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Abstract we investigate the impact of the 2015 Mount Calbuco eruption and previous eruptions on
stratospheric aerosols, polar stratospheric clouds, and ozone depletion using the Community Earth System
Model coupled with the Community Aerosol and Radiation Model for Atmospheres compared with several
satellite and balloon observations. The modeled volcanic sulfate aerosol size distribution agrees with the
Light Optical Aerosol Counter observation at the Reunion Island site (21°S, 55°E) on 19 August at 20 km within
estimated 0.1- to 1-um radius error bars. Both the observed and simulated backscatter and extinction
show that volcanic sulfate aerosol from the Mount Calbuco eruption was transported from midlatitude
toward the Antarctic and slowly descended during transport. They also indicate that the SO, emission into
the stratosphere from Mount Calbuco is 0.2-0.4 Tg. The modeled number density indicates that the volcanic
sulfate aerosol from the Mount Calbuco eruption penetrated into the Antarctic polar vortex in May and
thereafter and reduced the polar stratospheric clouds effective radius. In the simulations, the Antarctic
stratosphere denitrified too early and by too much compared with Microwave Limb Sounder observations.
Heterogeneous nucleation of nitric acid trihydrate or sophisticated gravity wave representations may be
required to simulate nitric acid trihydrate particles with smaller falling velocity. The volcanic sulfate aerosol
increases the ozone depletion in September especially around 100 hPa and 70°S, relative to a case without any
volcanic eruptions. The simulated surface area density, earlier ozone loss, and larger area of the ozone hole are
consistent with the presence of volcanic sulfate layers observed at 16 km as well as previous studies.

1. Introduction

Small volcanic eruptions can enhance stratospheric aerosols enough to impact stratospheric chemistry and
the atmospheric radiation budget (Santer et al., 2014). Increased stratospheric aerosols since 2002, likely
due to small volcanic eruptions (Neely et al., 2013; Vernier et al.,, 2011), have been observed by various in situ
and remote platforms (Hofmann et al., 2009; Ridley et al., 2014; Trickl et al., 2013; Vernier et al., 2011). This
change in aerosols may have contributed to a slowing of the rate of increase of surface temperature, the
so-called global warming hiatus (Solomon et al,, 2011). Recent studies have shown that quite small climate
changes are observable following small eruptions (Santer et al., 2014), and minor volcanic eruptions are likely
to affect stratospheric circulation in terms of age of air (Diallo et al., 2017). In addition, stratospheric chemistry
changes have been observed due to heterogeneous reactions on volcanic particles, changes in stratosphere
temperature, and changes in ozone photolysis reactions (Crutzen, 1976; Solomon et al., 1996; Tie & Brasseur,
1995; Tie et al., 1996). Ozonesonde and satellite observations show enhanced midlatitude and Antarctic
ozone loss following the large volcanic eruptions of Mount Pinatubo in 1991 and El Chichon in 1982
(Hofmann & Oltmans, 1993; Solomon et al.,, 2005). It has recently been suggested that small volcanic erup-
tions might also impact stratospheric ozone. Solomon et al. (2016) found that small eruptions in the
Southern Hemisphere (SH) have caused the area of the ozone hole to expand significantly in the year follow-
ing these eruptions, delaying the recovery of the ozone hole.

For this study, we investigate the impact of the Mount Calbuco eruption on the stratospheric sulfate aerosol
and on the Antarctic ozone hole of 2015. Mount Calbuco, located in Chile at 41°S and 73°W, erupted several
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times in April 2015 and emitted ~0.4 Tg of SO, into the atmosphere as high as 21 km (Begue et al., 2017; Mills
et al., 2016; Solomon et al., 2016). Satellite observations (discussed in section 4.2) show the volcanic sulfate
aerosol extended past the tip of South America, and remained abundant in October of 2015 when the ozone
hole typically forms. Stone et al. (2017) and Ivy et al. (2017) conducted detailed analyses of ozone depletion
after the 2015 Mount Calbuco eruption. These studies used the Chemistry Climate Model Initiative (CCMI)
version of the Community Earth System Model version 1 (CESM1) Whole Atmosphere Community Climate
Model (WACCM). This version of WACCM also used the volcanic aerosol properties based on the work of
Mills et al. (2016) and discussed in Solomon et al. (2016). The aerosol size distributions are represented by
multiple lognormal functions in their modal aerosol model. In the remaining discussion, we will refer to this
version of the model as Solomon et al. (2016). Stone et al. (2017) found the simulated backscatter of the
volcanic sulfate aerosol was consistent with the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations(CALIPSO) and found enhanced ozone depletion particularly at 150-100 hPa and 55-68°S. Ivy
etal. (2017) found the enhanced ozone depletion was mostly caused by the volcanic aerosol, while the effect
of dynamic or thermal feedbacks on ozone was minimal. We apply the same dynamical and chemical model,
but with a different aerosol package using a sectional method, the Community Aerosol and Radiation Model
for Atmospheres (CARMA), to simulate sulfuric acid aerosol and polar stratospheric clouds (PSCs) interactively
(detailed in section 3). Sectional means the aerosol size distribution is computed in a number of size bins
without any assumptions about its shape. In this paper, we introduce the model and the data we use to
explore the following science questions.

1. How do the size distributions of PSCs and sulfuric acid aerosol change due to the injection of SO, from the
Mount Calbuco eruptions? How does the size distribution affect the aerosol extinction and phase
function?

2. How do the simulated optical properties of sulfuric acid aerosol and PSCs compare with observations from
the CALIPSO, the Suomi National Polar-orbiting Partnership Ozone Mapping and Profiler Suite Limb
Profiler (OMPS LP), and the Optical Spectrograph and InfraRed Imager System (OSIRIS) satellites in the
SH? How do the sulfate aerosol evolve with time and enter the Antarctic polar vortex?

3. How does the simulated evolution of gas phase HNO; near the South Pole compare with the Microwave
Limb Sounder (MLS) observations?

4. Do volcanic sulfuric acid aerosol and perturbed PSCs enhance ozone depletion and expand the area of the
ozone hole as found by Solomon et al. (2016)? How do our sectional simulations of surface area density
(SAD) compare with simulations using a modal aerosol model by Solomon et al. (2016), Stone et al.
(2017), and Ivy et al. (2017)?

2. Observations
2.1. Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations

The Cloud-Aerosol Lidar with Orthogonal Polarization instrument aboard the CALIPSO spacecraft is a
two-wavelength, polarization sensitive lidar. It provides high-resolution profiles of backscatter coefficients
at 532 and 1,064 nm, and two orthogonal (parallel and perpendicular) polarization components at 532 nm
(Winker et al., 2007). Vertical resolution can be as high as 60-180 m for the lower stratosphere where
volcanism perturbs the aerosols and the PSCs often occur. We use the level 1B nighttime aerosol data version
4.1 and level 2 PSC mask data version 1 products to explore the backscatter coefficient, backscattering ratio,
and depolarization from sulfate aerosol and PSCs.

2.2. Suomi-National Polar-Orbiting Partnership OMPS LP

The OMPS LP (Flynn et al., 2006) data have been processed to create an aerosol extinction coefficient product
based on 675-nm radiance measurements. Loughman et al. (2017) describe the version 1.0 675-nm extinction
coefficient that we will compare with the modeled results. The algorithm assumes spherical particles of
sulfuric acid with a refractive index of 1.448, and with a bimodal lognormal size distribution with modal radii
of 0.09 and 0.32 pm, and mode widths (geometric standard deviations) of 1.4 and 1.6 for fine and coarse
mode particles, respectively. The coarse mode fraction (ratio of the coarse mode particle concentration to
the total particle concentration) is assumed to be 0.003. These values are based on aircraft measurements
from August 1991 (Pueschel et al., 1994), with the coarse mode fraction adjusted to provide an Angstrém
exponent of 2.0, in order to match the average value of Angstrém exponent determined from the
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Table 1
The Precision and Accuracy for MLS HNO3, O3 Version 4.2 Data Set (Livesey, 2015) for the Lower Stratosphere

HNO3 03

Pressure (hPa) Precision (ppbv) Accuracy (ppbv) Pressure (hPa) Precision (ppmv) Accuracy (ppmv)

15-4.6 22 +0.6 +0.5 10 0.1 0.3
32 +0.6 +24 22 0.1 0.2
147-46 +0.6 +1.5 46 0.06 0.2
215 +0.6 +1.0 68 0.04 0.05
+0.6 +1.1 100 0.03 0.05 + 5%
150 0.02 0.02 + 5%
215 0.02 0.02 + 20%

Note. The O3 215- to 100-hPa accuracies are the sum of the ppmv and percentage scaling uncertainties quoted.
MLS = Microwave Limb Sounder.

