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Abstract

We have performed more than 300 atmospheric simulations of the 1991 Pinatubo erup-
tion using the AER 2-D sulfate aerosol model to optimize the initial sulfur mass injection
as function of altitude, which in previous modeling studies has often been chosen in
an ad hoc manner (e.g., by applying a rectangular-shaped emission profile). Our sim-
ulations are generated by varying a 4-parameter vertical mass distribution, which is
determined by a total injection mass and a skew-normal distribution function. Our re-
sults suggest that (a) the initial mass loading of the Pinatubo eruption is approximately
14 Mt of SO,, (b) the injection vertical distribution is strongly skewed towards the lower
stratosphere, leading to a peak mass sulfur injection at 19—-22 km. The optimized dis-
tribution largely improves the previously found overestimates in modeled extinctions in
comparison with SAGE Il solar occultation measurements.

1 Introduction

The eruption of Mt Pinatubo on 15 June 1991 injected large amounts of sulfur dioxide
into the stratosphere. It perturbed the radiative, dynamical and chemical processes in
the Earth atmosphere (McCormick et al., 1995) and caused a global surface cooling
of approximately 0.5K (Dutton and Christy, 1992). The Pinatubo eruption serves as
a useful analogue for geoengineering via injection of sulfur-containing gases into the
stratosphere (Crutzen, 2006; Robock et al., 2013). Therefore, modeling volcanic erup-
tions advances our knowledge not only of the eruptions themselves on weather and
climate, but also potential impacts of stratospheric sulfate geoengineering.

The uncertainties in determining the initial total mass and altitude distribution of SO,
released by Pinatubo remain high. Stowe et al. (1992) deduced a mass of 13.6 mega-
tons of SO, based on the aerosol optical thickness observed by the Advanced Very
High Resolution Radiometer (AVHRR). By analyzing SO, absorption measurements
from the Total Ozone Mapping Spectrometer (TOMS) satellite instrument, Bluth et al.
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(1992) estimated an initial mass loading of approximately 20 Mt of SO,. This study was
later reevaluated by Krueger et al. (1995), who determined a range of 14—28 Mt emit-
ted by Pinatubo, given the large retrieval uncertainties associated with TOMS. Later,
Guo et al. (2004) constrained this range to 14-22 Mt of SO,. Besides the total emit-
ted mass, the altitude distribution of the SO, emission is also not well constrained.
The only available measurements with vertical resolution of SO, in the stratosphere
during the Pinatubo period have been made by the Microwave Limb Sounder (MLS)
in September 1991 (Read et al., 1993), which unfortunately only started its mission
three months after the eruption. Given the lack of measurements in the period immedi-
ately following the Pinatubo eruption, modeling studies of Pinatubo (e.g., Weisenstein
et al., 1997; Timmreck et al., 1999; SPARC, 2006; Heckendorn et al., 2009; Niemeier
et al., 2009; Toohey et al., 2011; Aquila et al., 2012; English et al., 2013; Dhomse
et al., 2014) have employed very different mass loadings, emission altitudes and verti-
cal mass distributions, which leads to biases in the local heating and consequently in
the dynamical responses and time evolution of the stratospheric aerosol burden. These
uncertainties make it difficult to accurately simulate the Pinatubo eruption in addition to
model-specific artifacts.

Here, we attempt to provide a solution to the problems outlined above. We use the
AER 2-D size-bin resolving (also called sectional or spectral) sulfate aerosol model
(Weisenstein et al., 1997), which participated in a recent international aerosol assess-
ment (SPARC, 2006), and was one of the best-performing stratospheric aerosol mod-
els. We present results from more than 300 atmospheric simulations of the Pinatubo
eruption based on different combinations of four emission parameters, namely the to-
tal SO, mass and a 3-parameter skew-normal distribution of SO, as function of alti-
tude. We calculate aerosol extinctions from all of the simulations and compare them
with Stratospheric Aerosol and Gas Experiment Il (SAGE Il) measurements (Thoma-
son et al., 1997, 2008). Such a head-on approach is currently impossible for global
3-D models due to computational expenses. The purpose of this work is to provide
a universal emission scenario for global 3-D model simulations. To this end we opti-
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mize the emission parameters such that the resulting SO, plume, aerosol size distri-
butions, aerosol burdens and extinctions match balloon-borne, satellite and lidar mea-
surements. In Sect. 2 we describe the 2-D model and the experimental design of our
Pinatubo simulations. Section 3 compares the Pinatubo simulations with the observa-
tions, and conclusions follow in Sect. 4.

