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Abstract We present new insights into the evolution and interactions of stratospheric aerosol using an
updated version of the Whole Atmosphere Community Climate Model (WACCM). Improved horizontal
resolution, dynamics, and chemistry now produce an internally generated quasi-biennial oscillation and
significant improvements to stratospheric temperatures and ozone compared to observations. We present a
validation of WACCM column ozone and climate calculations against observations. The prognostic treatment
of stratospheric sulfate aerosols accurately represents the evolution of stratospheric aerosol optical depth
and perturbations to solar and longwave radiation following the June 1991 eruption of Mount Pinatubo. We
confirm the inclusion of interactive OH chemistry as an important factor in the formation and initial
distribution of aerosol following large inputs of sulfur dioxide (SO2) to the stratosphere. We calculate that
depletion of OH levels within the dense SO2 cloud in the first weeks following the Pinatubo eruption
significantly prolonged the average initial e-folding decay time for SO2 oxidation to 47 days. Previous
observational and model studies showing a 30 day decay time have not accounted for the large (30–55%)
losses of SO2 on ash and ice within 7–9 days posteruption and have not correctly accounted for OH depletion.
We examine the variability of aerosol evolution in free-running climate simulations due to meteorology, with
comparison to simulations nudged with specified dynamics. We assess calculated impacts of volcanic
aerosols on ozone loss with comparisons to observations. The completeness of the chemistry, dynamics, and
aerosol microphysics in WACCM qualify it for studies of stratospheric sulfate aerosol geoengineering.

Plain Language Summary Stratospheric aerosols form after volcanoes inject SO2 into the
stratosphere, and can cool global surface temperatures. A new capability for simulating stratospheric
aerosols from SO2 injections in the Whole Atmosphere Community Climate Model is shown to reproduce
well observed climate and chemistry responses. The ability of the model to calculate accurately the
reductions in sunlight and losses of ozone that have been observed following historical eruptions in the
satellite era gives strong confidence in the model’s ability to simulate such responses to potential future
deliberate injections of SO2 to offset global warming. Such responses to geoengineering are presented in a
series of companion papers.

1. Introduction

In this study, we describe a new version of an Earth systemmodel capable of representing the formation and
interactions of stratospheric sulfate aerosol from source gases and use it to study the evolution and radiative
and chemical impacts of SO2 inputs from large volcanic eruptions. We use this model in a series of companion
papers (Kravitz et al., 2017; MacMartin et al., 2017; Richter et al., 2017; Tilmes et al., 2017) to study the effects of
different stratospheric sulfate geoengineering strategies. The detailed comparisons to observations pre-
sented here establish confidence in this model and provide new insights into the role of interactive chemistry
in the evolution of dense SO2 clouds in the stratosphere.
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Geoengineering, also known as climate engineering, describes a set of technologies designed to offset some
of the effects of anthropogenic greenhouse gas emissions (McNutt et al., 2015). There are many proposed
methods of offsetting anthropogenic climate change, and one method that has arguably received the most
attention is stratospheric sulfate aerosol geoengineering (Budyko, 1977; Crutzen, 2006). This method involves
injecting large amounts of sulfur-bearing precursor gases, often sulfur dioxide (SO2), into the stratosphere.
These gases then photochemically convert to highly reflective sulfate aerosols, which scatter sunlight back
to space, cooling the Earth’s surface and lower atmosphere.

The idea of stratospheric sulfate aerosol geoengineering has gained the most traction of all proposed meth-
ods because of its natural analogue of large volcanic eruptions. Such volcanic eruptions similarly enhance the
stratospheric sulfate aerosol layer, resulting in a cooling of Earth’s climate that can last several years (e.g.,
Robock, 2000). The 1815 eruption of Mount Tambora in what is now Indonesia was followed by the “year
without a summer” in 1816 in New England and Europe—which extended to several years in China—as well
as severe disruptions to the Indian monsoon and to other global climate patterns (Raible et al., 2016; Wood,
2014). The 1991 eruption of Mount Pinatubo (15.1°N, 120.3°E) produced a rapid global-averaged cooling at
the Earth’s surface of several tenths of a degree Celsius over the following year, despite the significant warm-
ing effects of a coincident El Niño event (Bender et al., 2010; Hansen et al., 1992; Soden et al., 2002).