Stratospheric Aerosol and Gas Experiment Il data taken during 2000-2005. The bimodal distribution is used
because it describes the observed stratospheric aerosol better than a unimodal distribution according to
SPARC (2006); however, a fixed size distribution limits the ability to represent changes due to eruptions
because volcanic sulfate aerosol would not be expected to have the same size distribution as the
unperturbed sulfate aerosol.

2.3. Optical Spectrograph and Infrared Imager System

The OSIRIS instrument launched in 2001 on board the Odin satellite (Llewellyn et al., 2004) is a limb scatter
instrument that has been used to retrieve aerosol extinction at 750 nm (Bourassa et al.,, 2012). This study
utilizes the version 5.07 aerosol extinction product at 750 nm, which showed agreement within approxi-
mately 10% throughout the 15- to 25-km altitude range with Stratospheric Aerosol and Gas Experiment llI
755-nm extinction data from 2002 to 2005 (Bourassa et al., 2012). In the OSIRIS retrieval, the stratospheric
aerosols are assumed to be composed of 75% H,SO,4 and 25% H,0 and to have a lognormal particle size
distribution with a mode width of 1.6 and mode radius of 0.08 pm based on the optical particle counter
(OPQ) data (Deshler et al.,, 2003) but excluding coarse mode particles. This size distribution corresponds
to an Angstrém exponent of 2.3. However, after the OSIRIS version 5.07 aerosol extinction product was
released Kovilakam and Deshler (2015) present a corrected version of the balloon-borne OPC data. OPC
calculated extinction increased by up to 30% for volcanic measurements and up to 50% for nonvolcanic
cases using this correction. Therefore, using the noncorrected OPC data may introduce errors for OSIRIS
extinction retrieval. Additionally, a volcanic cloud would not be expected to have the same size distribution
as the unperturbed aerosol.

2.4. Microwave Limb Sounder

The MLS instrument on board National Aeronautics and Space Administration’s Earth Observing System Aura
satellite (Schoeberl, 2007) provides gas phase HNO5 and Os profiles for this study. We use the version 4.2 data
set described by (Livesey, 2015). Table 1 shows the precision and accuracy of the measurement for chemicals
in the lower stratosphere.

2.5. Light Optical Aerosol Counter

After the Mount Calbuco eruption, Light Optical Aerosol Counter (LOAC) systems (Begue et al., 2017; Renard
etal., 2016a, 2016b) were launched with latex weather balloons at the Reunion Island site (21°S, 55°E) on 19
May and 19 August 2015. Through the measurements of the light scattered by particles at two specific angles
(Lurton et al,, 2014), the LOAC provides aerosol concentrations for 19 size classes ranging from 0.2 to 50 pm in
diameter with a vertical profile from near the surface to over 30 km. The uncertainties in number concentra-
tions of particles smaller than 1 um are about 30%, but the uncertainties can be as high as 60% for particle
sizes over 1 um due to the low particle concentrations.

3. Model Description

For this study, we apply a microphysical sulfate and PSC model coupled with the SD version of the WACCM
4.0 (Garcia et al., 2007; Marsh et al., 2013). SD means the model is nudged with the Modern Era Retrospective
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Analysis for Research and Applications (Kunz et al., 2011; Lamarque et al.,, 2012; Rienecker et al., 2011) for
temperature, zonal and meridional winds, and surface fields including sensible heat, water vapor flux, and
the shear stresses. The volcanic sulfate aerosol is not radiatively active in the model. The model uses a 1.9°
latitude x 2.5° longitude horizontal resolution and 88 vertical levels from the surface to about 140 km, with
about 1-km vertical resolution in the stratosphere.

The microphysics model is based on the CARMA, developed by Bardeen et al. (2008), Mills et al. (2008),
Bardeen et al. (2010), English et al. (2011), Zhu et al. (2015), and Zhu, Toon, Lambert, et al., 2017. The model
contains microphysical treatments of sulfuric acid aerosol and three types of PSCs: supercooled ternary
solution (STS), nitric acid trihydrate (NAT), and ice. The PSC microphysical processes are described in Zhu
et al. (2015) and Zhu, Toon, Lambert, et al. (2017). The main microphysical processes include the
growth/evaporation/sedimentation of each particle type; homogenous nucleation from STS to NAT based
on the surface nucleation scheme by Tabazadeh et al. (2002) with a modified nucleation free-energy term
(Zhu et al,, 2015); homogeneous nucleation from STS to ice (Koop et al., 2000); and heterogeneous nucleation
from NAT to ice and ice to NAT (Pruppacher & Klett, 1997; Toon et al., 1989). The model has been developed
and tested for ambient stratospheric sulfate aerosol and volcanic sulfate aerosol (English et al., 2011, 2013)
using free-running WACCM, as well as for PSCs during the Arctic winter of 2010-2011 (Zhu et al., 2015)
and the Antarctic winter of 2010 (Zhu, Toon, Lambert, et al., 2017; Zhu, Toon, Pitts, et al.,, 2017) using
SD-WACCM. In this study, the simulated radii of sulfate aerosol and PSCs range from 0.000343 to ~ 80 um.
The number density we discuss in this paper includes all the simulated particles within this range, except
Figure 1, in which we show the integral number density from 0.001 to 10 um to match the plot axis range.
The model only considers the possibility of water, sulfuric acid, and nitric acid within the particles. The
mixture of sulfate and nonsulfate materials (e.g., volcanic ash, micrometeorites, and organics) and the hetero-
geneous nucleation of sulfate on nonsulfate materials is not considered. They may change the size distribu-
tions and refractive index of stratospheric aerosols that can affect the extinction retrieval.

The model chemistry uses the middle atmosphere Model for Ozone and Related chemical Tracers with sulfur
chemistry including reactions involving carbonyl sulfide (OCS), SO, SO,, S, HSO3, SO5, and H,SO,4 (Campbell
etal,, 2014; Marsh et al,, 2013; Mills et al., 2005). It also treats 18 heterogeneous chemical reactions on sulfate
aerosol and PSCs (Kinnison et al., 2007; with updates discussed in Solomon et al.,, 2015). One difference
between our model and the one used by Solomon et al. (2016) is that the stratospheric heterogeneous chem-
istry is calculated from 300 hPa and above in their model but from the tropopause and above in our model.
The tropopause is about 350 hPa near the South Pole and 250 hPa in midlatitude SH. Therefore, when we
compare the results between these two models we show our results above the tropopause or 300 hPa,
whichever pressure value is lower.

3.1. Volcanic Emissions in the Model

For this study, the only volcanic emissions we consider are SO, injections. We ignore volcanic emissions of
ash and of other gases, such as H,0, H,S, CO,, or HCl. Our model uses the same database of volcanic sulfur
dioxide (SO,) emissions and plume altitudes based on observations along with nonvolcanic sulfur sources of
OCS and SO, as the model of Mills et al. (2016), which was used to calculate the volcanic aerosol properties
used in Solomon et al. (2016), though we do not include dimethyl sulfide in our chemistry. To initialize the
perturbed background sulfate, the model is run for ~ 4 years from 2011 to 2015, including volcanic eruptions
of Grimsvétn 2011, Puyehue-Cordén Caulle 2011, Nabro 2011, Nyamuragira 2011, Soputan 2012, Copahue
2012, Paluweh 2013, Sinabung 2014, Kelut 2014, and Sangeang Api 2014, using emissions from Mills
et al. (2016).

In order to investigate the effect of the Mount Calbuco eruption and previous eruptions on stratospheric
sulfate aerosol, PSCs, and ozone, we conduct several test cases as described in Table 2. In the Base case,
we add SO, emissions from the Mount Calbuco eruption on 23 April 2015 using the injection profiles from
Mills et al. (2016). The eruption occurs in the model over 6 hr between 12:00 UTC and 18:00 UTC, with a
constant mass density emission rate (g-em™3s7") and a total injection of 0.4 Tg of SO, between 17.4 and
21 km at —41°S, 287°W. We conduct a case (Noemission) without any volcanic eruptions after 2011. We
conduct a case (NoCalbuco) with the previous eruptions from 2011 to 2014 but without the Mount
Calbuco eruption. The satellite estimated SO, injection has uncertainties, and different instruments give

ZHU ET AL.



