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Abstract

The way volcanic clouds evolve is very sensitive to the initial spatial 3D distribu-
tions of volcanic materials, which are often unknown. In this study, we conducted inverse
modeling of the Mt. Pinatubo cloud using TOMS 2D mapping of Aerosol Index and SO,
loading during the first three post-eruption days to estimate the time-dependent emis-
sions profiles and initial 3D spatial distributions of volcanic ash and SO,. We account
for aerosol radiative feedback and dynamic lofting of volcanic ash in the inversion cal-
culations for the first time. This resulted in a lower ash injection height (by 1.5 km for
ash) than without ash radiative feedback. The Pinatubo eruption ejected ~77% of fine

ash at 12 to 23 km, ~65% of SO, at 18 to 25 km. In contrast with previous studies, which

suggested that all volcanic materials were emitted above the tropopause, a significant
fraction of SO, (5.1 of 15.5 Mt) and fine ash (37.2 of 66.5 Mt) were ejected in the tro-
posphere, where SO, quickly oxidized into sulfate aerosol that is short-lived in the tro-
posphere. This explains the early presence of sulfate aerosols in the plume and why the

models can reproduce the observed volcanic aerosols’ optical depth (AOD), assuming lower-

than-observed SO, emission in the stratosphere. Despite the quicker than in observations
build-up of sulfate AOD, in a month after the eruption, the evolution of the Pinatubo
AOD simulated using the obtained ash and SO, initial distributions converges with the
available stratospheric aerosol and gas experiment (SAGE) observations.

Plain Language Summary
The total ozone mapping spectrometer (TOMS) instrument observed the initial 2D dis-
tributions of the aerosol index and SO, column loadings from the largest eruption in the
twentieth century, the 1991 Mt. Pinatubo eruption. However, the ash and SO, vertical
profiles could not be directly obtained from these observations. Thus, we conduct inverse
modeling of the Mt. Pinatubo cloud observed during the first three post-eruption days
to estimate the time-dependent emissions profiles and initial 3D spatial distributions of

volcanic ash and SO,. For the forward simulations, we use a regional meteorological chem-

ical transport model accounting for aerosol radiative feedback. Obtained initial 3D dis-
tributions of volcanic materials are sufficient to initiate volcanic cloud forecasts and the
climate model simulations of volcanic effects. The proposed methodology can be used
for reconstructing vertical profiles of the emitted aerosols and gases in a wide range of
volcanic eruptions and pyroconvection events.

1 Introduction

Volcanic eruptions inject ash, SO,, halogens, water vapor, and other volcanic ma-
terial into the atmosphere. Weak volcanic activity typically releases trace gases and ash
particles within the troposphere, where they are short-lived. Strong volcanic explosions
can overshoot the tropopause (TP) and deliver volcanic materials to the stratosphere,
which last for a few years and causes long-term climatic impacts (Robock, 2000; Osipov
et al., 2020; English et al., 2013; Timmreck et al., 2012; Stenchikov, 2021; Ramaswamy
et al., 2019).

The long-term evolution of stratospheric volcanic clouds is sensitive to the height
of emissions. The vertical distribution of volcanic material shapes the intense dynamic,
chemical, and microphysical processes in a volcanic cloud (Stenchikov, 2021; Abdelka-
der et al., 2022). The satellite observations available at the time of the Mt. Pinatubo
eruption in 1991 lack the vertically resolved information on the early volcanic plume but
provide column-integrated characteristics, such as the SOy column loading (Bluth et al.,
1992; Guo, Bluth, et al., 2004; A. J. Krueger, 1983; A. Krueger et al., 1995) and aerosol
index (AI) (Herman et al., 1997; Seftor et al., 1997; Torres et al., 1998; Krotkov et al.,
1999).
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To simulate the climate effects of volcanic eruptions within the latest general cir-
culation models, the initial distributions of eruptive materials must be prescribed based
on observations, or the complex volcanic emission process must be parameterized, as-
suming that the estimated mass of volcanic materials is emitted in a particular volume
with predefined emission rates (Stunder et al., 2007; Stenchikov et al., 2021; Stuefer et
al., 2013; Suzuki et al., 1983). The initial vertical distribution of volcanic materials re-
mains an issue that adds uncertainty to the volcanic impact modeling.

To improve the initial vertical distributions of the eruptive materials, Fero et al.
(2009), S. A. Carn et al. (2009), and Prata et al. (2007) applied the trial-and-error ap-
proach using transport and dispersion models. For example, Fero et al. (2009) conducted
over 500 simulations of ash transport in the aftermath of the Mt. Pinatubo eruption us-
ing the PUFF model (Searcy et al., 1998), varying the initial ash distributions to fit the
observations. They concluded that ash was predominantly released and advected at the
TP altitude of ~17 km. For the reasons mentioned at the beginning, information on the
vertical distribution of SO, emissions from the 1991 Mt. Pinatubo eruption is of inter-
est, but, unfortunately, is still uncertain. For example, in Quaglia et al. (2023), six global
models were initialized by varying the SO, injection amount (ranging between 5 and 10 Tg
S) and the altitude of injection (between 18-25 km).

Inverse modeling is considered more efficient and versatile in obtaining optimal ini-
tial conditions than the trial-and-error approach. Seibert (2000), Eckhardt et al. (2008),
Kristiansen et al. (2010), Stohl et al. (2011), and Seibert et al. (2011) used an inversion
algorithm to obtain the vertical distribution of volcanic emissions. They employed an
off-line transport model, FLEXPART (Stohl et al., 2005), driven by wind fields from nu-
merical weather prediction models. Such settings do not account for the radiative feed-
back of aerosols. For small volcanic eruptions, the feedback is usually weak and can be
ignored. For larger volcanic eruptions with a volcanic explosivity index (VEI) > 5, such
as the 1991 Mt. Pinatubo eruption (VEI = 6), ash radiative heating alters the atmospheric
flow and lifts the volcanic cloud. The radiative effect of ash is especially pronounced dur-
ing the first few post-eruption days (Niemeier et al., 2009; Stenchikov et al., 2021).