Accurately simulating the climate effects of large volcanic eruptions, and in turn stratospheric sulfate aerosol
geoengineering, in a climate model requires the model to simulate processes that represent all the compo-
nents of sulfate aerosol formation andmicrophysical growth; interaction of aerosols with radiation, dynamics,
and chemistry; and sedimentation of the aerosols. Only recently have climate models included these pro-
cesses, to allow for the interactive simulation of stratospheric sulfate aerosol evolution based on emissions
of sulfur-bearing precursor gases. Inclusion of these processes has been shown to greatly improve the treat-
ment of volcanic aerosol properties and their effects on stratospheric chemistry compared to observations
(English et al., 2013; Ivy et al., 2017; Mills et al., 2016; Solomon et al., 2016; Timmreck et al., 1999). In addition,
simulation of the interactions between stratospheric processes and surface climate requires coupling to an
ocean and sea ice model, which is often lacking in models with prognostic aerosol capabilities. These pro-
cesses are essential for studying the atmospheric and surface climate impacts of stratospheric sulfate
aerosol geoengineering.

We describe an updated version of the Earth systemmodel described in Mills et al. (2016) with the above pro-
cesses and interactions included. Updates include increased horizontal resolution and a self-generating
quasi-biennial oscillation (QBO). We use this model here to study the chemical, microphysical, and radiative
effects of historical volcanic eruptions that have occurred during the satellite era (1979 to present), with com-
parison to observations. We demonstrate the importance of interactive calculations of the abundance of oxi-
dants, such as the hydroxyl radical (OH), to understanding the observations of SO2 evolution following large
volcanic eruptions.

2. Materials and Methods
2.1. Whole Atmosphere Community Climate Model

The Community Earth SystemModel, version 1 (CESM1, Hurrell et al., 2013), is a state-of-the-art global climate
model that includes interactive atmosphere, ocean, land, and sea ice components. The atmosphere compo-
nent of CESM1 is the Community Atmosphere Model (CAM), which includes a high-top version known as the
Whole Atmosphere Community Climate Model (WACCM, Marsh et al., 2013). Mills et al. (2016) describe the
development of a prognostic treatment of stratospheric sulfate aerosol in CESM1(WACCM) with themore rea-
listic formulations of radiation, planetary boundary layer turbulence, cloud microphysics, and aerosols that
were introduced in version 5 of CAM (Neale et al., 2010). Mills et al. (2016) presented and validated volcanic
aerosol properties derived from SO2 emissions over the period 1990–2014 but did not examine radiative for-
cing. In this paper, we validate radiative forcing from volcanic aerosol following the 1991 Pinatubo eruption
calculated with WACCM. Such validation is critical for the use of this model in studies of the radiative impacts
of stratospheric sulfate aerosol derived from SO2 emissions. The horizontal resolution of the atmosphere
component in this model, which we call WACCM hereafter, is 0.95° latitude × 1.25° longitude, which is double
the resolution in each horizontal dimension of previous versions of CESM1(WACCM) (Marsh et al., 2013; Mills
et al., 2016).
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WACCM extends from the Earth’s surface to 140 km in altitude. In our configuration, WACCM includes com-
prehensive, fully interactive middle atmosphere chemistry with 95 solution species, 2 invariant species, 91
photolysis reactions, and 207 other reactions. The chemical scheme includes gas phase chemical species
in the Ox, NOx, HOx, ClOx, and BrOx chemical families, along with CH4 and its degradation products, and
the sulfur-bearing gases dimethyl sulfide (DMS), OCS, SO2, SO, S, SO3, and H2SO4. Gas phase and heteroge-
neous reactions important in the stratosphere are included, allowing simulation of the impacts of sulfate
aerosols on the chemical composition of the atmosphere, such as the seasonal ozone hole over
Antarctica in austral spring (Mills et al., 2016). Our model’s middle atmosphere chemistry is a subset of
the chemistry used in Mills et al. (2016), excluding species and reactions that are significant only in the tro-
posphere. The reduced chemistry produces up to 45% more OH in the troposphere than Mills et al. (2016),
resulting in slightly reduced tropospheric lifetimes for species such as CH4 and SO2. Climate forcings in
WACCM include aerosols (tropospheric and stratospheric, and anthropogenic and natural), solar variability,
and time-varying mixing ratios of greenhouse gases (determined by lower boundary conditions and
interactive chemistry).

WACCM includes a modal treatment of aerosols that is coupled to cloud microphysics (Liu et al., 2012)
and which has been extended to include stratospheric sulfate (Mills et al., 2016). To simulate the
formation and evolution of sulfate aerosol prognostically, our chemical mechanism includes precursor
sulfur-bearing gases and oxidation pathways producing H2SO4. Source gases include OCS, which is an
important source of background stratospheric aerosol, as well as SO2 from anthropogenic sources. The
H2SO4 resulting from this oxidation creates new sulfate aerosols by the microphysical processes of
nucleation and condensation. The processes of coagulation, evaporation, and sedimentation are included
in the aerosol microphysical evolution.