Ar |

\& [ ¥3 .
100 Journal of Geophysical Research: Atmospheres 10.1029/2018JD028974
& Model L17 LOAC
g 103 1l 1 1 103 1 1 1 103 1l 1 1
~
= 107 3 10° 10* 4 A faatiatatatetel 3
Q 1]  AaANe———————— 1 1 I/_‘/R
Z 10" 1 Ox--TTTT==s - 10 I = I—— , -
B 100 4 s 10° 10° 4 / s
o0 \
2 10" A 3 10" 107" 1 ; 3
5 ,
= 107 4 3 107 107 4 a -
d
E 107 - | L 07 107 4 [ :
3
Z 10" _l g 10* 10 o e o
o q0° 10" 10° 10! 10° 102 100 10° 10"
— r [um] r [Um]
g
m& 100 1 1 1 100 1 1 1 100 1 1 1
= T o
=2 10" . E 107 10" \ -
§ -2 ) ) I, B
~ 107 1 - 107 1 102 1 -
s
2107 1 L 107 4 10° -
g
© 10 1 - 10 5 10* 1 -
= l
3 10° st bt 10° T | 107 . . bt
% 10° 107 10" 10° 10 10° 107 10" 10° 10' 10° 107 10" 10° 10
r [um] r [um] r [um]

Figure 1. The particle size distribution on 19 August 2015 in the Base case (blue histogram) at 52 hPa, which is ~20 km for NH and SH tropical aerosol and ~18 km
for PSCs. The L17 (red solid line) and B12 (green solid line) size distributions assume the same particle volume as the model in each case. The black circles with
error bars in the middle panels are LOAC observations at 20 km on 19 August at Reunion Island site. Figures 1a and 1d are sampled in the NH (46°N, 0°E) to
represent background sulfate; Figures 1b and 1e are in SH (21°S, 55°E) outside the vortex representing volcanic sulfate aerosol; Figures 1c and 1f are near the
Antarctic representing STS (67°S, 245°W). The top rows are number size distributions, and the bottom rows are volume size distributions. The dashed lines
(blue, red, and green) show the integrated number density and volume density in each panel for particle radius from 1031010 um. Integrated means we add the
particle number/volume smaller than that radius together to get the value for that radius. For example, for radius 0.1 pm, the modeled integrated volume for
the NHis ~ 1.5 x 102 um3/cm3, which means the volume of all the modeled particles between 0.001 and 0.1 um is ~1.5 X 1072 um3/cm3. Therefore, the value of
the dashed lines at 10 um gives the value of the total number densities or volume densities for particles from 10> t0 10 um. NH = Northern Hemisphere;

SH = Southern Hemisphere; PSCs = polar stratospheric clouds; LOAC = Light Optical Aerosol Counter.

different estimates. Therefore, we conduct a sensitivity case (HalfSO2) with half of the SO, emission for Mount
Calbuco eruption compared with the Base case. To investigate the PSCs, we conduct a gravity wave case
(Base_gw) using random temperature fluctuations with a peak amplitude of +2 K over major Antarctic
mountains (Zhu, Toon, Lambert, et al.,, 2017) and a case (NoSTStoNAT) without homogeneous nucleation
from STS to NAT. We also do a simulation with half the SO, emissions on 22 April and half on 23 April, and

Table 2

Model Cases and Their Descriptions

Case name Case descriptions

Base Volcanic eruptions in previous years, 0.4 Tg of SO, for Calbuco
HalfSO2 Volcanic eruptions in previous years, 0.2 Tg of SO, for Calbuco
Noemission No volcanic eruptions

NoCalbuco Volcanic eruptions in previous years, no injection from Calbuco
Base_gw Base case with a random temperature fluctuation of +2 K
Base_gw_1K Base case with a random temperature fluctuation of +1 K
NoSTStoNAT Base case with no homogenous nucleation from STS to NAT

Note. STS = supercooled ternary solution; NAT = nitric acid trihydrate.
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another simulation with 0.4 Tg of SO, spread evenly into an area 5 times larger than in the Base case. These
two simulations are similar to the Base case and are not discussed further. We also conduct a case
(Base_gw_1K) similar to Base_gw but with a random temperature fluctuation with a peak amplitude of
+1 K. We do not show figures on this case because its pattern is very similar to Base_gw, but we will discuss
the simulations for this case along with the Base_gw.

3.2. Calculating the Optical Properties

We use the T-matrix approach (Mishchenko & Travis, 1998) to calculate backscatter and extinction coeffi-
cients. We assume a refractive index of 1.448 for sulfuric acid aerosol and STS to be consistent with the
OMPS aerosol retrieval algorithm (Loughman et al.,, 2017), 1.5 for NAT and 1.308 for ice (Pitts et al., 2009).
We assume NAT and ice to be spheroids with an aspect ratio of 0.9 and 0.95 and STS to be spherical. The
wavelengths considered in this approach range from 214 to 2000 nm, which is suitable for the instruments
we are interested in this paper (750 nm for OMPS, 675 nm for OSIRIS, and 532 nm for CALIPSO). The optical
properties are determined by the refractive index, number density, and radius of the particles and wave-
length of the instruments. The sectional model CARMA allows us to calculate the optical properties from
computed number densities for various particle sizes rather than assuming an analytic size distribution as
is done with the modal aerosol model used with WACCM in Mills et al. (2016).

The extinction or particulate backscatter coefficient is

Fmax Fmax
p="3 nte()= 3" n(ryarQ(r)
Ir=rmin Ir=rImin
where, n(r) is the number density of particles with radius r; a(r) is the extinction or backscatter cross section;
and Q(r) is the extinction or backscatter efficiency factor.

The Angstrom exponent is calculated using the equation:

Ina
12

o= —
P

In%3

where ;1 and f3;; represent the extinction coefficient at wavelength A1 and /2, which are determined by the

instrument being used to measure the exponent.

4, Model Results
4.1. Aerosol and PSC Size Distributions After the Mount Calbuco Volcanic Eruption

Particle size distributions reflect the formation and evolutionary history of particles. They are often needed in
satellite retrieval algorithms to generate optical parameters like phase function and Angstrém exponent. The
phase function describes the angular distribution of the light after scattering from the particles. The angle
between the initial and final light directions is defined as the single-scattering angle (SSA) for the strato-
spheric aerosols. If the aerosols along the line of sight are optically thin, then the SSA approximates the
net distribution of light. Many of the limb scattering satellites apply size distributions based upon a fit to
balloon or aircraft data to calculate extinction. However, the size distribution is a function of time and space.
The size distribution computed by the model can help to fill in the locations and times that particle counter
data are not available and help to identify locations where it would be interesting to have in situ measure-
ments. For example, the phase function is smaller and more variable with particle size for backscatter than
for forward scatter. The small backscatter phase function causes signal-to-noise difficulties for the OMPS LP
extinction retrieval in the SH where the observational geometry of the satellite is backscattering.

Figure 1 shows the WACCM/CARMA simulated particle volume (%) and number (%) size distributions
from the Base case on 19 August 2015 at 52 hPa, which is ~20 km for Northern Hemisphere (NH) midlatitude
and SH in the tropics, and 18 km at high latitude where PSCs form. We compared them with satellite-assumed
size distributions in their extinction retrieval algorithm, as well as a measured distribution from the LOAC data
at the Reunion Island site at 20 km. In the following paragraphs, we will refer to the bi-mode lognormal size

distribution assumed by OMPS (Loughman et al,, 2017) as L17 and to the lognormal size distribution assumed
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by OSIRIS (Bourassa et al., 2012) as B12. The lognormal size distributions are calculated assuming the total
volumes of sulfuric acid aerosol are the same as the model in each case. The volume equations are as follows:

w 4
Volume = [, §nr3n(r)dr

dN

where n(r) = ¢ = 13-

The size distribution equation for L17 and B12 is

dN m N; 1 (Inr— Inr; 2
= exp|—=|———
d(Inr) =1 /27Ing; 2 Ino;

where mis 2 for L17 and 1 for B12. For L17, r; and r; are 0.09 and 0.32 um; o7 and o5 are 1.4 and 1.6; No/N; is
0.003. For B12, ry is 0.08 um and g is 1.6. The size distribution equation for the model is

AN Nivin ,
A(Inr)  bin width

ibin

Nipin is number density for each bin; ry,;, is the middle bin size; and bin width is the width between bin size
upper boundary and lower boundary. The equation for volume size distribution is