In this study, we present the inverse modeling of ash and SO, clouds for the 1991
Mt. Pinatubo eruption for the first time accounting for the radiative feedback of ash.
We focus on the following research questions:

e What were the 3D initial distributions of volcanic SO, and ash in the first days
after the 1991 Mt. Pinatubo eruption?

e How are ash and SO, emissions partitioned across the TP?

e What are the effects of ash radiative feedback on volcanic plume evolution and
the inverted emission profiles of ash and SO,7

2 Inversion

By conducting inverse modeling, we calculate the vertical and temporal distribu-
tions of the mass emission rates of ash and SO, providing the best least square fit be-
tween the observed and modeled 2D ash and SO, column loadings. The procedure cal-
culates the 3D distributions of ash and SO, for the first few days after the eruption. The
SO, radiative feedback is relatively low for a Pinatubo-size eruption (Stenchikov et al.,
2021), and we neglect it, but the radiative feedback of ash is accounted for. Therefore,
we split the inversion of SO, and ash distributions. In the first step, we perform the in-
version of ash emissions, and in the second step, we invert the SO, emissions, using the
inverted distributions of ash emissions.
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2.1 Observations

The cloud of eruptive material ejected by the Mt. Pinatubo eruption was observed
by several remote sensing instruments, including the total ozone mapping spectrometer
(TOMS) (Guo, Bluth, et al., 2004), advanced very high-resolution radiometer (AVHRR)
(Long & Stowe, 1994), and stratospheric aerosol and gas experiment (SAGE) (L. W. Thoma-
son, 1992). The TOMS retrievals provide 2D maps of the Al and SO, column loading
and estimated the total mass of the emitted SO, to reach ~12 to 17 Mt (Bluth et al.,
1992; A. Krueger et al., 1995; Krotkov et al., 1997; Seftor et al., 1997; Torres et al., 1998;
Krotkov et al., 1999; Guo, Bluth, et al., 2004; Fisher et al., 2019). According to the AVHRR,
the mass of fine ash reached 75 to 80 Mt. Holasek et al. (1996) described the height of
the volcanic cloud during the entire eruptive activity period, which acts as an upper limit
for the altitude of the erupted material.

We use TOMS retrievals (Fisher et al., 2019) as input for the inversion (see Fig. 1).
The TOMS instrument was aboard the Nimbus-7, a sun-synchronous polar orbiting satel-
lite, and passed over the Mt. Pinatubo ash cloud once a day. Soon after the eruption,
the TOMS detected high levels of SO, loading and positive Al values, indicating the pres-
ence of absorbing volcanic ash (Seftor et al., 1997; Bluth et al., 1992; Torres et al., 1998;
Krotkov et al., 1999; A. Krueger et al., 1995). Figure la illustrates that the ash cloud
dispersed quickly and was hardly detectable on 17 and 18 June (Self et al., 1993). Thus,
for the inversion, we use only a single-day observation made at 0345 UTC on 16 June.

The AI indicates the presence of UV-absorbing aerosols (e.g., silicate ash or soot)
but cannot be, in the general case, easily converted into aerosol mass. However, the Al
and aerosol optical depth (AOD) are linearly related if the volcanic cloud is relatively
thin (i.e., ash AOD < 5) (Krotkov et al., 1999). Given that the AOD is proportional to
the loading, we can assume the linear relationship between the AI and ash loading. There-
fore, we derived the ash loading by scaling the Al field on 16 June, assuming that the
mass of emitted fine ash is 75 Mt. See Sec. 2.2 for details. We use these synthetic load-
ings in the inversion procedure and test their validity in Sec. 4.

According to the TOMS retrieval, the daily amounts of SO, in the volcanic cloud
were 8.8, 12.0, and 11.0 Mt on 16, 17, and 18 June, respectively (see Fig. 1b). The SO,
mass on 16 June is smaller than on 17 June, and the SO, mass increase cannot be ex-
plained within the current modeling framework. Therefore we do not use SO, observa-
tion on 16 June, and following Guo, Bluth, et al. (2004) scale TOMS SO, column load-
ings (Krotkov et al., 2019) by a factor = 1.42, assuming that 17 Mt was observed on 17
June.

2.2 Emissions

The altitude of the erupted volcanic plume depends on the vertical extent of the
eruptive jet (or the overshooting height of the co-ignimbrite convection) and subsequent
lofting caused by radiative heating of the ash cloud. The ash emission height should not
exceed the observed plume height but could be lower. Therefore, we choose the top of
a priori emission profiles to fit the heights of the plume in Figure 1 in Holasek et al. (1996).
The bottom boundary of the emissions is set to 9 km. We initiate emissions on 15 June
at 0141 UTC and stop at 1541 UTC, right after the climactic phase of the eruption is
finished (Holasek et al., 1996) (see Fig. 2).

Guo, Rose, et al. (2004) estimated that the eruption of Mt. Pinatubo in 1991 ejected
80 Mt (50% uncertainty) of fine ash. We follow Stenchikov et al. (2021) and assume that
Mt. Pinatubo injected 100 Mt of fine ash with a log-normal size distribution, which has
a median radius of 2.4 ym and the geometric standard deviation of 1.8 (Niemeier et al.,
2009). The aerosol scheme, which we use in the forward model, accounts only for par-
ticles with radii <10 pm. Therefore, the large-radius tail of this distribution is neglected,
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Figure 1. TOMS retrievals of a) AI, b) column loadings (DU) and total mass of SOy (Mt),
8.8 Mt on 16 June at 0345 UTC, 12.0 Mt on 17 June at 0402 UTC, and 11 Mt on 18 June at
0415 UTC. Data are presented on a 0.5°x0.5° latitude-longitude grid. The red panels high-
light the temporal sampling of Al and SO, used in the inverse calculations; 1 DU = 2.687x10%°

(molecules m™?).
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Figure 2. A priori emission profiles. Each circle represents an individual emission pulse out
of 269 pulses. Numbers correspond to the model level. The dotted horizontal line represents the

tropopause.
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Figure 3. Modeling domains. Solid red lines outline the domain for inversion modeling.
Dashed red lines outline the modeling domain used in a three-month run to study the long-term
evolution of the volcanic cloud based on the prescribed ash and SO, initial conditions. The blue

dot marks the location of Mt. Pinatubo.

assuming that particles with radii > 10 pum are short-lived due to gravitational settling.
The remaining mass of emitted fine ash with radii <10 pm is 75 Mt, close to that sug-
gested by Guo, Rose, et al. (2004). The total emitted SO, mass is 17 Mt (Bluth et al.,
1992; Guo, Bluth, et al., 2004; Stenchikov et al., 2021).

2.3 Forward Modeling

We employ the Weather Research Forecasting Model coupled with the aerosol-chemistry
module (WRF-Chem v3.7.1) (Grell et al., 2005; Skamarock et al., 2005) as a forward model.
In contrast with the previous inverse studies, the radiative heating of volcanic ash is in-
cluded in the calculations. The simulation domain (60°E - 130°E; 7°S—25°N) for inver-
sion is centered at 9°N, 95°E, has 54x74x39 grid cells (altitude, longitude, and latitude,
respectively) and 100x100 km resolution (see Fig. 3). The simulation domain for the three-
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month run spans across the 30°S - 60°N latitude belt and has the same horizontal and
vertical resolution as the smaller domain.