2 Method
2.1 AER 2-D sulfate aerosol model

The AER 2-D sulfate aerosol model participated in a recent international aerosol as-
sessment (SPARC, 2006), in which it was compared with satellite, ground lidar and
balloon measurements, as well as with other 2-D and 3-D aerosol models, and sub-
sequently recognized as one of the best existing stratospheric aerosol models. The
model represents sulfuric acid aerosols (H,SO,/H,0) on the global domain from the
surface to about 60 km with approximately 9.5° horizontal and 1.2 km vertical resolu-
tion. The model is driven by year-by-year wind fields and temperature from Fleming
et al. (1999), which were derived from observed ozone, water vapor, zonal wind, tem-
perature, planetary waves, and quasi-biennial oscillation (QBO). The model chemistry
includes the sulfate precursor gases carbonyl sulfide (OCS), sulfur dioxide (SO,), sulfur
trioxide (SOj3), sulfuric acid (H,SO,), dimethyl sulfide (DMS), carbon disulfide (CS,),
hydrogen sulfide (H,S) and methyl sulfonic acid (MSA). The model uses pre-calculated
values of OH and other oxidants from Weisenstein et al. (1996). Photodissociation and
chemical reactions are listed in Weisenstein et al. (1997) and their rates are updated
to Sander et al. (2011). The particle distribution is resolved by 40 size bins spanning
wet radii from 0.39 nm to 3.2 um by volume doubling. Such a sectional approach was
proven to be more accurate in representing aerosol mass/extinctions compared to pre-
scribed unimodal or multimodal lognormal distributions (Weisenstein et al., 2007). The
sulfuric acid aerosols are treated as liquid binary solution droplets. Their exact com-
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position is directly derived from the surrounding temperature and humidity according
to Tabazadeh et al. (1997). Microphysical processes in the model include homoge-
neous nucleation, condensation/evaporation, coagulation, sedimentation, as well as
tropospheric rainout/washout. These processes determine the evolution of the aerosol
concentration in each size bin, thus the entire particle size distribution. Operator split-
ting methods are used in the model with a time step of one hour for transport, chemistry,
and microphysics, and 3 min substeps for the microphysical processes that exchange
gas-phase H,SO, with condensed phase, and 15 min substeps for the coagulation pro-
cess. For more detailed descriptions of chemistry and microphysics in the model we
refer to Weisenstein et al. (1997, 2007).

2.2 Coupled 3-D aerosol-chemistry-climate model

We employ the couple aerosol-chemistry-climate model SOCOL-AER (Sheng et al.,
2014) in order to verify the consistency between a 2-D model forced with observed
dynamics and a 3-D free-running model. SOCOL-AER couples the size resolved AER
2-D microphysical model into the chemistry-climate model SOCOL (Stenke et al., 2013)
with interactive aerosol radiative forcing. In this study we use the T31 horizontal res-
olution (3.75° x 3.75°) and 39 vertical levels (from surface to 0.01 hPa) with operator
splitting approaches in time: transport is calculated every 15 min, whereas chemistry,
microphysics and radiation are calculated every two hours with 40 substeps (3 min)
for the microphysics. This model has been well validated by comparing calculations
with sulfur-containing gases, aerosol extinctions at different wavelength channels (from
525nm to 5.26 um), and aerosol size distributions from satellite and in situ observa-
tions. It has been used to study the global atmospheric sulfur budget under volcani-
cally quiescent conditions and moderate volcanic eruptions such as the 2011 Nabro
eruption. A detailed description of SOCOL-AER is presented by Sheng et al. (2014).
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2.3 Experiments