The model that we use includes a number of improvements to CAM5 physics beyond what was used in
Mills et al. (2016). We use a new surface topography for the CAM finite-volume dynamical core based on
Lauritzen et al. (2015). We include an improved representation of atmospheric dust, including refined phy-
sical parameterizations of dust and improved soil erodibility, size distributions, wet deposition, and optics
(Albani et al., 2014). The cloud microphysical scheme has been updated to Morrison-Gettelman version 2
(MG2), which includes prognostic precipitation (Gettelman & Morrison, 2015). An error in the energy formu-
lation has been corrected (Williamson et al., 2015). The vertical remapping scheme has been updated to
improve energy conservation. In the original implementation, temperature was retrieved from total energy
remapping (minus kinetic energy), which was shown to produce significant temperature perturbations at
high altitude. In the new implementation, temperature is remapped over a log-pressure coordinate, which
preserves the geopotential at the model lid during remapping.

Ice nucleation has been updated to include effects of preexisting ice crystals and to consider in-cloud varia-
bility in ice saturation ratio (Shi et al., 2015). The ice nucleation scheme was developed for the troposphere
and contains several assumptions that may adversely affect ice nucleation in the upper troposphere and
lower stratosphere in our model. The heterogeneous ice nucleation code assumes that only dust aerosols
nucleate ice and only those in the larger of the two dust aerosol modes. In deriving the fraction of dust in this
coarse mode, the code considers only the ratio of dust to sea salt, neglecting the presence of sulfates in the
coarse mode. Thus, in the upper troposphere and stratosphere, where sulfate dominates aerosol composi-
tion, the very small dust fraction is greatly overestimated because the sea salt mass there is small compared
to the dust mass. Hence, the code overestimates heterogeneous freezing in the upper troposphere and lower
stratosphere, but only in model grid points where dust is present, and hence is not an issue in most of the
stratosphere. In addition, coarse aerosols that nucleate ice are not moved to the in-cloud population and
are available to nucleate ice each additional time step, leading to further overestimates of heterogeneous
freezing. Homogeneous freezing of aerosols is considered only for sulfates in the Aitken mode. The neglect
of sulfates in the larger accumulation and coarse modes likely underestimates ice production by homoge-
neous freezing, particularly under geoengineered conditions. Because the impacts on ice nucleation are com-
pensating, the sign of model biases introduced is unclear. Heterogeneous reactions on stratospheric ice
account for a small (~1%) proportion of Antarctic ozone loss. These issues may have more significant impacts
on the interaction of aerosols with ice clouds, which can absorb outgoing longwave radiation. The erroneous
treatment of sulfates as heterogeneous ice nuclei where dust is present may produce unrealistic increases in
cirrus clouds in the upper troposphere under geoengineering conditions, and the resulting longwave
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absorption would reduce the cooling efficiency of geoengineering unrealistically. These issues will be
addressed in future versions of CESM.

Our WACCM configuration includes the same 70 vertical layers as described in Mills et al. (2016). WACCM uses
the Lindzen (1981) gravity wave propagation scheme, using gravity wave source specifications for oro-
graphic, frontal, and convectively generated gravity waves following Richter et al. (2010). In this version of
WACCM, we have increased the efficiency of convectively generated gravity waves generated by convection
to 0.40, from 0.10 used in Mills et al. (2016). This change, together with increased horizontal resolution, allows
for an internal generation of the QBO. This new development allows for the examination of the effects of SO2

injections on the QBO, which are presented in Richter et al. (2017), motivated in part by previous work that
has suggested that stratospheric sulfate geoengineering could severely alter the QBO (Aquila et al., 2014).
Additional tuning of the gravity wave parameterization in WACCM has significantly reduced the bias of the
temperatures in the Antarctic polar vortex, which is critical to calculating ozone loss (Garcia et al., 2017).

WACCM is fully coupled to the Community Land Model version 4.0 (CLM4.0, Lawrence et al., 2011). The land
model includes interactive carbon and nitrogen cycles, as in CESM1(WACCM) (Marsh et al., 2013). In addition,
biogenic surface emissions into the atmosphere are calculated in CLM4.0 using the Model of Emissions of
Gases and Aerosols from Nature, version 2.1 (MEGAN2.1, Guenther et al., 2012). WACCM is also coupled to
ocean and sea ice components that may be interactive or constrained by data representative of observations.
The interactive components are the Parallel Ocean Program, version 2 (POP2, Danabasoglu et al., 2012) and
the Los Alamos National Laboratory sea ice model, version 4 (CICE4, Holland et al., 2012).