To model atmospheric chemistry, we employed the Regional Atmospheric Chem-
istry Mechanism (RACM) (Stockwell et al., 1997) containing 77 chemical species and 237
chemical reactions, including 23 photochemical reactions. An online computation of the
photolysis rates for the 23 photochemical reactions of the RACM gas-phase chemical mech-
anism is implemented according to Madronich (1987). The Georgia Tech/Goddard Global
Ozone Chemistry Aerosol Radiation and Transport (GOCART) aerosol and chemistry
module (Chin et al., 2002) is used to calculate the SO, to sulfate (SO,) oxidation by the
hydroxyl radical OH whose abundance is simulated by RACM.

We employed the GOCART aerosol scheme to simulate volcanic ash. Five bins with
radius edges of 0.1, 1.0, 1.8, 3.0, 6.0, and 10 um approximate the ash size distribution.
The ash density is assumed to be 2500 kgm ™2 for the first bin and 2650 kgm—2 for the
second to fifth bins. We assume the same size distribution of the emitted ash as that in
(Niemeier et al., 2009; Stenchikov et al., 2021) and allocate 0.1%, 1.5%, 9.5%, 456%, and
43.9% of the mass to ash bins 1 to 5, respectively. The complex refractive index (RI) of
the ash is set to 1.554i10.001 in the shortwave spectral range (Pollack et al., 1973; S. Carn
& Krotkov, 2016). The larger imaginary part of the RI corresponds to the stronger ab-
sorption of solar radiation, enhancing atmospheric heating. The gravitational settling
of ash in WRF-Chem was improved following Ukhov et al. (2021). The terminal settling
velocity of ash particles is calculated for the mean radii within each bin.

Spectral nudging (Miguez-Macho et al., 2004) has been applied above the PBL (>5.0 km)

to horizontal wind components (u and v) for the European Centre for Medium-Range
Weather Forecasts Era-interim reanalysis fields. The nudging coefficient equals 0.0001 s—1.
Only wavelengths larger than 450 km are nudged. This setting allows accounting for the
realistic phase of QBO and keeps the large-scale motions close to the observations, let-
ting the model develop small-scale disturbances freely.

The meteorological initial and boundary conditions for WRF-Chem are also cal-
culated using the ERA-Interim reanalysis product (Dee et al., 2011). The ERA-Interim
reanalysis data were obtained with a 0.75° x 0.75° horizontal and 6-h temporal reso-
lution.

2.4 Inverse Modeling

We define the a priori emission vectors e (Mt sec™!) for ash and SO, and discretize
emission profiles into the series of n pulses (in this case, n = 269). Each pulse is char-
acterized by the height of ejection, mass emission rate e;, start time, and duration At;

(s), where 1 < ¢ < n. The duration At; is ~2 h for the first 12 pulses (0<i<12) and
equals ~1 h for other pulses. We assume that the step-wise emission pulses are distributed
from 9 km to the observed top of the volcanic plume (Holasek et al., 1996) (Fig. 2).

The ith model run maps the ith emission pulse into the 2D observation space of
column loadings. Each pulse is simulated separately using one WRF-Chem model run
to obtain the receptor vector u; (ug m~2) with dimension (mx1), where m is the num-
ber of grid cells in the domain (in this case m = 74x39 = 2886). The combination of
n receptor vectors u; provides the source-receptor matrix M with the dimensions (mx

Each WRF-Chem run also simulates the full-fledged "background" volcanic erup-
tion according to a priori emission profiles, along with the simulation of the individual
emission pulse to account for the radiative heating of ash on dynamics. The mass emis-
sion rate e; of each emission pulse is distributed between five radiatively inactive trac-
ers subjected to gravitational settling. The "background" eruption is simulated using

—7—
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five ash bins from the GOCART aerosol scheme. Thus, the dispersion of tracers is af-
fected by heating the ash from the "background" eruption. The size, density, and tracer
mass distribution within the emission pulse corresponds to the five ash bins mentioned
in Sec. 2.3.

The linear combination of emissions Y- ; ¢;e;At; (¢; denotes the components of
the dimensionless scaling vector ¢ (n x 1)) generates a receptor vector u = Mc, or in

the component form:
n
ub = Z ciul (1)
i=1

where u* and u¥ represent k components of vectors v and u;, 1 < k < m. In addi-
tion, u¥ is the response (expressed in terms of the column loading) to the ith emission
pulse in the kth grid cell of the computational domain. The response vector u is eval-
uated against observations represented by the vector y, (ug m~2). Both vectors have the
same dimension (m x 1).

We aim to determine the scaling vector ¢ that minimizes the cost function J = J;+
Jo. Further, J; is the misfit between the modeled values and observations y* in the kth
grid cell, and J, is the deviation from the a priori nondimensional scaling vector ¢* with

dimensions (n x 1):
m n 2
5= 3 (St -t ®

k=1 \i=1
Jo=BY (ci—cf)?, (3)
i=1

where Jo regularizes the solution by nudging vector ¢ to the vector ¢* from the previ-
ous iteration. The regularization parameter 8 >0 (ug? m~*) determines the strength of
this nudging. Moreover, 3 is chosen experimentally to provide computational stability
without over-smoothing the solution. A minimum of J provides the following system of
n linear equations:

n m
> aijei+ Be; — > yhuf — Bt =0, (4)
=1 k=1

kuk are elements of the Gram matrix with di-

where 1 < 4,5 < nand a;; = Y00, ujul
mension (nxn). The 8 value must be of the order of diagonal elements of this matrix

to make the regularization effective. Rearranging (4) provides the following equation:

n m
> e =Y ybuk + Bef, (5)
i,j=1 k=1
where a;; = a;;, if ¢ # j and a;; = a;j; + S, if i = j. Equation (5) could also be writ-
ten in matrix form: }

A-c=1y, u+ B, (6)

where A is a matrix built from elements a;; (i.e., A = (a;;)).

We solve this system iteratively until vectors ¢ and ¢* converge. At the first iter-
ation, ¢f = 1, and e; is equal for each pulse and is chosen so that Y., c¢fe;At; equals
the a priori total mass of the eruptive material. At the next iteration, we recalculate the
components of vector e as e; - ¢; and redefine vector ¢* using vector ¢ from the previ-
ous iteration. Emissions should be positive; thus, we overwrite the negative ¢; with 0.001-
max(c) and the corresponding e; with 0.001 - e; - max(c).