The WACCM/CARMA modeled size distributions are shown at three locations in Figure 1: The NH midlatitude
where the size distribution is close to background sulfate (Figures 1a and 1d); the SH Reunion Island site where
it is affected by the Mount Calbuco eruption (Figures 1b and 1e); and near the Antarctic region where STS
forms (Figures 1c and 1f). Note that the background sulfate here is still affected by the volcanic sulfate aerosol
formed in years previous to the Mount Calbuco eruption. In Figures 1b and 1e, both the number and volume
size distributions from the model (blue histogram) fit the LOAC observations from Reunion Island site (black
circles) within their error bars. We eliminate the particles larger than 1 um in the LOAC observation because
the uncertainties are high when the concentration is lower than 1072 cm™>. The modeled number density of
sulfuric acid aerosol in the SH Reunion Island site in 2015 (Figure 1b, blue histogram) is significantly increased
relative to background conditions (Figure 1a, blue histogram) due to sulfuric acid aerosol nucleation espe-
cially in the size range smaller than 0.06 pm. These numerous small particles are not important for extinction
or phase function retrievals in the near infrared but are important to PSC growth and nucleation. The Reunion
Island site is at 21°S, in the tropics, so some new particles are due to Upper-Troposphere-Lower-Stratosphere
sulfate nucleation. The modeled volume of sulfuric acid aerosol in the SH Reunion Island site of the model
(Figure 1e, blue histogram) is about 1 order of magnitude higher and covers a wider size range (0.02 to
2 um) compared with background sulfate (0.04 to 1 um) in the NH (Figure 1d, blue histogram). The modeled
STS (Figures 1c and 1f) has a narrower size distribution than the modeled background or the modeled volca-
nic sulfate aerosol, because rapid condensational growth dominates STS microphysics, which tends to nar-
row the distribution. The modeled STS effective radius is ~ 0.08 um with a larger number density (~ 100
#/cm? shown by the blue dashed line in Figure 1c) than the typical number density inside the polar vortex
(~ 10 #/cm?, Dye et al., 1992). The high number density provides evidence that volcanic sulfate aerosol enters
the vortex at least before August and increases the number density, but decreases the effective radius of
PSCs. The modeled number density of PSCs is consistent with the number density of the SH sulfate aerosol
(~ 100 #/cm> shown by the blue dashed line in Figure 1b). Note that the blue dashed line in Figure 1 only
counts the number density of particles with radius from 0.001 to 10 um.

Figure 1 also shows lognormal size distributions that OMPS and OSIRIS used in their extinction retreval algor-
ithums labeled as L17 and B12. We assume the two lognormal size distributions have the same particle
volume as the WACCM/CARMA model in each panel in Figure 1. Both of the lognormal size distributions
are similar to the simulated background sulfate distribution (Figures 1a and 1d) and consistent with the simu-
lated volcanic sulfate aerosol (Figures 1b and 1e) when the radius > 0.05 um. The effective radii (summarized
in Table 3) of both L17 and B12 (0.14 um) are generally consistent with the modeled effective radii (0.16 um
for NH and 0.22 um for SH).
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Table 3

The Extinction at 675 and 750 nm Calculated Using the L17, B12, and Modeled
Size Distributions in Figure 1 at Three Specified Locations: NH (46°N, 0°E), SH

(21°S, 55°E), and PSC (67°S, 245°W)

Extinction 750 nm NH SH PSC
L17 1.75e—4 8.1e—4 8.2e—4
B12 2.2e—4 le—3 le—3

Base 2.1e—4 1.3e-3 le—4
Extinction 675 nm

L17 1.4e—-4 6.6e—4 6.7e—4
B12 1.7e—4 7.9e—4 8e—4

Base 1.7e—4 1.2e—3 le—4
Angstrém exponent

L17 2 2 2

B12 24 24 24
Base 1.94 1.19 3.58
Effective radius (um)

L17 0.14 0.14 0.14
B12 0.14 0.14 0.14
Base 0.16 0.22 0.08
Optical effective radius (um)

L17 0.71 0.71 0.71
B12 0.30 0.30 0.30
Base 0.38 0.46 0.22

Note. The Angstrém exponent is calculated using the extinction values at
750 and 675 nm in this table. NH = Northern Hemisphere; SH = Southern
Hemisphere; PSCs = polar stratospheric clouds.

Table 3 shows the calculated extinction at 675 and 750 nm and the
Angstrom exponent between these two wavelengths using the modeled
size distributions and the satellite-assumed size distributions (L17 and
B12) from 19 August at the locations specified in Figure 1. Generally, the
differences between the modeled, L17, and B12 extinctions are smaller
than a factor of 2 The SH extinction is about 1 order of magnitude higher
than the NH extinction. The Angstrém exponent between 675 and 750 nm
from the model is 1.94 for modeled background sulfate, 1.19 for modeled
volcanic sulfate aerosol, and 3.58 for STS. The modeled volcanic sulfate
aerosol reduces the Angstrém exponent compared to the modeled back-
ground sulfate as would be expected since the volcanic sulfate aerosol is
larger than the background aerosol.

The consistency of the modeled, L17, and B12 extinctions in Table 3
cannot guarantee the consistency between the modeled extinction and
the satellite-retrieved extinctions, because the limb radiance depends on
both extinction and phase function. Loughman et al. (2017) state that
the uncertainty in the aerosol phase function is one primary source of error
in the OMPS aerosol extinction retrieval algorithm. The phase function
differences may contribute to the discrepancy of the extinction compari-
son between the model and the satellite retrievals. Therefore, we show
how the different size distributions influence the phase function in
Figure 2. Figure 2b shows the phase function for the size distribution by
L17 (blue), B12 (red), and the size distribution derived from the model
Base case in NH (green), SH (gray solid line), and the PSC (gray dots). The
PSC (gray dots) phase function is very different from the other four aerosol

phase functions (solid lines) due to the small STS effective radius caused by the volcano, but neither OMPS
nor OSIRIS claims to measure PSCs. The largest difference between the modeled NH and SH phase functions
and the L17 phase function is about a factor of 2 at 110° SSA, which is about the OMPS SSA from SH midla-
titude to the tropics in Antarctic winter. The B12 phase function is between L17 and the modeled values.
Figure 2a shows that the phase function varies greatly with particle sizes for SSA > 80°. For example, the
phase function changes by about 1 order of magnitude for SSA > 120° when particle sizes change from
0.15 to 0.2 um. Therefore, even subtle differences between the L17, R12, and modeled size distributions

Aerosol Phase Function at 675 nm

0.001

0.2 um
—0.29 um
—0.35 pm

30 60

SSA [degree]

0.1

Aerosol Phase Function at 675 nm

0.01 —B12
——Base NH
——Base SH
----- Base PSC
0.001
90 120 150 180 0 30 60 90 120 150 180

SSA [degree]

Figure 2. (a) The phase function of monodisperse particles with different sizes at 675 nm as a function of SSA. (b) Aerosol
phase function at 675 nm as a function of SSA using the size distributions from L17, B12, and three model cases as
shown in Figure 1. The black square indicates the estimated range of SSA that the OMPS and OSIRIS satellites observe
between 46°N and 67°S from April to October. The OMPS SSA approximately ranges from 70° to 120°, and OMPS SSA
approximately ranges from 60° to 160°. SSA = single-scattering angle; OMPS = Ozone Mapping and Profiler Suite;

OSIRIS = Optical Spectrograph and InfraRed Imager System; NH = Northern Hemisphere; SH = Southern Hemisphere;
PSC = polar stratospheric cloud.
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Figure 3. The zonal average particulate backscatter coefficient from CALIPSO L1B data and calculated from the model cases at 16 km (~100 hPa). The white dashed
lines indicate the latitude range over which the polar vortex edge is located on each day. The yellow stars indicate the location and time of the Mount Calbuco
eruption. CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations.

and effective radii can result in inconsistent phase functions. Another reason for sensitivity to the limb

scattering function is that when we calculate the optical effective radius, the extinction coefficient adds

__JQextn(r)ridr in
~ JQextn(r)ridr

Table 3. By adding the extinction coefficient (Qext) to the effective radius calculation, the large particles
become more important due to their large extinction coefficient. As shown in Table 3, the L17 optical effec-
tive radii are much larger than other cases, and the differences between each case are more obvious than
when considering the effective radius. Therefore, we conclude that large particles can significantly affect
the aerosol phase function depending on the large particle number density. The scarcity of information on
large particle number density adds to the challenges faced by satellites in their retrieval of extinction.

weight to the larger sizes. We calculate the optical effective radius using the equation: Reopt

4.2. Aerosol and PSC Optical Properties Compared With CALIPSO, OMPS, and OSIRIS

In this section, we compare the optical properties calculated from the WACCM/CARMA model with the
CALIPSO, OMPS, and OSIRIS observations in the Antarctic winter of 2015. We first show the backscatter of
the sulfuric acid aerosol from both simulations and CALIPSO observations after the eruption and discuss
how the volcanic cloud progresses toward the Antarctic region from April to October (Figure 3). The modeled
number density and effective radius are also shown to provide evidence of the influence of the volcanic
eruption on the sulfate aerosol and PSCs inside the polar vortex (Figures 4 and 5). We also compare the zonal
average optical properties calculated from simulations with satellite observations to view the vertical extent
of the volcanic sulfate aerosol and PSCs in May (Figure 6), July (Figure 7), and September (Figure 8). The
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Figure 4. The sPV (top panels) and the sulfuric acid aerosol number density (bottom panels) from 4 June to 16 June at 100 hPa from the Base case. sPV = scaled

potential vorticity.
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reasons to show these three periods are that the surface area of sulfate aerosol and PSCs inside the vortex in
May and September is the most important for ozone chemistry because the Antarctic region is not
completely dark then, while July is a good month to analyze the large amount of PSCs as well as transport
of volcanic sulfate aerosol.