2.2. Model Simulations

Interactive stratospheric aerosol is a new development common to an increasing number of climate mod-
els participating in the forthcoming Coupled Model Intercomparison Project, phase 6 (CMIP6, Eyring et al.,
2016). Some of these models also include interactive chemistry. Some include an interactive QBO.
Interactive aerosols from volcanic eruptions will disperse and evolve differently in different ensemble runs,
depending on meteorology (Jones et al., 2016) and the phase of the QBO (Trepte & Hitchman, 1992). We
discuss the impacts of these issues on chemistry and climate variability by comparing fully coupled free-
running (FR) simulations to those constrained by nudging to specified dynamics (SD). To quantify the
importance of interactive chemistry, we conducted two simulations with noninteractive specified chemis-
try. Table 1 presents a list of simulations performed for this work, each of which is described below.
Simulations were carried out on the Yellowstone high-performance computer platform (Computational
and Information Systems Laboratory, 2012).

In order to demonstrate radiative balance in the updated model between incoming solar and outgoing long-
wave radiation prior to the rapid introduction of anthropogenic greenhouse gases in the industrial era, we
first conducted a 50 year preindustrial fully coupled free-running simulation, FRPI, using constant year
1850 climate forcing conditions. The land, ocean, and sea ice components were initialized with the preindus-
trial equilibrium conditions (1 January, year 402, of the 1850 fully coupled control) used to initialize the
CESM1 Large Ensemble simulations (Kay et al., 2015). Initial conditions for the atmosphere are consistent with
preindustrial conditions.

Our FRVOLC experiment was designed to examine the model’s representation of climate following historical
conditions, including volcanic eruptions, from 1975 to 2016, in an ensemble of four fully coupled free-running
simulations individually named FRVOLC1, FRVOLC2, FRVOLC3, and FRVOLC4. The land, ocean, and sea ice

Table 1
WACCM Simulations Conducted for This Work

Simulation name Dynamics Chemistry Ocean/sea ice # of runs Years per run Conditions SO2 from eruptions

FRPI Free-running Interactive Coupled 1 50 Preindustrial (1850) No
FRVOLC Free-running Interactive Coupled 4 42 1975–2016 Yes
SDVOLC Nudged Interactive Data 1 27 1990–2016 Yes
SDVC Nudged Interactive Data 1 27 1990–2016 No
SCVOLC Free-running Prescribed Data 1 21 1979–1999 Yes
SCVC Free-running Prescribed Data 1 10 1990–1999 No
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components are interactive in these simulations and were initialized with conditions from 1 January 1975 of
four independent CESM1 transient simulations used for the Large Ensemble simulation, which were picked to
sample contrasting initial ocean states. The atmosphere was initialized with 1 January 1975 conditions from a
simulation conducted for the Chemistry Climate Modeling Initiative (Solomon et al., 2015), regridded to our
model’s higher horizontal resolution, with the addition of spun-up initial conditions for aerosols and sulfur
gases from a previous run of our model.

Coupled free-running experiments allow self-consistent representations of stratospheric aerosols, with inter-
actions between atmospheric chemistry and dynamics, and ocean, sea ice, and land. However, the number
of unconstrained variable climate states in such simulations poses difficulties for comparisons to observa-
tions. Meteorology at the time of volcanic eruption can play an important role in the latitudinal distribution
of aerosol, as can the state of the QBO, which can affect the transport of stratospheric aerosol from the tro-
pics to higher latitudes (Trepte & Hitchman, 1992). Ocean states, including the El Niño–Southern Oscillation,
strongly affect observations of the Earth’s radiation budget, complicating comparisons to coupled free-
running simulations. We therefore rely on SD simulations, with prescribed historical sea surface tempera-
tures, and atmospheric winds and temperatures nudged to historical meteorology, to constrain climate
variability in WACCM, allowing more detailed comparisons to observations of chemistry and climate
responses to stratospheric aerosol.

We performed two SD experiments of the years 1990–2015 using initial conditions from the FRVOLC1 simu-
lation. The SD experiments use meteorological fields from the NASA Global Modeling and Assimilation Office
Modern-Era Retrospective Analysis for Research and Applications (MERRA) (Rienecker et al., 2011). Horizontal
winds and temperatures are nudged toward the MERRA reanalysis fields between the surface and 50 km, with
a relaxation time of 50 h. SDVOLC includes SO2 emissions from explosive volcanic eruptions, and SDVC is a
“volcanically clean” run without SO2 emissions from explosive volcanic eruptions.

Using WACCM, we performed two specified chemistry experiments (Smith et al., 2014), for which chemical
oxidants (OH, HO2, O3, and NO3) are prescribed. SCVOLC included SO2 from volcanic eruptions and simulates
years 1979–1999, with an initial condition for 1 January 1979 from FRVOLC1. SCVC does not include SO2 from
eruptions and simulates years 1990–1999, with an initial condition for 1 January 1990 from SCVOLC. These
specified chemistry runs used free-running atmospheric dynamics and prescribed sea surface temperatures
and sea ice.

