close among the four
considered tropical eruptions (10–12 months), since the coarser particles have already been lost by
sedimentation and a significant amount of the aerosol were transported outside the tropics. On
the other hand, the e-folding time shows considerable variability during the first year, with the
largest values for Ruiz and Pinatubo eruptions (E shear of the QBO) contrary to Agung and El
Chichón (W shear of the QBO). The University of L’Aquila–Composition-Climate Coupled Model
(ULAQ-CCM)-calculated values are approximately 31 and 15 months for Ruiz and Pinatubo, as
opposed to 10 and 8 months for Agung and El Chichón, respectively. The time decrease of the global
aerosol burden is driven by the particle loss from the stratosphere to the troposphere, where the
aerosols are readily removed by wet scavenging. This stratosphere–troposphere exchange is essentially
produced on one hand by the gravitational settling of the particles (more efficient for larger radii), and
by large-scale transport following the lower branch of the Brewer–Dobson stratospheric circulation on
the other. How much of the plume enters the upper or lower branch of the Brewer–Dobson circulation
and the degree of isolation of the stratospheric tropical pipe is strongly modulated by the QBO phase.
These processes determine that a longer aerosol lifetime is expected during months with an E shear
of the equatorial zonal winds (Ruiz and Pinatubo cases), with respect to months with a W shear of
the QBO (Agung and El Chichón). For Pinatubo, Ruiz and El Chichón, the model results in terms of
tropical upwelling and aerosol dispersal have been successfully evaluated with available data from
satellite and lidar observations and from MERRA reanalysis.

The different degree of latitudinal dispersal of the volcanic aerosols during W or E shear of the
QBO indirectly affects the temporal evolution of the volcanic RF in the months following the eruptions.
Latitudinal and seasonal differences in the magnitude of the solar flux interplay with the differences in
dispersion, together determining the efficiency of the volcanic forcing. During QBO W shear cases
(e.g., El Chichón and Agung), the plume is rapidly dispersed to mid-latitude where seasonal variations
in solar flux reduce volcanic forcing efficiency, whereas for the QBO E shear cases (Pinatubo and
Ruiz). A seasonal variation is much less apparent. The aerosol optical depth (AOD)-normalized RFs
calculated in this study have been compared with independent estimates from well-tested radiative
transfer models [9,66], showing a reasonable consistency in both SW and LW components of the
radiative fluxes.
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