We have simulated the Pinatubo-like eruption by injecting SO, directly into the strato-
sphere. In the 2-D model, the injection is immediately mixed zonally, and takes place
into the latitude band 5° S—14° N, which is an approximation to the observed rapid zonal
transport of the SO, cloud derived from satellite measurements (Bluth et al., 1992; Guo
et al., 2004). The lack of zonal resolution is clearly a deficiency of our approach, but
since SO, removal/conversion rate (e-folding time) is sufficiently slow (7 ~ 25 days)
and the zonal transport around the globe sufficiently fast (7 ~ 20 days) (Guo et al.,
2004), a zonal-mean description is a reasonable approximation. Also, the spaceborne
aerosol data are typically provided as zonal averages. We examined three cases of
total mass, namely 14, 17 and 20 Mt of SO,. The injection height extends from near
the tropical tropopause (17 km) to 30 km. The vertical mass distribution is then repre-
sented by M,yF (z) where M,y is the SO, mass magnitude in units of megaton (Mt)

and F(z) = f(2)/ [ (x) dx (in km™") is a vertical distribution function of altitude
z € [17, 30km] with a skew-normal distribution f(z) given by (Azzalini, 2005)

2 _ew? 1 2
f(z) = e 202 —e™ 2 dx.
V2mo A ven

Figure 1 shows a few examples of F(z). The location parameter u depends on avail-
able model levels and determines the altitude where the maximum of the emitted SO,
cloud is located when there is no skewness. The skewness or asymmetry of the curve
increases when |a| increases and vanishes when a = 0 (normal distribution). A nega-
tive a drives the location of the maximum SO, emission to lower altitudes, while a pos-
itive a to higher altitudes. The scale parameter ¢ indicates how much dispersion takes
place near the maximum, that is, it determines the width or SD of the asymmetric bell-
shaped curve.
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The four parameters M,;, u, 0 and a enable representation of a substantial space
of SO, distributions, whose evolution is computed forward in time (taking into account
the transport and comprehensive chemical and microphysical processes), in order to
compare with the satellite extinction data. We simulate the following cases in detail:

M € {14,17,20Mt},
ue{16.79km+nx1.16km, n=0...11},
o €{2,3,4km},

ae{-2,-1,0},

which results in 324 different scenarios. The choice of the boundaries for this set of
scenarios is already based on exploratory simulations. For example, based on the re-
sults of our 2-D model, it does not make sense to consider total masses M,,; > 20 Mt,
since no choice of the other three parameters would allow to reconcile the model re-
sults with the observations. Similarly, skewness a > 0 can lead to more biased model
results, because the skew towards higher altitudes cannot be offset by lower M. In
addition to the above 324 simulations, we consider another two scenarios, which are
adopted in modeling studies of Pinatubo: (1) Box14Mt has a uniform (“Box”) profile,
which is similar to Dhomse et al. (2014) and the simulation “CONTROL_HIGH” in
Aquila et al. (2012), injecting the SO, mass homogeneously along altitudes (shown
in Fig. 1), (2) SPARC20Mt is the reproduction of the Pinatubo simulation conducted in
SPARC (2006), which injects 20 Mt of SO, and has a vertical profile “SPARC” shown
in Fig. 1.

A selected list from the 326 simulations is summarized in Table 1, in which the spe-
cific choice of the four parameters for each scenario is provided. The score and ranking
of these scenarios are discussed later in the text.

Given the limitation of the 2-D approach, we further perform two 3-D Pinatubo-like
simulations (R001 3-D and R149 3-D at the bottom of Table 1) using the coupled
aerosol-chemistry-climate model SOCOL-AER (Sheng et al., 2014) to check the con-
sistency between 2-D and 3-D approaches. Note that the location parameters used in
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the 3-D runs differ slightly from the corresponding 2-D runs (i.e. RO01 and R149) due
to different vertical model levels between the two models.

3 Results and discussions

We compare our results with SO, vertical profiles measured by the Microwave Limb
Sounder (MLS) onboard the Upper Atmosphere Research Satellite (UARS) between
10°S-0° in September 1991 (Read et al., 1993), the optical particle counter (OPC)
measurements operated above Laramie, Wyoming (Deshler et al., 2003; Deshler,
2008), the global aerosol burden derived from the High-resolution Infrared Radiation
Sounder (HIRS) (Baran and Foot, 1994) and from Stratospheric Aerosol and Gas Ex-
periment Il (SAGE II) using the 41 method (SAGE-41) (Arfeuille et al., 2013), as well
as aerosol extinctions measured by SAGE Il (Thomason et al., 1997, 2008).