Figure 3 shows the zonal average backscattering ratio from CALIPSO compared with the model cases with
and without the Mount Calbuco eruption from April to October. The figure shows how the volcanic sulfate
aerosol progresses toward the South Pole at 16 km (~100 hPa). The white dashed lines indicate the latitude
range over which the edge of the polar vortex is located on each day, as defined using the method described
by Harvey et al. (2002). The CALIPSO data are interpolated to the WACCM model grid. CALIPSO particulate
backscatter is calculated using the L1B total attenuated backscatter minus the Rayleigh backscatter calcu-
lated from our model. Compared with the Noemission (Figure 3b) and NoCalbuco (Figure 3c) case, the

Base Sylfate/STS re um
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50S 508

60S 60S
70S 708
80S 80S

90S 90S

50S 508

60S 60S
708 708
80S 80S

90S 908

Apr May Jun Jul Aug Sep Oct Apr May Jun Jul Aug Sep Oct

1

Figure 5. The effective radius (top panels) and number density (bottom panels) of sulfuric acid aerosol and STS as a function of time and equivalent latitude from
Noemission case (left), NoCabuco case (middle), and Base case (right) at 16 km. The black dashed lines indicate the polar vortex edge equivalent latitude.

STS = supercooled ternary solution.
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Figure 6. The (a) CALIPSO particulate backscatter from 21 to 29 May 2015 compared with modeled cases: (b) Noemission, (c) NoCalbuco, (d) Base, (e) HalfSO2, and
(f) Base_gw. The figures are 9-day zonal averages. The white dashed lines indicate the latitude range over which the polar vortex edge is located during this time. The
yellow boxes indicate the SO, injection latitude and height from Mount Calbuco eruption in the model. CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder

Satellite Observations.

Base case (Figure 3d) shows an enhanced backscatter outside the vortex and south of 30°S that peaks in June
and July, consistent with the CALIPSO observation. Figures 3a and 3d indicate the CALIPSO and modeled
volcanic sulfate aerosol reach the latitudes within the vortex edge ranges in May. These particles are very
important to the polar chemistry thereafter. The backscatter of the Base case (Figure 3d) in southern midla-
titudes is about 2 x 107> km™"/sr higher than CALIPSO (Figure 3a), while the midlatitude backscatter of the
HalfSO2 (Figure 3e) case is about 2 x 107> km~'/sr lower than CALIPSO, indicating that the injected mass lies
between 0.2 and 0.4 Tg. Inside the vortex, the Base case shows an elevated backscatter starting in June, indi-
cating that the sulfuric acid aerosol and PSCs are enhanced by the volcanic sulfate aerosol transported from
the Mount Calbuco eruption. None of the model cases capture the large backscatter between June and
September near the South Pole, indicating that too few PSCs form during these periods in the model. The
small PSC backscatter is very likely due to the overdenitrification in early winter as we will discuss in
section 4.3. The model cases including gravity waves (Base_gw in Figure 3f and Base_gw_1K not shown),
known to occur over the Antarctic Peninsula, overestimate the latitudinal extent of PSCs.

To further explore how the aerosol progresses into the vortex, we investigate the shape of the vortex and the
number density and effective radius of volcanic sulfate aerosol and PSCs. Figure 4 shows the scaled potential
vorticity (sPV, Dunkerton & Delisi, 1986; Manney et al., 1994) and modeled sulfate number density from the
Base case. sPV is calculated using the Modern Era Retrospective Analysis for Research and Applications
version 2 horizontal winds and temperatures. In Figure 4, we can see the shape of the vortex
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Figure 7. As Figure 6 but 20-day zonal averages from 30 June to 18 July 2015. CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations.

(approximated here by the —0.00011 s~" sPV contour coincident with dark purple in Figure 4a) matches the
shape of the green areas in the number density for all the simulated particle plots (Figure 4e) on 4 June. Green
areas show low sulfate aerosol number density of about 20 cm™>. On 8, 12, and 16 June, there are tongues of
high number density of sulfate aerosol (Figures 4f-4h) near 30°E, 150°W, and 30°E longitude that penetrate
the vortex edge (Figures 4b-4d) due to poleward planetary wave breaking processes. This air is rapidly
transported into the vortex core and irreversibly mixed.

In Figure 5, we show the effective radius and number density of sulfuric acid aerosol and STS (no NAT or ice)
for the three model cases: Noemission, NoCalbuco, and Base. Because of the distorted shape of the vortex as
seen in Figures 4a-4d, we average the number density and effective radius to the equivalent latitude instead
of the geographic latitude. The equivalent latitude encloses the same sPV area as the latitude circle of equiva-
lent value. The black dashed line in Figure 5 is the modeled equivalent latitude of the polar vortex edge com-
puted using the method described by Harvey et al. (2002). Comparing the Noemission (Figures 5a and 5d)
case with the NoCalbuco case (Figures 5b and 5e) shows that previous volcanic eruptions increase the effec-
tive radius by ~ 0.05 pm but do not affect the number density very much. Coagulation plays an important role
to reduce the volcanic sulfate aerosol number density in the previous years to the background level. The
increased effective radius may change the coagulation kernel, so the number density of the NoCalbuco case
is slightly smaller than the Noemission case. Comparing the NoCalbuco case and the Base case (Figures 5¢
and 5f) shows that the Mount Calbuco eruption increases the number density by at least 2 orders of magni-
tude outside the vortex after the eruption in late April, and it increases the number density inside the vortex
by at least 1 order of magnitude after mid-June, indicating that the Mount Calbuco eruption causes abundant
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Figure 8. As Figure 6 but 15-day zonal averages from 31 August to 14 September 2015. CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations.

sulfuric acid aerosol nucleation. In contrast, the Mount Calbuco eruption increases the effective radius by
~ 0.05 um outside the vortex but decreases the effective radius inside the vortex. Outside the vortex, the
increased sulfate burden and coagulation cause the increase of the effective radius; while the effective
radius decreases inside the vortex due to extensive newly nucleated sulfate particles penetrating into the
vortex and competing with each other for HNO3 vapor to grow into PSCs.

Figures 6-8 show the vertical structure of the backscattering ratio from CALIPSO and from five model cases:
Noemission, NoCalbuco, Base, HalfSO2, and Base_gw. The white regions in the plots indicate that the altitude
is below the tropopause in the model or denote missing CALIPSO observations. The dashed lines indicate the
range of latitudes over which the polar vortex edge is identified, as defined in previous figures.

Figure 6 shows particulate backscatter during a typical period in late May when STS and NAT start to form
in the Antarctic area, but when it is not cold enough to form ice. The CALIPSO data (Figure 6a) shows two
areas of high backscatter at 16-20 km: one is near 40°S and another one is near the South Pole. The Base
case (Figure 6d) also shows high backscatter near the South Pole, but the high backscatter at midlatitudes is
close to 50°S instead of 40°S as seen by CALIPSO. In the midlatitudes, the peak value from the Base case is
close to the CALIPSO observations. The HalfSO2 case (Figure 6e) reduces the backscatter outside the vortex,
and the peak value is lower than CALIPSO by ~ 2 x 107> km™"/sr". In the Noemission case (Figure 2b), the
model shows very low backscatter in midlatitudes and the backscatter near the South Pole is weaker than
other model cases, indicating that the previous volcanic sulfate aerosols enhance the backscatter from
sulfate aerosols and PSCs. The Base_gw cases (Figure 6f) and Base_gw_1K case (not shown) do not show
enhanced backscatter in this time period because ice PSCs have not formed. Near the tropopause,
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CALIPSO shows very high backscatter, which is probably due to tropospheric clouds that we do not
simulate in CARMA.