The available observations of Al and SO, column loadings are interpolated on the
WRF-Chem horizontal grid, saving the surface integral. We use the fractional skill score
(FSS) developed by Roberts and Lean (2008), the Pearson correlation coefficient (R),
and the relative root mean squared error (RRM SE; see Appendix A) to evaluate how
well the iterations converge to the quasi-optimal solution.
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3 Derivation of Emission Profiles and 3D Distributions of Eruptive Ma-
terials

First, we derive the emission profiles of ash because ash is the primary heating agent
and drives the lofting of the volcanic material. Once the ash emission profiles are deter-
mined, they are used in the inversion procedure for SO5. The same inversion procedure
of ash and SO, profiles was repeated with the radiative feedback disabled to demonstrate
the effect of the radiative heating of the ash cloud. The nomenclature for all WRF-Chem
runs is presented in Table 1.
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Description Begin and end  Ash ra-
dates, UTC diative
feedback

Ash emission inversion runs

The ASH SOL_RAD run is based on the inverted ash 0000 15 June,  Yes
emission profile obtained on the fourth iteration. The AI 0400 16 June

field is scaled to 75 Mt. During every iteration, each emis-

sion pulse emits volcanic ash and tracers. The first iteration

emitted 75 Mt of ash and tracers. A priori emission profiles

are presented in Figure 2.

The ASH SOL_NO _ RAD run is similar to 0000 15 June, No
ASH SOL_ RAD, but the radiative feedback of ash is dis- 0400 16 June

abled, and only tracers are emitted.

SO, emission inversion runs

The SO2 SOL_RAD run is based on the inverted SO, 0000 15 June, Yes
emission profile obtained on the fourth iteration. A priori 0400 18 June
emissions are scaled to 17 Mt of SO,. The observed SO,

column loadings employed in the inversion were scaled to

produce 17 Mt at 0402 UTC on 17 June. A priori emission

profiles are presented in Figure 2. The ash emission profile is

according to the ASH SOL RAD run.

The SO2 SOL_NO_RAD run is similar to 0000 15 June, No
SO2 SOL RAD, but the radiative feedback of ash is 0400 18 June
disabled. Ash is emitted according to the profile in the

ASH SOL_NO_RAD run.

Three-month runs in latitude belt

The SOL _RAD run derives the initial conditions of the 0400 16 June,  Yes
ash, SO,, and sulfate aerosol from SO2 SOL RAD run at 0000 15 Sep

0400 UTC on 16 June.

The CW17S111A10 run from Stenchikov et al. (2021) with 0000 15 June,  Yes
the prescribed 17 Mt of SO, and 75 Mt of fine ash emis- 0000 15 Sep

sions during 24 h in the 300x100x4 km? region according to

parabolic emission profile centered at 17 km in height with

boundaries at 15 and 19 km.

Table 1. Nomenclature of WRF-Chem runs. Run abbreviations are highlighted in bold.
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3.1 Ash

In the first iteration, we use the emission profile in Fig. 2 for the ash-tracer and back-
ground ash. The total ash mass emitted by all pulses and the background ash emission
is 75 Mt each. In both cases, the e; emission pulses are equal, and ¢; =1. We choose 8 =
10* (ug?m~*) and conducted four iterations as described in Sec. 2.4. In the next iter-
ation, the inverted ash emission profiles and scaling vector ¢ obtained on the previous
iteration are used as a priori emission profiles and vector ¢®. In each iteration, we recal-
culate the source-receptor matrix M. To quantify the effect of the ash radiative feedback,
we also conduct inverse modeling with the radiative feedback turned off. In this case,
we do not recalculate the source-receptor matrix M, as the atmospheric flow is not af-
fected due to the absence of ash radiative heating. The ash emission profiles obtained
after the fourth iteration in the ASH SOL RAD and ASH SOL_ NO_RAD runs are
presented in Fig. 4.

The total erupted mass of the ash obtained in the ASH SOL_ RAD run equals 66.53 Mt
and is 62.67 Mt in the ASH SOL NO_RAD run. Ash emissions are most intensive dur-
ing the time interval 1041-1241 UTC in both runs. The most ash mass is released just
below the TP level (assumed at 16.5 km), although some ash was ejected above 25 km.
The corresponding time-integrated emission profiles demonstrate that, in the ASH SOL_RAD
run, the two altitudes of the maximum ash mass release are about 1.5 km below the cor-
responding levels, where the maximum ash mass is released in the ASH SOL NO_RAD
run (i.e., without plume lofting; see Fig. 4b,c). In the ASH SOL_RAD run, ~10% of
ash is emitted above 25 km, whereas in the ASH SOL_NO_RAD run, only 3.5%. For
both profiles, 234% to 44% of ash mass is emitted above TP, 77% to 80% of ash mass
is within the 12- to 23-km layer, and about 56% to 66% of ash is ejected into the tro-
posphere.

Figure 5 compares ash column loadings obtained from the ASH SOL_ RAD and
ASH SOL NO_RAD runs, normalized with a 75 Mt AT field, latitude-averaged (5°—
15°N) vertical cross sections of ash mass concentrations, and maps of the total AOD at
550 nm at 0400 UTC on 16 June. The spatial patterns of the ash column loadings are
similar in both runs, repeating the 2D structure of the observed AI field. However, the
statistical scores F'SS, R, and RRM SFE computed with respect to observations are bet-
ter in the ASH SOL_RAD run than in the ASH SOL_ NO _ RAD run. In both runs,
the secondary maximum of the Al at 8°N, 113°E is captured, although it was not present
in the first iterations (not shown). The latitude-averaged vertical cross sections of ash
mass concentrations are slightly different (Fig. 5¢,f) being displaced vertically by about
1.5 km, which is consistent with the finding that during the first days, the Pinatubo vol-
canic cloud was lofted by about 1 km per day (Stenchikov et al., 2021). The ash opti-
cal depth in Fig. 5d,g repeats the shape of the ash loading distribution (as expected) and
is of the order of 4, reaching 6 to 8 in some areas.