Metrics and data sets. To determine an optimal set of the emission parameters,
we define four metrics (ScoreSO,, ScoreBurden, ScoreOPC and ScoreExt) based on
these four measurements sets described above, and rank all of our 324 simulations by
a weighted score (ScoreWt) of the four metrics (see Table 1). ScoreSO, is calculated
as the relative /2-norm (Euclidean norm) error with respect to the MLS measurements,
whose negative values are set to zero in the calculation. ScoreBurden is the average
of the relative />-norm errors with respect to HIRS (July—-December 1991) and SAGE-
4) (January 1992—-December 1993). ScoreOPC is evaluated by the relative /2-norm
errors (in space) with respect to the OPC measurements for four particle size channels
(r>0.01pm, r>0.15um, r > 0.25um and r > 0.5um ), and then averaged over time
(from October 1991 to December 1992). ScoreExt is evaluated by the relative /2-norm
error (in space) with respect to gap-filed SAGE 1l v7.0, and then averaged over time
(from January 1992 to December 1993). The overall score ScoreWt is weighted as
follows: 16.7 % of the SO, score (ScoreSO,), 16.7 % of the OPC score (ScoreOPC),
33.3 % of the global burden score (ScoreBurden), and 33.3 % of the aerosol extinction
score (ScoreExt). The choice of the weighting is discussed below.
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MLS detected residual SO, in the stratosphere after approximately 100 days af-
ter the eruption. The uncertainty of ScoreSO, is likely larger than ScoreBurden and
ScoreExt due to short lifetime of SO, and uncertain OH fields. Assuming an uncer-
tainty in OH fields of 10 % (e.g., Prinn et al., 2005) translates into an uncertainty of
30 % in SO, at ~ 90 days after the eruption. Moreover, ScoreOPC has also less weight
than ScoreBurden and ScoreExt because of the small temporal and spatial sample
size of the ballon-borne OPC measurements, which are not conducted very frequently
(a maximum of two measurements per month after the Pinatubo eruption) and lo-
cated only above Laramie. In contrast, SAGE I, as an occultation instrument, becomes
very reliable when the stratosphere starts to be sufficiently transparent. The measure-
ment uncertainty is generally better than ~ 20 % for 525 nm wavelength and ~ 10 % for
1020 nm (see Fig. 4.1 in SPARC, 2006). Therefore, ScoreExt is weighted as one third
for 525 nm and two thirds for 1020 nm. Finally, ScoreBurden uses the HIRS-derived
data up to month 12 and the SAGE-derived data afterwards. During the first year after
the Pinatubo eruption, the SAGE Il instrument was largely saturated in the tropical re-
gion (Russell et al., 1996; Thomason et al., 1997; SPARC, 2006; Arfeuille et al., 2013),
and therefore the aerosol mass retrieved from SAGE Il during this period very likely
underestimates the initial loading significantly. The SAGE-41 data set corrects for this
deficiency by filling observational gaps by means of Lidar data. However, Lidar-derived
extinctions are generally lower than SAGE Il below 21 km (SPARC, 2006), and are not
located in the equatorial region (see Fig. 3.7 in SPARC, 2006), where maximum mass
loadings are expected. Therefore, SAGE |l gap-filled data probably remain as a lower
limit after the eruption. Conversely, HIRS measurements represent an upper limit since
they account for the entire aerosol column including the troposphere. This may ex-
plain the considerable difference between SAGE Il and HIRS during the first year after
Pinatubo (see Fig. 3). After this period, HIRS tends to be noisy due to its lack of sensi-
tivity at high latitudes where there is a contribution from errors in the background signal
(Baran and Foot, 1994). In contrast, SAGE Il, as an occultation instrument, becomes
more reliable when the stratosphere starts to be sufficiently transparent. Therefore,
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ScoreBurden uses the HIRS-derived data up to month 12 and the SAGE-derived data
afterwards, with an overall uncertainty of 20 %.