Our FRVOLC, SDVOLC, and SCVOLC experiments use a database of SO2 emissions from volcanic eruptions
based on version 2 of the Volcanic Emissions for Earth System Models (Neely & Schmidt, 2016). The database
includes 222 days of eruption for the years 1975–2016, the dates, spatial coordinates, and SO2 mass of which
are described in Table S1 of the supporting information. As in Mills et al. (2016), eruptive emissions occur over
a 6 h period from 1200 to 1800 UT on the date of the eruption. The climatic phase of the 1991 Pinatubo erup-
tion coincided with the closest pass of Typhoon Yunya (50 km north), which likely affected the initial transport
of SO2 from the eruption, and which also prevented the retrieval of atmospheric wind profiles during the
eruption (Guo, Rose, et al., 2004; Holasek et al., 1996). To account for the observed initial transport of SO2 from
the Pinatubo eruption southward, we spread the emissions from that eruption evenly between 15.13°N and
the equator at 120.3°E, as in previous studies (Dhomse et al., 2014; Mills et al., 2016; Sheng et al., 2015;
Timmreck, Graf, & Feichter, 1999; Timmreck, Graf, & Kirchner, 1999). As discussed in Mills et al. (2016), we emit
Pinatubo SO2 evenly between 18 and 20 km, which allows for self-lofting, giving best agreement with
Microwave Limb Sounder (MLS) observations of the SO2 cloud (Read et al., 1993).

3. Results
3.1. WACCM Climate

As we are presenting a new version of WACCM, we begin by validating the radiative balance of the model in
preindustrial conditions, and the climate and chemistry in present-day conditions with respect to observa-
tions, before examining volcanic responses. We ignore the first 24 years of the FRPI simulation, to allow
the components to equilibrate. The difference between the absorbed solar radiation (ASR) and outgoing
longwave radiation (OLR) at the model’s top gives a net radiative flux of �0.027 ± 0.442 W m�2 (1σ confi-
dence) over the last 26 years, indicating that the preindustrial atmosphere is in radiative equilibrium.
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The Diagnosing Earth’s Energy Pathways in the Climate project, version 2
(Allan et al., 2014; Liu et al., 2015) combines 60°S–60°N Earth Radiation
Budget Satellite (ERBS) broadband nonscanner measurements during
the Earth Radiation Budget Experiment (ERBE, Minnis et al., 1993) with
additional data to provide continuous global monthly observations of
ASR and OLR from 1985 to present. Our historical FRVOLC ensemble cal-
culates a net radiative flux for years 1985–1999 of 0.56 ± 0.63 W/m2,
which is in general agreement with 0.35 ± 0.66 W/m2 from the merged
ERBS data. Figure 1 compares the global annual surface temperature
anomaly for 1979–2015 from the FRVOLC ensemble to reconstructions
from Hadley Centre-Climatic Research Unit Version 4 (HadCRUT4)
infilled with kriging (Cowtan & Way, 2014) and Goddard Institute for
Space Studies (GISS) Surface Temperature Analysis (GISTEMP Team,
2017; Hansen et al., 2010). Anomalies are calculated with respect to
the 1979–2015 average for each data set. Shading shows the range of
the annual global mean values over the four FRVOLC ensemble mem-
bers, and red asterisks show the mean of the FRVOLC ensemble. Lines
show 5 year running averages of the annual anomalies for simulations
and observations. WACCM shows similar decadal variability to the
observations, including significant cooling after the major eruptions of
El Chichón (1982, 17.4°N, 93.2°W)) and Pinatubo (1991). Observations
lie largely within the range of the FRVOLC ensemble variability. This

gives confidence that the climate response of the model to long-term changes in greenhouse gases agrees
with observations. Least squares linear fit trends for 1975–2016 are 2.45 ± 0.11 K/century for the FRVOLC
ensemble, which is slightly larger than those for HadCRUT4 (2.16 ± 0.16) and GISTEMP (1.92 ± 0.12).

Figure 1. Global annual surface temperature anomalies for 1979–2015 from
the WACCM FRVOLC ensemble are compared to HadCRUT4 and GISTEMP
reconstructions of observations. Anomalies are calculated with respect to the
1979–2015 average for each data set. Shading shows the range of the annual
global mean values over the four FRVOLC ensemble members, and red
asterisks show themean of the FRVOLC ensemble. Lines show 5 year running
averages of the annual anomalies for simulations and observations. Least
squares linear fit trends are listed.
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Figure 2. WACCM zonal mean temperature differences from ERA-Interim reanalysis for four seasons: (a) DJF, (b) MAM, (c) JJA, and (d) SON. Differences are plotted for
the 1979–2014 time period from the FRVOLC ensemble average and the same years for ERA-Interim. The contour interval is 1 K.
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WACCM has a very good representation of the mean temperature in the troposphere and middle
atmosphere. As shown in Figure 2, throughout the entire troposphere the temperature bias relative to
ERA-Interim reanalysis (ERAI, Dee et al., 2011) is less than 2 K, with only the tropical midtroposphere carrying
a bias greater than 1 K throughout the year (not shown). WACCM has a cold bias near the tropopause of�2 to
�4 K in both the extratropics and the tropics throughout most of the year. This represents an improvement
over CESM1(WACCM) (Marsh et al., 2013), which ran at 1.9° latitude × 2.5° longitude and exhibited extratro-
pical biases ranging from �6 to �8 K. We attribute this improvement to the improved horizontal resolution.
Charlton-Perez et al. (2013) showed that the CMIP5 multimodel average also carries a �4 K bias in the extra-
tropical tropopause temperatures.