—11-
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Ash emission profiles: a) a posteriori ash emission profiles (Mt m™'s™!) from the

ASH SOL_RAD (solid line), ASH SOL NO_RAD (dashed line), and a priori (dotted line)
runs. Corresponding a posteriori time-integrated ash emission profiles (Mt m™"') from the b)
ASH SOL_RAD and ¢) ASH_SOL_NO_RAD runs. Percentage numbers on plots b) and c)

denote vertically integrated from bottom to top ash emission mass. The dotted horizontal line

marks the tropopause.
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204 3.2 SO,

205 We employ the TOMS retrievals of the SO, column loadings on 17 and 18 June.
206 In this case, the dimensions of the observation vector y,, vectors u;, and vertical dimen-
207 sions of matrix M equal 2xm. We disregard the observations on 16 June because they
208 display about half of the expected SO emission mass. This outcome is either because
209 of missing data due to instrumental saturation or is a result of an unaccounted physics

300 (e.g., SO, uptake by ash (Zhu et al., 2020), or release of SO, from ice crystals (Guo, Bluth,
301 et al., 2004)), or ash and early sulfate interference (Fisher et al., 2019). The SO, emis-

302 sions are set the same way as for ash (see Fig. 2). We scaled the n-dimensional emission

303 rate vector e so that the total a priori SOy emission equals 17 Mt on 17 June. The a pos-

304 teriori ash emission profiles obtained in the ASH SOL_ RAD run are used in the SO2_ SOL_RAD
30 run to account for the “background” ash radiative heating. We choose 8 = 10'? (ug?m—*)

306 and conducted four iterations.

307 The a posteriori SO, emission profiles obtained in the SO2 SOL RAD and SO2_ SOL NO_ RAD
308 runs are depicted in Fig. 6. The masses of ejected SO5 are 15.54 and 16.73 Mt for the

300 experiments with and without aerosol radiative feedback, respectively. The vertical and

310 temporal distributions of the emissions in these two experiments are somewhat differ-

311 ent, but the emissions profiles integrated over time are qualitatively similar (see Fig. 6b,c).

312 In both experiments, most of the SO, is released at ~20 km, and there are no emissions

313 above 26 km. In the SO2 SOL_RAD run, 67% of SO, is emitted above the TP, but in

314 the SO2_SOL_NO_RAD run, 55.5% of the SO, mass is distributed in three stratospheric
315 layers with the peaks at 20, 22 and 24 km. In the SO2_ SOL _RAD run, 65% of the SO,
316 was emitted between 18 and 25 km with a maximum mass ejected at ~20 km.

317 The previous studies assumed that all SO, was injected in the stratosphere (Niemeier
318 et al., 2009; Briihl et al., 2018; Aquila et al., 2012; Stenchikov et al., 2021; A. Krueger
319 et al., 1995; Guo, Bluth, et al., 2004; Bluth et al., 1992), but the a posteriori integrated

320 profiles reveal that a significant amount of SO, is released into the troposphere: 33% in
21 SO2 SOL_RAD and 44.5% in SO2_SOL_NO_RAD (see Fig. 6b,c). TOMS evaluates
322 the SO, column density and mass assuming Gaussian vertical profile shape, with the cen-

323 ter of mass altitude equal 18 km and 2 km standard deviation (Fisher et al., 2019; Krotkov
324 et al., 2019). The fate of the tropospheric and stratospheric SO, is different, i.e. most

325 tropospheric SO, converts into sulfate within a few days. Therefore, we can conclude that
326 no more than 70% of the emitted SO converts to stratospheric aerosols.

327 The time evolution of the emitted ash and SO, in the SO2 SOL_ RAD run and

328 decomposition on tropospheric and stratospheric emissions is presented in Fig. 7. The

329 figure illustrates two strong ash emissions peaks. One at the very beginning of the erup-

330 tion, the second between 1041 and 1141 UTC. The SO, emissions are gradually increas-
331 ing from the beginning until 1041 UTC and between 1241 and 1541 UTC.

e Figure 8 compares the SO, column loadings from the SO2_ SOL_ RAD, and SO2 _SOL_ NO_RAD
333 runs with the TOMS retrievals. We also determine the mass of SO, below and above TP.
33 We do not use the TOMS SO, observations on 16 June for inversion calculations but re-

335 tain them for illustration purposes. We display TOMS retrievals scaled by a factor of
336 1.42 to obtain 17 Mt on 17 June, as discussed in Sec. 2.1. In the SO2 SOL_RAD ex-

337 periment, the mass of SO, above the TP increases due to the lofting of the tropospheric
338 SO,, whereas the mass of SO, below the TP decreases relatively quickly due to the con-
339 version to sulfate aerosols. During the 16-18 June period, the amount of SO, above the

340 TP grows more rapidly in the SO2 SOL_RAD run in comparison with SO2_SOL _NO_RAD

341 run (1.4 Mt versus 0.3 Mt, respectively) due to radiative heating and lofting. The sta-

342 tistical scores F'SS, R, and RRMSE are computed with respect to TOMS SO, retrievals

343 for 17 and 18 June and are better for the SO2_ SOL_RAD run than for the SO2_SOL NO_ RAD.
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3.3 Vertical Characteristics of Ash and SO, Clouds

Latitude-averaged (5°-15°N) vertical cross sections of ash and SO, concentrations
in the SO2_ SOL_RAD and SO2_ SOL NO_ RAD runs on 16, 17, and 18 June (at 0400
UTC) are presented in Fig. 9. In the SO2_SOL_RAD run, the core of the ash cloud stays
below TP on 16 June, but on 18 June, it lofts due to ash heating at 18 km evolving the
SO, into the stratosphere. The secondary maximum of the ash concentration is centered
between 23 and 28 km on 16 June. The clouds of ash and SO, overlap. Some part of the
SO, cloud reaches 35 km at 0400 UTC on 16 June. The core of the SO, cloud rises by

1 km per day starting at 19 km on 16 June. On 18 June, it reaches 21.5 km. In the SO2_SOL _NO_RAD

run, the ash and SO, clouds do not climb. At 0400 UTC on 18 June, the ash cloud al-
most dissipated in the SO2_ SOL NO_RAD experiment.

The height of the center of the mass, 2. of the ash columns in the SO2_ SOL RAD
and SO2_ SOL_NO_RAD runs at 0400 UTC on 16, 17, and 18 June are presented in
Fig. 10. The height of the center of mass of ash and SO, clouds was calculated using the
following formula:

77 2 qz,y, 2, 1) dz
ze(w,y,t) = ZfSZmp

Zs

q(z,y, z,t)dz @
where g denotes the concentration of ash or SO,, zs and 2, represent the surface el-
evation and altitude at the top of the atmosphere (TOA), respectively, and y and z are
the latitude and longitude. In the SO2 SOL_RAD run, on 16 June, the significant north-
ern part of the ash cloud is in the stratosphere (=18 to 25 km), whereas the southern

part is in the troposphere (14 to 17 km). Ash ejected above 20 km moves westward,

but the ash in the troposphere moves southward. On 17 June, the northern part of the
center of mass of the ash cloud descends to =17 to 21 km and the top of the southern
part to ~14 to 15 km. This descent is due to the gravitational settling of ash particles.