Figure 7a shows the strong midwinter particulate backscatter near the South Pole due to PSCs in CALIPSO
observations. The PSC backscatter near the South Pole in Noemission case (Figure 7b) has the smallest value
among all cases. The NoCalbuco case (Figure 7¢) strongly enhances the PSC backscatter and slightly increases
the backscatter from sulfate aerosols in midlatitude. It is interesting to note that the PSC backscatter from the
Base case is smaller than in the HalfSO2 case, and the backscatter in the HalfSO2 case is smaller than in the
NoCalbuco case at this period of time. The lower value for the Base case is probably due to the newly
nucleated sulfate aerosol from the Mount Calbuco eruption penetrating the vortex and competing for
HNOs gas. However, none of the simulations reproduce the large backscatter in July near the South Pole
above 16 km (Figure 7c). This error is very likely due to the strong denitrification that occurred in early winter
in the model, as discussed further in the next section. The Base_gw case (Figure 7f) does enhance the PSCs
formation, but the region of enhancement extends too far toward the edge of the vortex and not high
enough from 70 to 80°S. Reducing the temperature fluctuation (Base_gw_1K, not shown) reduces the back-
scatter enhancement near the edge of the vortex, but the backscatter is still higher than in the observation. At
midlatitude, the model Base case (Figure 7d) captures the midlatitude backscatter around 16 km, though
perhaps the computed backscatter is about 2 times too large. Again, the backscatter in the HalfSO2 case
(Figure 7e) is slightly lower than the CALIPSO observation. Comparison between Figures 6a and 7a shows that
the peak midlatitude backscatter from the volcanic sulfate aerosol is observed to descend about 4 km as it
moves from ~ 40°S to ~ 50°S. The Base case shows a similar downward tilt, but the peak backscatter at
50°S is already established in May (Figures 6¢ and 7c).

Figure 8 shows the backscatter in September, when large ozone loss begins. At this time, the Noemission case
(Figure 8b), NoCalbuco case (Figure 8c), the Base case (Figure 8d), and the HalfSO2 case (Figure 8e) show too
little backscatter between 14 and 18 km south of 70°S compared with CALIPSO (Figure 8a). In contrast, the
Base_gw (Figure 8f) show too much backscatter above 16 km throughout the vortex. Reducing the tempera-
ture fluctuation (Base_gw_1K, not shown) reduces the backscatter value, but it is still higher than the
CALIPSO observation. The particulate backscatter in the NoCalbuco case near the South Pole is much lower
than the Base case. In September, the PSCs start to fade away due to the increase of the temperature. At the
same time, most of the volcanic aerosol from the Mount Calbuco eruption enters the polar vortex and
enhances the backscatter. Again, the peak values observed by CALIPSO near 65°S and 14 km are between
the Base case and the HalfSO2 case, but the volcanic sulfate aerosol layer observed by CALIPSO has a nar-
rower vertical extension than these two model cases. All three figures (Figures 6-8) show that the volcanic
sulfate aerosol influences latitudes poleward of 20°S. At 20°S, the volcanic sulfate layer is around 20 km at
which we showed the size distribution in Figure 1.

From the backscatter in the three periods shown above, we conclude that the volcanic sulfate aerosol in
midlatitude is between the Base case and the HalfSO2 case. The amount of SO, emitted into the stratosphere
is between 0.2 and 0.4 Tg. The volcanic sulfate aerosol previous to the Mount Calbuco eruption increases
effective radius and enhances the backscatter compared with simulations without these eruptions. The
sulfate aerosol enhanced by the additional SO, injection from the Mount Calbuco eruption descends in alti-
tude over time as it is slowly transported toward the Antarctic. Part of the newly nucleated sulfate aerosol
enters the polar vortex due to poleward planetary wave breaking processes and reduces the effective radius
of PSCs. The modeling of PSCs still needs to improve. Adding gravity waves enhances the PSCs, but not
always in the right area. As discussed by Zhu, Toon, Lambert, et al. (2017), our gravity wave parameterization
is very simple. Using more sophisticated gravity wave parameterizations is the subject of future work.

The Angstrdm exponent is often used to convert extinctions to the same wavelength for satellite data
intercomparison. However, using a fixed Angstréom exponent can introduce errors, as we show in Table 3,
the volcanic aerosol shows a lower Angstrom exponent (1.19) than the background sulfate aerosol (1.94)
from our model calculation. Instead of using the Angstrém exponent to convert the OMPS extinction to
the OSIRIS wavelength, for example, we calculate the modeled extinction at 675 and 750 nm, so that we
can compare OMPS and OSIRIS extinction indirectly to each other but directly to the model. Figure 9
compares the monthly average extinction coefficient in September from OSIRIS at 750 nm and OMPS at
675 nm and the modeled extinction from the Base case and the HalfSO2 case at these two wavelengths.
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Figure 9. The modeled extinction coefficient compared with OMPS 675 nm and OSIRIS 750 nm retrieved extinction in September 2015. OMPS = Ozone Mapping and
Profiler Suite; OSIRIS = Optical Spectrograph and InfraRed Imager System.

The Base case (Figure 9d) simulated extinction is about 2 times larger than OSIRIS extinction (Figure 9b). The
extinction of HalfSO2 case (Figure 9f) is slightly lower than OSIRIS. This is consistent with the backscatter
comparisons show that the backscatter in SH midlatitude from CALIPSO is between the base case and the
HalfSO2 case. The largest values of OSIRIS extinction are at about 55°S and 15 km altitude, but the
modeled peak extinction is about 10°N of the peak of the OSIRIS extinction. Part of the model-OSIRIS
discrepancies may be due to biases in OSIRIS extinction that saturates above a certain threshold likely
reached in volcanic conditions (Lurton et al., 2018). These authors reported that the comparisons between
WACCM/CARMA simulations and OSIRIS observations dramatically improved when OSIRIS biases were
taken into account. The shape of the OMPS extinction distributions suggests descent from midlatitudes to
80°S. This is also seen in the OSIRIS data and modeled results, but the extinction of OMPS (Figure 9a) is
about half of the HalfSO2 case value (Figure 9e) and a third of the Base case value (Figure 9c) near 50°S
and 15 km altitude. We note that Begue et al. (2017) show the OMPS extinction compares reasonable well
with ground lidar results, but they use the OMPS version 0.5 aerosol product, while we use the version 1
product in this paper.

From the comparisons of backscatter and extinction above, we conclude that both OSIRIS and CALIPSO
observations are between the Base case and the HalfSO2 case. Therefore, CALIPSO and OSIRIS are consistent
with each other in September 2015. The SO, emission into the stratosphere is between 0.2 and 0.4 Tg. The
OMPS extinction is underestimated by about a factor of 2 relative to OSIRIS. Loughman et al. (2017) list the
uncertainties of OMPS due to radiative transfer limitations in order of priority: aerosol scattering phase func-
tion, line-of-sight variation in atmospheric properties, and approximate treatment of the diffuse upwelling
radiance. In addition, the uncertainties can also be caused by aerosol signals close to the noise level in the
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Figure 10. The modeled HNOj3 evolution during 2015 Antarctic winter at 82°S and 63°S compared with MLS observations (black). MLS = Microwave Limb Sounder.

SH, ozone correction errors, aerosol extinction exceeding the algorithm allowed value, the cloud detection
algorithm, and poor algorithm convergence in certain circumstances (Loughman et al, 2017). All these
factors can contribute to the underestimation of the extinction in Figure 9.

4.3. Denitrification

Denitrification promotes ozone depletion by limiting the amount of NO,, that can be reformed in spring. NO,,
removal retards the deactivation of halogen-based compounds (Toon et al., 1986). Figure 10 shows the HNO;
evolution from MLS observations and two model cases: the Base and the not previously discussed
noSTStoNAT. Figure 10 shows two main problems with the modeled denitrification. First, at 82°S, the mod-
eled HNOs in the Base case is lower than the observations in late May when PSCs start to form, and in
September and October when PSCs disappear. From the PSC backscatter in Figures 3 and 7, we know that
the modeled PSC backscatter is smaller than observed by CALIPSO in midwinter. These facts tell us that
the early irreversible denitrification in late May is too strong in the model. We also conducted denitrification
tests for several other model cases (not shown) including Noemission, NoCalbuco, HalfSO2, and Base_gw,
and they all show similar overdenitrification patterns as the Base case. Since the formation of large NAT
particles from STS is the major source of denitrification, we turned off this mechanism in the test case
noSTStoNAT. In the noSTStoNAT case, the NAT only forms from ice PSCs. In late May, the decrease of HNO;
in the noSTStoNAT case is only due to the uptake of HNO3 by STS. Figures 11b and 11e show an example
of the PSCs formed in late May in the noSTStoNAT case. They show large backscatter and no depolarization
during 25 to 29 May at 52 hPa, which indicates no NAT or ice formed. This case does improve the modeled
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Figure 11. Polar view of backscattering ratio and depolarization at 52 hPa averaged over 25-29 May from CALIPSO (left column) and two model cases: noSTStoNAT
(middle column) and Base case (right column). The CALIPSO data use the L2 PSC mask data. CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations; PSC = polar stratospheric cloud.