Scoring table. Table 1 shows the scores of selected scenarios, sorted accord-
ing to the weighted rank (“RankWt” in the next to last column). The best scenarios
(RankWt < 15) reveal that the total injection mass (M,y;) is 14 Mt of SO,, 70-80 % of
which is below 24 km, and its maximum is likely between 19—-22 km with 3—4 km width
(scale parameter o). Location parameters u larger than 22km are generally skewed
towards a lower altitude (negative a). These sort of vertical profiles provide a range for
the parameters of the optimal vertical distribution: 4 = 20.66+1.79 km, 0 = 3.33+0.72
km and a = -0.8 0.77. Two examples (scenarios R001 and R010 marked in Table 1)
are shown in Fig. 1. The worst scenarios (RankWt>317) in Table 1 are those with
20 Mt SO, injection mass and highest location parameters (4 = 29.55 km). The scenar-
ios such as Box14Mt and R149 rank much more poorly than the optimal scenarios, al-
though their injection mass is the same, because their vertical profiles (shown in Fig. 1)
inject over 50 % mass above 23—24 km. The scenario R034 has the same vertical pro-
file as RO01, but more emitted mass (17 MtSO,), leading to poorer ranks in the aerosol
burden and extinctions. The scenario SPARC20Mt ranks at 211 in Table 1, although
its vertical profile is close to the optimal scenarios (about 10—-20 % more mass above
23 km). This implies that emitting 17 or 20 Mt SO, is very likely an overestimation.

The optimal vertical profiles found in Table 1 are generally consistent with the earlier
volcanic plume studies of Fero et al. (2009) and Herzog and Graf (2010). Fero et al.
(2009) showed that the SO, plume from the 1991 Pinatubo eruption originated at an
altitude of ~25km near the source and descended to an altitude of ~22km as the
plume moved across the Indian Ocean. Herzog and Graf (2010) suggested that initially
SO, from a co-ignimbrite eruption (such as Pinatubo) that was forced over a large area,
may reach above 30 km but the majority of SO, would then collapse or sink back to its
neutral buoyancy height (15—22 km) (see Fig. 1 in their paper).

We choose seven scenarios (R001, R034, R149, Box14Mt, SPARC20Mt, RO01 3-
D and R149 3-D) to be discussed in detail. RO01 represents the optimal scenario. In
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comparison, R034, R149 and Box14Mt are in the center span of the ranking field: R034
has the same vertical profile as R001, but injects larger sulfur mass (17 MtSO,); R149
and Box14Mt (with Rank 94) inject the same sulfur mass as in R001, but use different
vertical profiles (maximum injection mass of R149 is located at 26 km). SPARC20Mt
(with Rank 216) turns out to be a bad representation, which reproduces the previous
simulation conducted in SPARC (2006). The two 3-D scenarios R001 3-D and R149
3-D correspond to the 2-D scenarios R0O01 and R149, respectively. The scores of the
3-D simulations are similar to the corresponding 2-D simulations.

Matching SO, . Figure 2 shows the comparison of modeled SO, with MLS measure-
ments three months after the eruption. The scenario R0O01 captures the measured
SO, profile, and only underestimates the measured maximum SO, mixing ratio near
26 km by about 20 %. SO, modeled by R034 shows excellent agreement (within 7 %)
with MLS measurement. Box14Mt and R149 fail to match the observed profile, and
SPARC20Mt shows better agreement with the observations under 28 km, but never-
theless largely overestimates the observations above. The common feature of R149,
Box14Mt and SPARC20Mt is that their initial vertical distributions release much more
SO, above 24 km compared to R0O01, which is skewed towards lower altitudes, there-
fore retaining more than 90 % of emitted SO, below 24 km (Fig. 1). SO, distributions
simulated by the two 3-D simulations (dashed curves in Fig. 2) are similar to the corre-
sponding AER 2-D simulations, though SOCOL-AER predicts a lower maximum value
and more readily distributes SO, to higher altitudes, reflecting differences in OH and
transport between the two models.