On 18 June, the tropospheric ash is likely washed out, and the southern part of the cloud
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Figure 9. Latitude-averaged (5°-15°N) cross sections of the ash and SO, mass concentrations
(ug m™?) obtained at 0400 UTC on 16, 17, and 18 June from the a) SO2_SOL_RAD and b)
SO2 SOL NO_RAD runs. The dotted horizontal line marks the tropopause.

disappears, but the northern part stays above the TP. In the SO2 SOL NO_RAD run,
the centers of mass of ash clouds are primarily below 17 km on 16 June, and the entire
cloud disappears by 18 June.

The heights of the center of mass of SO, clouds in the SO2 _SOL RAD and SO2_SOL _NO_RAD
runs at 0400 UTC on 16,17, and 18 June are presented in Fig. 11. In the SO2 SOL_ RAD

run on 16 June, the center of mass of the SO, cloud spans vertically up to 23 km (see
Fig. 11a). The western part of the cloud is in the stratosphere at 17 to 23 km, whereas
the eastern cloud part is primarily in the troposphere. This topography is similar to that
of the ash cloud (see Fig. 10) because, in both cases, the stratospheric volcanic emissions
are transported westward, but tropospheric emissions are transported southward. On

18 June, the major part of the cloud reaches 20 to 22 km, whereas the eastern part of
the cloud remains between 16 and 20 km.

Hatching marks the areas where the center of mass of the SO5 cloud is below the
center of mass of the ash cloud. In these areas, the TOMS can observe only the upper
portion of the SO4 cloud and underestimates the SO, column mass. However, these ar-
eas are limited. In the SO2 SOL NO _ RAD run, the center of mass of the SO, cloud
remains above the center of the mass of the ash cloud on 16-18 June.
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Figure 10. Simulated height of the center of mass of the ash cloud at 0400 UTC on 16, 17,
and 18 June from the a) SO2 SOL_ RAD and b) SO2_SOL NO_ RAD runs.
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Figure 11. Simulated height of the center of mass of the SO, cloud at 0400 UTC on 16, 17,
and 18 June from the a) SO2 SOL RAD and b) SO2 SOL NO_RAD runs. Hatched cells
mark areas where the center of mass of the ash cloud is higher than the center of mass of the SO,

cloud.
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3.4 Long-term Volcanic Cloud Evolution

To evaluate the performance of the inversion, we conducted a three-month simu-
lation using 3D distributions of ash and SO, obtained from the SO2 SOL_RAD run
at 0400 UTC on 16 June. These distributions are used as initial conditions for the SOL _RAD
run. We assessed this run against observations and compared it with the CW17S111A10
run (see Table 1) from Stenchikov et al. (2021). Both runs were conducted in the lat-
itude belt domain (see Fig. 3), and both runs have approximately the same amount of
fine ash and SO,, but the vertical distributions of emissions are different. The CW17S111A10
run in Stenchikov et al. (2021) starts at 0000 UTC on 15 June. Ash and SO, in this run
are injected in a given volume centered at an altitude of 17 km with a constant mass emis-
sion rate for 24 h. The SOL RAD run starts at 0400 UTC on 16 June.

Figure 12a-d compares the long-term evolution of the AOD at 1.00 um computed
in the SOL_RAD and CW17S111A10 runs with the SAGE observations (L. Thomason
& Peter, 2006). SAGE is a limb-viewing instrument that measures aerosol extinction in
the stratosphere at different altitudes. The original SAGE observations have multiple
gaps. L. Thomason and Peter (2006) filled these gaps using various techniques. We fur-
ther refer to this dataset as SAGE/ASAP. For the SOL _RAD run, we present the whole
column AOD and stratospheric AOD (see Fig. 12b,c), respectively. The SOL _RAD AOD

and CW17S111A10 AODs in Fig. 12b,c,d shifted slightly north compared with the SAGE/ASAP

AOD. The maximum SAGE/ASAP AOD is in the 10°S-0° latitude belt, whereas the
AOD maximum is in the northern hemisphere (0°-10°N) in both runs. The SOL_RAD
AOD develops faster than the SAGE/ASAP and CW17S111A10 AODs because the ini-
tial SO, distribution has a significant tropospheric component that quickly converts to
sulfate aerosols, enhancing the AOD. In the CW17S111A10 run, the tropospheric SO,
emissions are only marginal, and SAGE does not detect tropospheric aerosols because
of the clouds and other obstacles.

Figure 12e illustrates the averaged over the 30°S—60°N latitude belt SO, concen-
trations as a function of the height and time in the SOL RAD and CW175111A10 ex-
periments. The time evolution of the sulfate aerosol clouds is similar in both runs; how-
ever, in the SOL_RAD, a significant tropospheric plume is visible for more than a month.

Figure 12f compares the time evolution of the SOL RAD and CW17S111A10 AODs
at 1.0 pum averaged over the tropical (20°S-20°N) latitude belt with the SAGE/ASAP
AOD at 1.020 ym. Along with the simulated total AODs, we present the stratospheric
and tropospheric AODs from both runs. The tropospheric AOD in the SOL _RAD ex-
periment reaches 0.03 within two weeks after the eruption. It is almost half of the to-
tal AOD. It is larger than the SAGE/ASAP and CW17S111A10 AODs during the first
month after the eruption. However, in the long run, the SOL_RAD stratospheric AOD
compares well with the SAGE/ASAP and CW17S111A10 AOD.
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Figure 12. Observed and simulated aerosol diagnostics. a-d) Hovmoller diagrams of the zonal
mean AOD: a) the SAGE/ASAP AOD at 1.020 um (largely stratospheric), b) simulated column
(stratospheric and tropospheric) AOD at 1.0 pm from SOL_RAD run, c¢) same as b) but with
the stratospheric part only, d) simulated column from CW17S111A10 run, e) Hovmoller diagram
of SO, concentration (ug m™>) averaged over the 30°S-60°N latitude belt. The solid red contour
line and red shading correspond to the SOL RAD run. The green contour line corresponds to
the CW17S111A10 run. f) Total (ash + sulfate aerosols) AOD averaged over the 20°S-20°N
latitude belt obtained from the SOL RAD (red lines) and CW17S111A10 (green lines) runs, the
SAGE AOD at 1.020 gm (blue line with markerg) The AOD partitioning into tropospheric and

stratospheric components is indicated by dotted and dashed lines, respectively.
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Aerosol Index

Figure 13. Simulated Aerosol Index on 16 June at 0400 UTC.