Lower stratospheric (below 10 hPa) mean temperatures inWACCM are in good overall agreement with obser-
vations, as shown in Figure 2. In the upper stratosphere (1–10 hPa), WACCM has a warm bias (< 10 K)
between �60°S and 60°N and a cold bias of up to 16 K at the winter pole. WACCM also has a cold bias
(< 12 K) in the south polar stratosphere in autumn (March-April-May, MAM) and spring (September-
October-November, SON). These biases are of the same magnitude or smaller than those in CESM1(WACCM)
(not shown, Marsh et al., 2013).

The summer mesopause in WACCM is near 87 km (log-pressure height) with temperature in January of 131 K
(at 80°S) and 130 K in July (at 80°N). This in reasonable agreement with Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) observations (Xu et al., 2007) which showmesopause temperatures
of 134 K in January (at 80°S) and 127 K in July (at 80°N). Zonal mean winds averaged over December-January-
February (DJF) and June-July-August (JJA) for WACCM are shown in Figure 3 along with winds from the Upper
Atmosphere Research Satellite Reference Atmosphere Project (URAP) climatology (Swinbank & Ortland,
2003). The overall DJF stratospheric and mesospheric wind structure is in good agreement with URAP. The
model climatology is improved over CESM1(WACCM), with a few remaining biases. The stratospheric
Northern Hemisphere (NH) jet in DJF is ~ 10 m s�1 stronger than observed (associated with slightly colder
than observed temperatures), and the summer stratospheric jet is too weak between 60°S and 90°S above

Figure 3. (a, b) WACCM and (c, d) URAP zonal mean wind for DJF (Figures 3a and 3c) and for JJA (Figures 3b and 3d). URAP
and FRVOLC ensemble average winds are averaged over the years 1980–1999. The contour interval is 10 m s�1.
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10 hPa. In JJA, the NH summer jet has very good agreement to URAP and
is much improved between 0 and 30°N compared to WACCM3 and
CESM1(WACCM), which carried a 30 m s�1 bias in this region (Marsh
et al., 2013; Richter et al., 2010). The Southern Hemisphere stratospheric
westerly jet is too strong in WACCM; however, unlike in WACCM3 and
CESM1(WACCM) it is tilting in the correct direction (toward the equator
as height increases).

3.2. QBO and Stratospheric Chemistry

WACCM has an internally generated QBO as shown in Figure 4. The per-
iod of the QBO in the FRVOLC ensemble varies between 19 and
36 months, with mean periods for each ensemble member varying from
23 to 27 months. In observations, the QBO period ranges between 20
and 34 months, with a mean of 28 months. The amplitude of the wes-
terly QBO phase is between 15 and 20 m s�1, exactly as in observations.
The easterly QBO phase amplitude ranges between 20 and 25m s�1 and
is hence weaker than observed by 10 m s�1. Further improvements to
the representation of the QBO in WACCM require a substantial increase
in the vertical resolution (Richter et al., 2014).

The stratospheric water vapor “tape recorder” (Mote et al., 1996) is well
represented in WACCM, consistent with a good representation of tropi-
cal tropopause temperatures. A good representation of water vapor in
the stratosphere is important for climate because of the role of water
vapor as a greenhouse gas. Water vapor also strongly impacts strato-
spheric chemical cycles affecting ozone, which is an important radia-
tively active gas. In comparison to Aura MLS satellite observations
(Livesey et al., 2016) between 2004 and 2014, the magnitude of both
dry and wet phases of the tape recorder follows exactly the observed
range (Figure 5). The slope of the tape recorder in the model is in good
agreement with the observations, with a slightly stronger tropical
upwelling in the lower stratosphere.

WACCM zonal mean stratospheric ozone column shows very good
agreement with observations and excellent agreement in high latitudes
(Figure 6). The representation of ozone in WACCM is improved over pre-
vious versions of WACCM. Figure 6 compares the zonal average strato-
spheric column ozone with a 5° latitude × 10° longitude gridded
product, based on MLS and NASA Ozone Monitoring Instrument (OMI)
observations, averaged between 2005 and 2010 (Ziemke et al., 2011).
This figure shows agreement within 8% in high latitudes for four differ-
ent seasons of the mean value of the FRVOLC ensemble with the obser-
vations. The observations generally lie within one standard deviation of
ensemble variability at high latitudes, with the exception of 60°S in April.
We attribute this improved performance to the improved horizontal
resolution and dynamical improvements associated with modifications
to the gravity wave parameterization (Garcia et al., 2017). The model
underestimates column ozone in the tropics by 5–20%, which may be
due to overly rapid transport.