Matching the burden. Figure 3 shows the evolution of the simulated stratospheric
aerosol burden (integrated above the tropopause) in units of teragram of H,SO,/H,O
droplet total mass compared to the aerosol mass derived from HIRS (Baran and Foot,
1994), and SAGE Il using the 41 method (Arfeuille et al., 2013). In Fig. 3, R0O01 matches
the HIRS-derived maximum aerosol burden during the first few months after the erup-
tion, and after month 14 agrees with the SAGE-derived burden (mostly within 20 %).
In contrast, SPARC20Mt reaches a maximum burden of 32 Mt of H,SO,/H,O, which
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is ~ 50 % more than the 21 Mt derived from HIRS. R034 emits 17 Mt of SO, using the
same vertical profile as R001, and peaks at 25 Mt of aerosol mass, about ~ 30 % more
than HIRS, whereas the uncertainty of HIRS is about 10 % (Baran and Foot, 1994).
This means that the initial mass loading of 17 or 20 Mt of SO, into the stratosphere
is apparently too high. Different vertical profiles using 14 Mt of SO, show a high sen-
sitivity in the evolution of the aerosol burden. R149 and Box14 Mt inject about 60 and
40 % of their sulfur mass above 24 km, respectively, and lead to a greater maximum
aerosol burden than RO01. R149 has even a slightly larger maximum aerosol burden
than R034, even though R034 has the larger initial SO, mass loading. This is likely due
to the fact that above 24 km the mean age-of-air and the residence time of sediment-
ing aerosol are greater than in the lower stratosphere, where most of the sulfur mass
of RO01 and R034 is located. The results of “R001 3-D” using the coupled aerosol-
chemistry-climate model SOCOL-AER is consistent (mostly within 10 %) with the AER
2-D simulation R001. In contrast, the consistency between R149 and “R149 3-D” is less
satisfactory. The maximum aerosol burden simulated by “R149 3-D” is within 10 % of
R149, but the e-folding time of the aerosol burden in the 3-D simulation (“R149 3-D”) is
significantly faster (13 vs. 15 months) than in the 2-D simulation (R149), indicating that
in addition to the initial mass loading and microphysics also the model dynamics plays
an important role in the decay of the volcanic aerosols. This difference between R149
(AER) and “R149 3-D” (SOCOL-AER) is possibly due to an insufficient rate of exchange
of air between the troposphere and stratosphere in the AER 2-D model (Weisenstein
et al., 1997) and/or a faster Brewer—Dobson circulation in the middle stratosphere using
the free-running 3-D SOCOL-AER. Indeed, SOCOL-AER has a too fast tape recorder
signal, which is a measure of the Brewer—Dobson circulation (Stenke et al., 2013).
Matching particle size distributions. Figure 4 shows comparisons between the optical
particle counter (OPC) measurements operated above Laramie (Deshler et al., 2003;
Deshler, 2008) and model-calculated cumulative particle number concentrations in Oc-
tober and December 1991 for two size channels (r > 0.15um and r > 0.5um). Below
23km, R0O01 reasonably matches the observations for r > 0.15um, but less satisfac-
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torily for r > 0.5um. R034 predicts slightly higher number concentrations than R001
due to its larger initial mass loading (17 MtSO,), but shows in general similar results
to ROO1. In contrast, the calculations from R149, Box14Mt and SPARC20Mt differ sig-
nificantly from R0OO1. Above 23 km, these three scenarios further overestimate the ob-
servations than R001 because their initial injection profiles release more SO, above
23km compared to R001. Below 23km, R149 substantially underestimates the ob-
servations in October 1991 as its injected mass is mainly situated between 23-27 km,
while Box14Mt shows better agreement with the observations (r > 0.5um ) below 18 km
than RO01, but largely underestimates the maximum near 21 km. SPARC20Mt is simi-
lar to RO01 below 20 km since its initial mass loading (20 Mt SO,) compensates for the
deficiency of its vertical mass injection profile in the lower stratosphere. The calcula-
tions from SOCOL-AER are generally consistent with the corresponding 2-D calcula-
tions (RO01 and R149). SOCOL-AER produces higher number concentration in Octo-
ber 1991 compared to the AER 2-D model. In December 1991 this difference between
the 2-D and 3-D simulations shrinks, and “R001 3-D” further improves the agreement
with the OPC measurements below 18 km for r > 0.5 um.

Matching extinctions. We compare the modeled 1020 nm extinctions with the gap-
filled SAGE Il version 7.0 (Fig. 5). SAGE Il data points with horizontal bars are actual
SAGE Il measurements and denote natural variabilities, while data points without bars
are gap-filled from lidar ground stations, which have a higher uncertainty (SPARC,
2006). Figure 5 shows comparisons in January (upper panel) and July (lower pannel)
1992 for five latitude bands from left to right: 50-40° S, 30-20° S, 5° S-5° N, 20-30° N
and 40-50° N.