419 4 Aerosol Index

420 The ultraviolet (UV) AI quantifies the spectral contrast in radiances induced by

21 particulate matter at the TOA. The slope of the spectral optical properties is inherently
a2 linked with the ability of aerosols to absorb and scatter radiation in UV light, deduc-

23 ing the aerosol origin from the sign of the AI. In the volcanic case, ash is conventionally
a2 associated with a positive AI (absorbing AI). Water, ice, and sulfate particles are asso-
25 ciated with a negative AI (scattering AI) (Seftor et al., 1997; Krotkov et al., 1999; Rose
426 et al., 2003)

427 Here, we validate our assumption on the linear relationship between the Al and ash
a2 loading by comparing the simulated AI distribution with TOMS AI retrieval (see Fig.
29 la). The AI calculations follow a conventional physical approach, where we derive the
430 atmospheric optical properties and make accurate radiative transfer calculations. Fig-

41 ure 13 demonstrates the simulated Al based on the ash distribution taken from the ASH SOL_ RAD
a2 run at 0400 UTC on 16 June. The comparison with the TOMS AT (see Fig. 1a) confirms

433 that the assumption of the linear relation of the AI and ash column loadings (see Fig. 5a,b)

a3 works well at relatively low AOD values (see Fig. 5d). A description of the procedure

435 for the AI calculation is presented in the Supplementary Material B1.

436 5 Discussion

237 Simulation results indicate that 66.53 Mt of fine ash and 15.54 of SO, were emit-

438 ted during the climactic phase of the Mt. Pinatubo eruption. Nearly 77% of the ash mass
239 was ejected between 12 and 23 km with the sharp maximum at 15 km. We estimated

440 that ~56% of ash was emitted below the TP. About ~65% of the SO, mass was primar-
a1 ily distributed between 18 and 25 km with the maximum at ~20 km. We found that 33%
a2 of the SO4 emissions were below the TP. The inverse modeling places the SO, peak in-

a3 jection at 20 km, which is 3 km higher than in (Stenchikov et al., 2021). However, in the
o course of the sensitivity study, Stenchikov et al. (2021) found that releasing the erup-

us tive materials at 20 km does not significantly change the evolution of the volcanic cloud
a6 in comparison with the 17 km injections. Most likely, this similarity is caused by small
aa7 vertical wind shear in the layer above the tropopause. The inverted SO, distributions
418 display a wider vertical spread of volcanic materials than was assumed in (Stenchikov

449 et al., 2021).

450 SO, in the stratosphere oxidizes slowly with a characteristic time of 10 to 30 days,

151 forming a long-lived sulfate aerosol that affects the climate. The tropospheric SO, mixes

a2 and oxidizes within a week, producing sulfate aerosols that remain in the troposphere
7217
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for a month. Moreover, SAGE does not observe tropospheric sulfate aerosols because of
the clouds, which is another reason, along with sensor saturation, that it could under-
estimate the total column AOD. The previous simulations did not eject much of the SO,
in the troposphere, assuming that all SO, estimated by the TOMS was injected in the
stratosphere. Our results suggest that the stratosphere receives 67% of the injected SO,
mass. Assuming that the total mass of SOy was ~17 Mt, only ~11 Mt of the SO, were
converted into stratospheric sulfate aerosols that caused climatic perturbation. This es-
timate agrees with some model simulations, suggesting that a 10 - 12 Mt of SO, is suf-
ficient to produce the observed climatic effects (Mills et al., 2016; Clyne et al., 2021).

The initial clouds of ash and SO, have a complex topography. The northern part
of the ash and western part of the SO, clouds are higher than the corresponding south-
ern and eastern parts of the clouds. Eruptive materials injected in the stratosphere are
transported westward, but the volcanic material injected below the TP is transported
southward. Ash predominantly has a lower altitude than the SO, and could not signif-
icantly shadow the SO, from the nadir viewing instruments, such as the TOMS.

We quantified the effect of ash radiative heating on the vertical distribution of vol-
canic ash emissions. In particular, accounting for ash radiative feedback tends to decrease
the altitude of ash injections (i.e., the altitude of the maximum ash emissions is lower
by 1.5 km when radiative feedback is enabled). It is in agreement with Stenchikov et al.
(2021), where a vertical lofting of 1 km/day was reported. The inversion of SO, appears
to be also sensitive to ash radiative heating. Due to ash radiative heating and plume loft-
ing, the amount of SO, emitted above tropopause is ~212% less in the run with radia-
tive feedback compared to the run without radiative feedback. The amount of SO, in
the stratosphere grows more rapidly during the 16-18 June period, i.e., 1.4 Mt when the
radiative feedback is enabled and 0.3 Mt when it is disabled. The statistical scores cal-
culated for the runs with ash radiative feedback are better than those without ash ra-
diative feedback. The same amount of ash injected at higher altitudes will cause more
significant heating and lofting because of lower air density. The radiative feedback is stronger
for large eruptions as they can produce a higher initial ash concentration, causing stronger
local radiative heating than small eruptions. However, the Raikoke eruption in 2019, which
emitted an order of magnitude less ash and SO, than Pinatubo, exhibits a strong loft-
ing of volcanic cloud because of unusually high absorptivity of ash (Khaykin et al., 2022).

Long-term calculations provide an additional constraint on the spatial-temporal
evolution of the volcanic sulfate cloud. We calculated the three-month volcanic cloud’s
evolution using our inverted solutions as initial conditions for ash and SO,. The spatial-
temporal evolution of the simulated AOD agrees with the SAGE/ASAP dataset a month
after the eruption. The first month in the simulation is affected by the SO, emissions
in the troposphere that quickly oxidized, producing averaged over the tropical belt AOD
on the order of 0.03. The simulated stratospheric AOD agrees with the SAGE/ASAP
from the beginning of the simulation. The effect of the tropospheric SO, emissions was
not recognized previously and has to be accounted for in evaluating the total SO, emis-
sion and in sulfate production during the initial stage of the volcanic cloud evolution.
Some portion of quickly developed tropospheric sulfate could be lofted into the strato-
sphere, explaining the presence of sulfate aerosols in the volcanic cloud soon after the
eruption (Guo, Rose, et al., 2004; Guo, Bluth, et al., 2004).

6 Conclusion

Volcanic eruptions produce a wide range of effects on the Earth’s system. The ini-
tial placement of the volcanic material in the atmosphere, formed shortly after an erup-
tion, governs the magnitude and duration of the corresponding climatic and photochem-
ical effects via the evolution of the volcanic cloud.
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In this study, we conducted inverse and forward modeling of the 1991 Mt. Pinatubo
eruption. We derived the emission rates and profiles of ash and SO, simulated the evo-
lution of the volcanic cloud, and compared the modeling results with the SAGE/ASAP
observations and TOMS retrievals.