3.3. Volcanic Aerosol Evolution

In order to validate that our model produces a reasonable response to
stratospheric SO2 perturbations, we compare the period from 1
January 1990 to 1 January 2000 in our simulations to observations.
This period includes the eruption of Mount Pinatubo on 15 June 1991,
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Figure 4. Tropical zonal winds (2°S–2°N) from 1980 to 2000 for (a) ERA-
Interim reanalysis and (b–e) WACCM FRVOLC ensemble members.
Contours are plotted in intervals of 5 m s�1.
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Figure 5. (a) Height-time seasonal variations of H2Omixing ratios (ppmv) averaged between latitudes 10°N–10°S and years
2004–2014 for (a) theWACCM FRVOLC ensemble average (color-filled white contours) andMLS satellite observations (black
contours); (b) percent difference between the ensemble average and observations, 100 × (FRVOLC � MLS)/MLS; and
(c) 2004–2014 mean vertical profiles of H2O mixing ratios (ppmv) from MLS (black) and FRVOLC (red).

Figure 6. Monthly and zonally averaged stratospheric ozone column (in DU) comparison between OMI/MLS observa-
tions between 2004 and 2010 (black) and the WACCM FRVOLC ensemble (red) between 2004 and 2010 (for ozone
<150 ppb in the model), for four months. OMI/MLS error bars show the zonally averaged 2σ 6 year root-mean-square
standard error of the mean at a given grid point, derived from the gridded product (Ziemke et al., 2011). Model results
are interpolated to the same 5° latitude grid as the observations. Shading indicates the standard deviation (1σ) of
the interannual variability per latitude interval for the FRVOLC ensemble.
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which produced the best observed large (>10 Tg) injection of SO2 into
the stratosphere to date. Comparison of simulated surface climate
response to the volcanic eruption based on observations is complicated
by climate variability, including a coincident El Niño event that tended
to counteract the reduction in global average temperatures following
the eruption, as well as other underlying climate oscillations (e.g.,
Canty et al., 2013). We therefore constrain our calculations by using
SD-WACCM, which incorporates a data ocean model with observed
sea surface temperatures, as well as nudged atmospheric temperatures
and winds.

The first step in the production of sulfate aerosol from stratospheric SO2

input is chemical oxidation by the OH radical, which, via intermediate
steps, produces H2SO4 gas. Figure 7 shows the time evolution of the
total burden of volcanic (SDVOLC minus SDVC) SO2 in WACCM,
compared to observations of the stratospheric burden following the
eruption. Guo, Bluth, et al. (2004) present and evaluate the SO2 observa-
tions from the Total Ozone Mapping Spectrometer (TOMS) and the
Television Infrared Observation Satellite Optical Vertical Sounder
(TOVS) in the first 15 days after the Pinatubo eruption. That work sug-
gested that much of the initial 14 to 23 Tg of SO2 (7 to 11.5 Tg of sulfur)
from Pinatubo was rapidly catalyzed on ash and ice, fast processes that
are not currently included in WACCM. As in Mills et al. (2016), we input
10.0 Tg of SO2 (5.0 Tg of sulfur) from Pinatubo in WACCM on the day
of the eruption, matching the burden from TOMS and TOVS observa-

tions 7–9 days after the beginning of the eruption, whenmore than 99% of the ash and ice particles had been
removed (Guo, Rose, et al., 2004). This “climatically relevant” sulfur input from Pinatubo is consistent with the
3.7 to 6.7 Tg peak sulfur content of stratospheric aerosol mass following the eruption derived from satellite
observations from the High-resolution Infrared Radation Sounder (HIRS, Baran & Foot, 1994) and the
Improved Stratospheric and Mesospheric Sounder (Lambert et al., 1993), as discussed in Dhomse et al.
(2014). The evolution of aerosol mass burden calculated in WACCM following Pinatubo is consistent with
HIRS observations, as shown in Figure 1 of Mills et al. (2016).