In January 1992, all the simulations reproduce aerosol extinctions reasonably near
20 km (mostly within 50—100 % of observed aerosol extinctions). The calculations with
RO01 agree better with observed aerosol extinctions compared to the other 2-D sim-
ulations, particularly above 24 km. R034 is generally 10-20 % larger than R001 due
to its higher initial mass loading, although it has the same vertical profile as R001.
SPARC20Mt has even larger values than R034 due to a 20 Mt of SO, mass loading.
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Box14Mt and R149 largely overestimate the observed extinctions above 24 km. The
3-D simulation “R001 3-D” is superior to all the 2-D simulations, while “R149 3-D” per-
forms worse than the 2-D simulations R001 and R034. Likewise, in June 1992, R001
also does a better job than other 2-D simulations. The two 3-D simulations “R001 3-D”
and “R149 3-D” are now both superior to all 2-D model results, although the differ-
ences between them start to shrink as the their aerosol burdens are now within 10 %
from each other. Overall, the calculations of SPARC20Mt, Box14Mt, R034 and R149
display a common deficiency, as they tend to overestimate aerosol extinctions in high
altitudes above 24 km. Excessive initial mass loading (as in SPARC20Mt or R034) is
one of the reasons. However, the shape of the initial mass vertical profiles appears to
be at least as important as the initial mass loading. Box14Mt has 30 % less total mass
loading than SPARC20Mt, but it shows even higher extinctions in high altitudes be-
cause it has 40 % of its mass injected above 24 km, while SPARC20Mt has only about
20 % of its mass there.

4 Conclusions

We have conducted over 300 Pinatubo-like simulations based on variations of four pa-
rameters of initial total SO, mass and altitude distribution. These parameters control
the temporal and spatial evolution of stratospheric aerosols in the years following the
Pinatubo eruption. The altitude distribution of SO, injection is represented by a skew-
normal distribution. Our simulations suggest that Pinatubo injected less than 17 Mt of
SO, into the stratosphere and that good agreement can be reached with a 14 Mt in-
jection, 80 % of which was injected below 24 km with the maximum located between
19-22 km. This reproduces HIRS and SAGE ll-based estimates of the evolution of total
stratospheric aerosol burden. Furthermore, this largely improves the previous overes-
timates in modeled extinctions at high altitudes when comparing to SAGE Il gap-filled
measurements SPARC (2006), and realistically simulates aerosol extinctions in the
lower stratosphere. We have defined an optimal set of the emission parameters such
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that the resulting burdens and extinctions match satellite and lidar measurements, and
reduce the uncertainties in modeling the initial sulfur mass loading of Pinabuto.
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Table 1. Scores and rankings of 326 AER 2-D atmospheric simulations of the Pinatubo erup-
tion sorted according to the weighted rank (“RankWt”). Scores of two additional 3-D simulations
“R001 3-D” and “R149 3-D” from the aerosol-chemistry-climate model SOCOL-AER are pro-
vided at the bottom of the table.

Mass Location ~Scale Skewness Score Score Score Score Score Score Rank Rank Rank Rank Rank Rank Scenario
(MtSO,)  u(km) o (km) a SO, OPC Burden Ext Avg Wt SO, OPC Burden Ext  Avg Wt Name