HNO3 compared with MLS especially at 52 hPa. But ignoring the formation of NAT from STS is not the proper
solution because the combination of CALIPSO and MLS data always show evidence of large NAT particles in
late May (Lambert et al., 2012; Zhu, Toon, Pitts, et al., 2017). Both of these papers report the MLS observed
rapid gas phase HNOs depletion near 20 km in late May, while CALIPSO shows small backscatter but large
depolarization at the same region. Figure 11 shows the CALIPSO L2 PSC data in late May compared with
the Base case and the noSTStoNAT case simulations. CALIPSO observations have more sparkly dots
(especially the depolarization) than both model cases due to the noise. We do not add the calculated
noise described in Zhu, Toon, Lambert, et al. (2017) in the model cases. The noSTStoNAT case (Figure 11b)
overpredicts the backscatter downwind of the Antarctic Peninsula (60°W to 0°E, 70-80°S). CALIPSO
(Figure 11d) observes significant depolarization over Antarctica south of 75°S, as does the Base case from
30°E to 30°W (Figure 11f). However, the noSTStoNAT case does not produce depolarizing particles
(Figure 11e) near 75-80°S. As we mentioned in Zhu, Toon, Lambert, et al. (2017), the nonsulfate materials
in the stratosphere (e.g., micrometeoroids and volcanic ashes) can serve as the nuclei for heterogeneous
nucleation, which may improve the calculated nucleation rate of STS to NAT.

The second problem with modeled denitrification shown in Figure 10 is that the HNO5 at 63°S is about
1-3 ppbv smaller than the observed abundance from mid-July until the end of the season. The 63°S is a
difficult area to simulate because it is near the edge of the vortex as shown in Figures 3 and 6-8, where
the temperature gradient is large. Also, the Antarctic Peninsula is located near 63°S and triggers a lot of
PSC nucleation. From Figure 7, we find that PSCs occur in the simulations at the edge of the vortex (near
60°S) in midwinter, while CALIPSO does not show very strong backscatter there. One of the possible reasons
for this discrepancy is that orographic gravity waves that form over the Antarctic Peninsula (located near
63°S) in our model result in too much NAT formation from either STS or ice.

4.4. Ozone

In this section, we explore the influence of volcanic sulfate aerosol on polar ozone and compare with
several results from Solomon et al. (2016) who used the WACCM-CCMI model. As mentioned previously,
the WACCM-CCMI simulation shown in this work uses aerosol properties (e.g., sulfate SAD) that are consistent
with Mills et al. (2016), not those specified by CCMI) and applied in the study by Solomon et al. (2016). In this
section we compare the surface area from our model simulations with those from the WACCM model
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Figure 12. The surface area density (SAD) in September from Noemission case, NoCalbuco case, Base case, and the cases with (labeled as Solomon) and without
(labeled as S noemission) volcanic eruptions from Solomon et al. (2016). The figure only shows the sulfuric acid aerosol/STS SAD because both NAT and ICE SAD

in our model are below 1 um2/cm>. The Solomon et al. (2016) also has NAT SAD lower than 1 um2/cm3, but the ICE SAD is high below 150 hPa because it simulates
the cirrus cloud near the tropopause. We do not show the NAT and ICE SAD from Solomon et al. (2016) in Figure 12. STS = supercooled ternary solution; NAT = nitric
acid trihydrate.

computed using an empirical parameterization for PSCs (Wegner et al.,, 2012) and a modal model for volcanic
sulfate aerosol. We also compare the MLS observed ozone at midlatitudes and near the South Pole with the
modeled cases.

The heterogeneous chemistry occurring on the surface of sulfate aerosol and PSCs is very important for
chorine activation. Figure 12 shows the SAD of sulfate aerosol and STS in September used in Solomon et al.
(2016) with (labeled as Solomon) and without (labeled as S noemission) volcanic eruptions, the Noemission
case, the NoCalbuco case, and the Base case. We do not show the NAT SAD because it is relatively small in
both our model and Solomon et al. (2016). Wegner et al. (2012) state that the ICE SAD is not important
because heterogeneous chemistry on other PSC/aerosol types is fast enough to activate enough chlorine
before ICE PSC forms. The NoCalbuco case (Figure 12b) shows an enhanced SAD south of 60°S compared
with Noemission case (Figure 12a), indicating the effect of previous eruptions on SAD in September 2015.
The Base case (Figure 12c) shows an additional enhanced SAD north of 60°S compared with Noemission
case and NoCalbuco case, indicating the Mount Calbuco eruption provides additional surface area from vol-
canic sulfate as well as enhancing the PSC SAD in the Antarctic. The surface area from Base case and the
Solomon case (Figure 12e) shows the sulfate/STS SAD from 200 hPa to 70 hPa extending from the South
Pole to about 20°S. The SAD from the base case and the Solomon case are twice as large as the
Noemission cases and cover a much larger geographic area from the South Pole to ~ 20°S. The
Solomon'’s noemission case (Figure 12d) shows a slightly higher SAD (~ 2 um?/cm?®) than the Noemission
case near 90°S and 100 hPa, but the SAD from the Noemission case extends to a lower latitude. This differ-
ence may contribute to the differences of the ozone hole prediction between Solomon'’s simulations and
our model simulations.

Figure 13 shows the ozone evolution from MLS (black) and two model cases: Noemission (green) and Base
(red). The blue shades are the MLS error bars as described in Table 1 (Livesey, 2015). The error bar used in
Figure 13 is 0.2 ppmv for 52 hPa, 0.05 ppmv +5% of ozone values for 72 hPa and 118 hPa. The Base case
shows a lower ozone amount than the Noemission case at all pressure levels, indicating the effect of volcanic
sulfate aerosol from Mount Calbuco and volcanos from the previous years on the ozone depletion. However,
the absolute differences between the two model cases are very subtle, less than 0.1 ppmv at all pressure
levels. Compared with MLS, the Base case lines are all within the error bars at 82°S. At 63°S, the Base case
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Figure 13. Ozone evolution at 82°S and 63°S from April to October in 2015 from MLS and two model cases: Base and Noemission. The blue shades are the MLS error
bars: 0.2 ppmv for 52 hPa, 0.05 ppmv +5% of ozone values for 72 and 118 hPa. The Y axis values are different for 82°S and 63°S.

overestimates the ozone depletion slightly compared with the MLS at 52 and 72 hPa but fits MLS perfectly
at 118 hPa.

Figure 14a shows the ozone hole area from Total Ozone Mapping Spectrometer/Ozone Monitoring
Instrument (TOMS/OMI) observations (black, Solomon et al.,, 2016), Base case (red solid line), Noemission case
(red dashed line), NoCalbuco case (red dotted line), Solomon et al. (2016) with emissions (green solid line),
and without emissions (green dashed line). The ozone hole area is defined as the region where total column
ozone amount is less than 220 DU. The start of the ozone hole is the first date of an ozone hole that is larger
than 12 million km? (Solomon et al., 2016). Our model indicates the start date of the ozone hole advanced
due to the volcanic eruptions. With the volcanic eruptions, the ozone hole exceeds 12 million km? on 5
September in the Base case. The start date shown in the Solomon case is 2 September and in TOMS/OMI,
3 September. In contrast, the start date of ozone hole for the NoCalbuco case is 8 September and for
Noemission case is 12 September. Compared with the two cases without volcanic eruptions, our
Noemission case shows an obvious delay of ozone hole opening than the Solomon noemission case. This
difference might be attributed to the SAD differences as we shown in Figures 12a and 12d. We need to have
a detailed analysis on ozone-related chemicals to find the reasons in the future. The average difference
between the Base case and the Noemission case in September is 4.9 million km?, which is consistent with
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Figure 14. (a) The ozone hole areas (defined as the region where total ozone amount is less than 220 DU) during 2015
Antarctic winter from three model cases: Base, NoCalbuco, and Noemission. We compare them with three lines from
Solomon et al. (2016): TOMS/OMI observation, Solomon’s simulation with, and without volcanic eruptions. The blue shade
indicates the uncertainty of model simulations due to the horizontal resolution. The lower boundary of the blue shades
assumes that only half of the most equatorward grid cell is within the 220 DU contour in the Base case. (b) The ozone hole
differences between the cases with and without volcanic eruptions. The red line is from our model simulation, and the
green line is from Solomon'’s simulation (lvy et al., 2017). TOMS/OMI = Total Ozone Mapping Spectrometer/Ozone
Monitoring Instrument.