For the forward modeling, we used the regional meteorology-chemistry transport
(WRF-Chem) model that explicitly calculates ash radiative feedback, atmospheric chem-
istry, and aerosol microphysics. To our knowledge, all previous inverse studies used dis-
persion models that did not account for the aerosol radiative feedback.

The SO4 column loading, Al, and observed plume height were used to constrain
the inverse modeling. We assumed that the ash loading is proportional to AI, which ap-
plies to a relatively low ash optical depth. The radiative transfer calculations further sup-
port this assumption because the modeled Al distribution compares well with the TOMS
AT retrieval.

Ash radiative heating is a prominent lofting mechanism during the first few post-
eruption days. At the same time, SO, and sulfate aerosols’ radiative effects are weak.
This allows us to use a sequential approach for inverse modeling. We first determine the
solution for ash emissions and then use it to calculate the SO, emissions. The non-linearity
associated with radiative heating and dynamic lofting is handled by imposing iterations
using the emissions of optically active ash from the previous iteration.

The inverse modeling provides the emission profiles and distributions of ash and
SO, on 16, 17, and 18 June, consistent with the TOMS AI and SO, loading retrievals.
We also provide 3D distributions of the ash and SO, at 0400 UTC on 16 June, which
can be used in long-term climate model simulations.

Since 1991 the observational network has evolved to include instruments that al-
low mapping the vertical distributions of volcanic ash, such as satellite-borne lidars e.g.,
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) (Winker et al., 2010). More
advanced SO, retrievals have emerged from hyperspectral sensors such as the Ozone Mon-
itoring Instrument (OMI) (Li et al., 2013), Ozone Mapping and Profiling Suite (OMPS)
(Li et al., 2017), and TROPOspheric Monitoring Instrument (TROPOMI) (Theys et al.,
2017). These instruments make measurements at hundreds of wavelengths in the UV that
can be used to better separate the spectral signals from SO, absorption and those from
other interfering processes, leading to reduced artifacts and noise in SO, retrievals. The
hyperspectral measurements also help to partially mitigate signal saturation for dense
SO, plumes, although interferences from volcanic ash and other aerosols remain a chal-
lenge. These instruments also offer higher spatial resolution than TOMS. For instance,
TROPOMI retrieves SO, total column loadings at a spatial resolution of up to 3.5x5.5
km at the nadir. These observations, in combination with the methodology developed
in this study, would allow a more detailed reconstruction of the initial distributions of
volcanic materials that it was possible for the volcanic eruption occurred in the previ-
ous century.

7 Data Availability Statement

The inverted ash and SO, emission profiles and 3D distributions of ash and SO,
at 0400 UTC on 16 June are provided at Ukhov and Stenchikov (2023).
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Appendix A Metrics
Al FSS

The F'SS compares the observed values with the modeled values:

FBS
F =1— — Al
58 =1 g, (A1)
where F'BS is the fraction Brier score given by
1 & 2
FBS = — ;_1: (0 - M), (A2)

where M, is the modeled value, Oy, is the retrieved value, m is the number of grid cells
in the domain, and F'BS,.f is given by

1 m m
FBS,ep = m(kz_loz +;M§). (A3)

If F'SS equals 1, it indicates a perfect agreement between the model and retrieval. Cor-
respondingly, there is no match if the value of F'SS is close to 0.

A2 R

The Pearson correlation coefficient R is given by

8 (- 37) (0 -0)
R=—_F=1 7 (A4)

JE (i)' (00

where
m

0= O, M =
k=1 k=1

1
— M, A5
m k> ( )

1
m
Moreover, R equals 1 if the horizontal distribution of the modeled and retrieved

clouds of ash or SO, perfectly matches. If there is no match between the model and re-
trieval, R is close to 0.

A3 RRMSE

The relative root mean squared error RRM SFE is defined by

£ (-
RRMSE = V! . (A6)

O%

NIE!

k=1

Appendix B Supplementary Information
B1 Radiance Simulator

We developed a radiance simulator to calculate the Al and compare it with the TOMS
AT retrieval. The modeling framework was previously employed in (Mok et al., 2016; Os-
ipov et al., 2020) and described in detail in Appendix A (Osipov et al., 2020). This sec-
tion outlines the modeling setup adjustments necessary to simulate the radiances, as ob-
served by the TOMS instrument. We consider the position and viewing geometry of the
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Figure B1l. Comparison of the simulated and observed N values at four TOMS channels.

Synthetic N values are based on the optimal WRF-Chem solution coupled to the line-by-line
(LBLRTM) and radiative transfer (DISORT') calculations. Simulated N values account for the

optical properties of the SO, in the top row and exclude them in the bottom row. The compar-

ison is restricted to the TOMS overpass over the Pinatubo plume on 16 June. Larger N values

correspond to the smaller upwelling radiances and indicate a stronger extinction (absorption).

sounder, the effects of the relevant trace gases (including O3 and enhanced SO, loadings)
and aerosols, and the instrument-specific settings (e.g., the slit function and exact wave-
lengths of the six TOMS channels).

sistent with the TOMS retrieval algorithm.

The greenhouse gas SO, absorbs strongly in UV light, affecting the first two TOMS
channels (312 and 317 nm). We included the SO, effects on radiative transfer and em-
ployed the optimal inverse modeling solution (WRF-Chem simulation) to prescribe the
spatial and vertical distribution of SO5. We scaled the Oz and SO, column loading to
match those in the TOMS retrievals to allow a meaningful comparison with remote sens-
ing products. Figure B1 (top row) indicates that the simulator captures the radiances
(N values) across the entire range of the SO, loadings, confirming the model skill.

We treated the surface albedo as Lambertian and prescribed a spectrally gray sur-
face albedo based on the TOMS Lambert-equivalent reflectivity (LER) at 380 nm (LERS380).
By incorporating the TOMS LER, we included the effects of the clouds in a manner con-

We calculated the AT using the ash profile and mass concentrations computed in
the ASH SOL_RAD run. We derived the optical properties of aerosols and carried out
radiative transfer calculations. We followed the definition of the Al as provided in Equa-
tion 1 in Torres et al. (1998) and Vries et al. (2009). The complex refractive index of ash
in UV is 1.55+i0.0004.

We configured the latest version of DISORT (v4.0.99) (Osipov, 2023) to use 16 streams
to conduct radiative transfer calculations and 64 moments to represent the phase func-

tion. We applied the DeltaM-+ plus correction. The elevated aerosol layer significantly
perturbs the background optical properties and represents a numerically challenging case

to obtain accurate TOA radiances. The pseudo-spherical correction in DISORT dras-

tically improves the numerical stability of the solutions.
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