14 22.59 4 -2 0.22 0.47 0.16 0.25 0.28 0.25 20 23 7 11 2 1 Ro001

14 22.59 3 -2 0.11 0.47 0.19 0.28 0.27 0.26 4 24 14 28 1 2

14 20.27 2 0 0.19 0.47 0.19 0.27 0.28 0.26 14 21 1" 24 3 3

14 21.43 3 -1 0.28 0.47 0.17 0.26 0.29 0.27 29 22 8 12 5 4

14 21.43 4 -1 0.35 0.50 0.14 0.23 0.31 0.27 52 46 2 4 7 5

14 19.11 3 0 0.38 0.48 0.15 0.24 0.31 0.27 57 32 4 7 9 6

14 21.43 2 -1 0.19 0.45 0.21 0.30 0.29 0.28 13 13 19 43 4 7

14 17.95 4 0 0.44 0.50 0.13 0.23 0.32 0.28 72 49 1 2 15 8

14 20.27 3 0 0.31 0.53 0.17 0.24 0.31 0.28 42 67 9 6 8 9

14 19.11 4 0 0.41 0.54 0.14 0.22 0.33 0.28 68 77 3 1 20 10 RO10

14 22.59 3 -1 0.22 0.52 0.21 0.26 0.30 0.28 18 65 20 18 6 1

14 22.59 4 -1 0.34 0.54 0.19 0.24 0.33 0.29 51 88 13 5 19 12

14 20.27 4 -1 0.45 0.46 0.16 0.25 0.33 0.29 77 17 6 10 22 13

14 21.43 4 -2 0.40 0.45 0.19 0.27 0.33 0.29 64 8 12 19 16 14

14 16.79 4 0 0.50 0.48 0.15 0.24 0.34 0.29 88 29 5 8 27 15

14 21.43 3 -2 0.37 0.44 0.21 0.28 0.32 0.30 54 3 18 33 14 16

14 23.75 4 -2 0.29 0.54 0.22 0.26 0.33 0.30 36 81 24 15 18 17

14 21.43 2 0 0.20 0.53 0.25 0.29 0.32 0.30 16 69 35 39 1 18

14 21.43 2 -2 0.28 0.43 0.24 0.31 0.32 0.30 31 1 28 64 10 19

14 17.95 3 0 0.51 0.46 0.18 0.26 0.35 0.31 89 16 10 16 32 20

14 23.75 3 -2 0.28 0.54 0.27 0.29 0.35 0.32 35 82 40 40 28 33

17 22.59 4 -2 0.07 0.55 0.31 0.36 0.32 0.33 3 96 63 108 13 34 RO034

17 21.43 4 -1 0.23 0.57 0.28 0.31 0.35 0.33 23 105 48 58 29 35

17 20.27 2 -2 0.63 0.50 0.34 0.37 0.46 0.43 120 45 89 119 94 93

14 / / / 0.70 0.70 0.31 0.27 0.50 0.43 133 184 66 20 116 94 Box14Mt

20 17.95 2 0 0.61 0.53 0.35 0.37 0.46 0.43 112 68 92 112 95 95

14 26.07 3 -1 0.94 0.71 0.43 0.32 0.60 0.53 197 195 141 74 164 149 R149

14 17.95 2 -2 0.96 0.61 0.56 0.57 0.67 0.64 207 133 207 227 208 215

20 / / / 0.47 0.78 0.67 0.61 0.63 0.64 79 244 249 245 178 216 SPARC20Mt

14 16.79 2 -1 0.96 0.60 0.57 0.57 0.67 0.64 203 122 211 229 206 217

20 27.23 3 0 1.32 0.95 0.94 0.94 1.04 1.01 284 319 323 317 313 317

20 29.55 4 0 1.35 0.95 0.94 0.95 1.05 1.01 293 318 319 324 316 318

20 29.55 3 -2 1.47 0.91 0.91 0.94 1.06 1.01 308 308 309 316 318 319

20 29.55 3 -1 1.46 0.92 0.92 0.95 1.06 1.02 307 310 313 322 320 320

20 28.39 3 0 1.42 0.93 0.93 0.96 1.06 1.02 301 312 315 325 319 321

20 29.55 2 0 1.68 0.85 0.86 0.94 1.08 1.02 323 281 291 319 324 322

20 29.55 2 -2 1.68 0.86 0.87 0.94 1.09 1.03 322 284 295 315 325 323

20 29.55 3 0 1.52 0.90 0.91 0.96 1.07 1.03 317 306 306 326 321 324

20 28.39 2 0 1.60 0.88 0.89 0.95 1.08 1.03 320 298 298 323 322 325

20 29.55 2 -1 1.67 0.86 0.88 0.95 1.09 1.03 321 288 297 321 326 326

14 ~22 4 -2 0.30 0.46 0.18 0.20 0.29 0.25 R0O1 3-D

14 ~26 3 -1 0.93 0.53 0.36 0.38 0.55 0.49 R149 3-D
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Figure 3. Evolution of simulated global stratospheric aerosol burden (Mt H,SO,/H,0) com-
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and stratospheric aerosols (Baran and Foot, 1994). SAGE Il aerosol data is derived from the
retrieval algorithm SAGE 44 by Arfeuille et al. (2013), and include only stratospheric aerosols.
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