Solomon et al. (2016). They state the ozone hole is 4.4 million km? larger due to volcanic eruptions. Figure 14b
shows the trend of ozone hole area differences from our model and Solomon’s simulations (lvy et al., 2017).
The two models show similar results on the effect of the volcanic eruptions on the ozone hole area. The
largest difference between the modeled Base and Noemission cases is 6.7 million km? on 16 September
2015. The NoCalbuco case shows the aged volcanic sulfate aerosol contributes to half of the expansion of
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Figure 15. The zonal average ozone volume mixing ratio and the percentage differences between Base case, NoCalbuco case, and Noemission case from 15 to 30
September 2015.
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the ozone hole. However, the numerical model has 2° grid cells, which must lead to an overestimate of the
area of the ozone hole since the 220 DU contour will likely cover only part of the grid cell. If we assume that
only half of the most equatorward grid cell is within the 220 DU contour, then the ozone hole area declines by
~ 1.5 million km? for the Base case after mid-September (shown as the lower boundary of the light blue area
in Figure 14), which then places the Base case into best agreement with the TOMS/OMI data.

Figure 15 shows the zonal average ozone mass mixing ratio as well as the differences between the Base,
NoCalbuco, and Noemission cases averaged over 15-30 September when the ozone hole starts to expand
very quickly. The largest differences between the base case and the Noemission case (Figure 15c) are around
100 hPa and 70°S, which means the volcanic sulfate aerosol has the most effect on ozone depletion in this
area. This result is consistent with the location of the volcanic sulfuric acid aerosol layers around 16 km shown
in CALIPSO and modeled backscatter figures (Figures 3-6). This result is also consistent with Stone et al.
(2017), who found the volcanic aerosol enhances the ozone depletion particularly at 150-100 hPa and
55-68°S. Sunlight first causes ozone depletion near the edge of the vortex. The peak change in ozone mixing
ratio is over 35%, which is consistent with Solomon et al. (2016) who find the volcanic sulfate aerosol causes
40% more ozone depletion than if there had been no eruption. The NoCalbuco case, on the other hand,
shows that the volcanic sulfate aerosols from eruptions previous to the Mount Calbuco have the most effect
on ozone depletion from the South Pole to about 65°S around 100 hPa (Figure 15e). The percentage differ-
ence between the NoCalbuco and Noemission case is about 12%. The difference between the Base case
and the NoCalbuco case indicates that the Mount Calbuco eruption has the strongest effect on the ozone
depletion around 70°S and creates ~ 25% more ozone depletion.

5. Conclusion and Discussion

We investigate the impact of the 2015 Mount Calbuco eruption as well as the previous volcanic eruptions
since 2011 on stratospheric aerosols, PSCs, and ozone chemistry in the SH. We compare the modeled size
distributions, phase function, and Angstrom exponent of NH and SH sulfuric acid aerosols after the Mount
Calbuco eruption with the ones used in OMPS and OSIRIS satellites extinction retrievals, as well as the
LOAC balloon observation. We compare the modeled optical properties of stratospheric sulfate aerosol
and PSCs with the observations from CALIPSO, OMPS, and OSIRIS satellites. We also compare the gas phase
HNO3 and O5 with MLS satellite observations. These comparisons help us to answer the four questions listed
in section 1.

To answer question 1: The modeled size distribution in the NH and the two lognormal size distributions (L17
and B12) used by OMPS and OSIRIS extinction retrieval are similar to each other (Figure 1). In the SH, the
WACCM/CARMA modeled size distribution and the two lognormal size distributions (L17 and B12) fit the
LOAC observation at Reunion site mostly within the data error bars from 0.1 to 1T um. The volcanic eruption
significantly increased the number density, the volume density, and the extinction of the sulfuric acid aerosol
in the SH compared with the NH. The modeled size distribution shows numerous small particles (<0.02 um)
mainly because of the nucleation of volcanic sulfuric acid aerosol. The WACCM/CARMA modeled volcanic
sulfate aerosol reduces the aerosol Angstrém exponent from 1.94 to 1.19 for the times and places of
Table 3. The effective radii between the L17, B12, and modeled NH and SH size distributions are similar:
0.14 um for L17 and B12; 0.16 for NH and 0.22 for SH. However, the phase function calculated from these size
distributions shows inconsistency at backscatter SSA. For example, the phase function of L17 is about 2 times
larger than the modeled NH and SH ones around 110° SSA. Two reasons can contribute to the inconsistency:
the phase function varies significantly at backscatter SSA within stratospheric aerosol size ranges (shown in
Figure 2a); the optical effective radii, which add weight on relatively large particle, show bigger differences
between each size distribution than the effective radii. We conclude that the large variety of phase functions
within stratospheric aerosol size ranges and the determination of the number density of relatively large
stratospheric particles contribute to difficulties for satellites to retrieve the extinction.

To answer question 2: The backscatter coefficient observed by CALIPSO and calculated from the model
shows that the volcanic sulfate aerosol is transported from midlatitude toward the South Pole (Figure 3).
The sulfate aerosols are carried downward by mean motions and sedimentation as they move poleward.
The modeled number density of the sulfate indicates the sulfate aerosol penetrates into the vortex in May
and thereafter (Figures 4 and 5) due to the distortion of the vortex caused by planetary waves. The
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backscatter value from CALIPSO (Figure 8) and the extinction value from OSIRIS (Figure 9) outside the
Antarctic polar vortex are between the values from the Base case and the HalfSO2 case, which indicates that
the SO, emission into the stratosphere is probably between 0.4 and 0.2 Tg. However, the OMPS extinction is
below both model cases (Figure 9). The modeled PSCs and sulfate inside the vortex are smaller than the
CALIPSO observation from June to September. Adding gravity waves increases the backscatter near the edge
of the vortex, but not near the South Pole. Strong denitrification from PSCs in May limits the sulfate aerosol
and PSC formation near the South Pole at later times.

To answer question 3: The simulated HNO3; compared with MLS observations reveals a denitrification pro-
blem with the model (Figures 10). The model denitrified too early at 82°S and too much after July at 63°S.
We ran a test case without STS to NAT nucleation because the large NAT particles that are responsible for
most of the denitrification are formed from STS in our model (Figure 10). This test case helps to improve
the denitrification but cannot explain the high depolarization and low backscatter areas observed by
CALIPSO in late May (Figure 11). CALIPSO observations in Figures 11a and 11d indicate that large or medium
sized NAT particles exist in late May, which is more consistent with the Base case results (Figures 11c and 11f).
This conclusion is also supported by previous studies (Lambert et al., 2012; Zhu, Toon, Lambert, et al., 2017).
Either an increased homogeneous nucleation rate or heterogeneous nucleation of NAT on STS may be
needed to nucleate NAT that does not denitrify too quickly and shows a large depolarization in late May.
The source of these nuclei could be the micrometeoroids as suggested by Hoyle et al. (2013).

To answer question 4: The volcanic sulfate aerosol from the Mount Calbuco eruption and previous eruptions
since 2011 enhances ozone depletion in September and October. The Os in the Base case is depleted more
than 35% (Figure 15c), and the ozone hole size is 4.8 million km? larger (Figure 14) than in the Noemission
case in September. This result is generally consistent with Solomon et al. (2016). The Base case shows that
the start date of the ozone hole is 3 days later than the TOMS/OMI observation. The peak ozone hole area
in the NoCalbuco case is closest to TOMS/OMI among our three model simulations. However, the area calcu-
lation is impacted by the spatial resolution of the model, so the error bar of the Base case area overlaps the
TOMS/OMI data. The difference of O3 between the Base case and the NoCalbuco case indicates that the
Mount Calbuco eruption depletes ~ 25% of Os (Figure 15f) near 70°S and creates an additional 2.4 million
km? of ozone hole area in September in our simulation (Figure 14). The largest difference in Oz due to the
Mount Calbuco volcanic injection is found around 100 hPa and 70°S (Figure 15f). This location is consistent
with the volcanic sulfate layers observed at 16 km and with the conclusions from Stone et al. (2017) who
found the ozone depletion was enhanced at 55-68°S and between 100 and 150 hPa. The previous eruptions
increase the SAD near the South Pole compared with the case without any eruptions. And the Mount Calbuco
eruption increases the SAD from the Pole toward midlatitude. Both Solomon et al. (2016) and our model show
that the SAD from sulfate aerosol and STS in the case with volcanic eruptions is twice as large as in the case
without any volcanic eruptions and covers a much larger geographic area from the South Pole to ~ 20°S.
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