Additional SO2 observations shown in Figure 7, from the Solar Backscatter Ultraviolet Radiometer-2 (SBUV/2),
the Microwave Limb Sounder (MLS) aboard the Upper Atmosphere Research Satellite, and a high-resolution
infrared spectrometer aboard an aircraft (Mankin et al., 1992) are presented as shown in Read et al. (1993).
Our calculations show general agreement with these observations within their limitations. As indicated in
Figure 7, the eruption of Cerro Hudson (45.9°S, 73.0°W) emitted 1.5 Tg SO2 roughly 2 months after
Pinatubo. This additional input was not observed by MLS, which integrated SO2 above 21 km, well above
the height of the Cerro Hudson plume. The dashed line shows the SO2 burden in WACCM above 50 hPa,
for comparison to the MLS observations.

Read et al. (1993) used these observations to derive a 33 day e-folding decay time with an extrapolated initial
SO2 injection of 17 Tg. Our calculations point to an interpretation of this apparent steady exponential decay
as the superposition of two more variable processes: loss on ash and ice and oxidation by OH. We note that
the slope of the semilogarithmic plot of SO2 burden versus time shown for SDVOLC minus SDVC in Figure 7
indicates a much longer initial lifetime, decreasing to a constant slope by 30 days after the eruption. The rea-
son for this is the rapid consumption of OH by SO2 oxidation within the initial dense SO2 cloud, which limits
the availability of OH and hence the SO2 oxidation rate. As Figure 8 shows, OH is reduced by more than 95%
within the cloud as it is transported in the first weeks. Figure 9 shows the daily e-folding decay time of volca-
nic SO2 as a function of days after the eruption. As the cloud disperses to larger volumes, OH recovers, and the
initial e-folding decay time of more than 400 days drops over the first month to reach a constant value of
30.9 ± 0.5 days (45 to 59 days after eruption). In contrast, the volcanic SO2 in our SCVOLC simulation, for which
OH is prescribed, decays with a constant e-folding time of 34.1 ± 1.4 days (2 to 21 days after eruption,
Figures 7 and 9). The specified chemistry simulations show greater variability, particularly as volcanic

Figure 7. Calculated global volcanic SO2 burden following the 15 June 1991
eruption of Mount Pinatubo is compared to observations. The solid line
shows the daily average global burden of SO2 calculated in the SDVOLC
simulation minus the nonvolcanic SO2 burden calculated in the SDVC
simulation. The dashed red line shows the same for SCVOLCminus SCVC. The
SO2 burden is less than 10 Tg in the day 0 average because the eruption
occurred midday. The additional input of 1.5 Tg SO2 from the 12 August
eruption of Cerro Hudson is noted 60 days after the Pinatubo eruption.
Observations from TOVS (blue circles) and TOMS (red asterisks) show an initial
burden of 13–18 Tg SO2, of which 10 Tg remained after loss to sedimenting
ice and ash in the first 7–9 days (Guo, Bluth, et al., 2004). Observations from
SBUV, aircraft, and MLS are shown as presented in Read et al. (1993). Because
MLS column is integrated above 21 km, the WACCM column integrated
above 50 hPa (dashed black line) is shown for comparison.
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minus clean SO2 burdens approach zero, because they are not nudged as the SD simulations are and
therefore have unmatched nonvolcanic burdens.

Constant e-folding decay times ranging from 23 to 35 days have been derived from observations for Pinatubo
SO2 (Bluth et al., 1992; Guo, Bluth, et al., 2004; McPeters, 1993; Read et al., 1993). These constant e-folding
times do not distinguish the rapid initial removal of SO2 on sedimenting ash and ice in the initial days after
the eruption from the variable chemical oxidation rate due to OH depletion. Our simulations with interactive
OH chemistry find a similar constant terminal e-folding time, but we also find the “average initial e-folding
time” for oxidation to be 47 days, calculated as the time for the initial 10 Tg of Pinatubo SO2 to be reduced
by 1/e to 3.7 Tg. Pinto et al. (1989) examined the effects of large stratospheric SO2 injections on the e-folding
time for loss of SO2 by OH. Using a one-dimensional model that accounted for the horizontal dispersion and
expansion of volcanic SO2 clouds, they calculated that an injection of 10 Tg of SO2 should increase the
e-folding time from 1.3 to 1.8 months, which is consistent with our calculations. Bekki (1995) found the reduc-
tion in OH oxidation to be significant for a much larger 200 Tg injection but concluded that the effects of
Pinatubo’s ~20 Tg SO2 injection on OH “would have been too modest to have had a noticeable effect on

the global SO2 removal rate.” That assessment, however, relied on a
coarse zonally averaged two-dimensional model with very large grid
cells (~10° latitude × 360° longitude), which could not account for the
local OH depletion within the SO2 cloud in three spatial dimensions.

Several studies examined the effects of dense SO2 clouds and volcanic
aerosols on OH levels due to absorption and scattering of sunlight,
which affects photolysis rates (Bândă et al., 2015; Bekki, 1995; Pinto
et al., 1989; Pitari, Cionni, et al., 2016). WACCM does not include such
effects on photolysis rates, which these studies indicate are of lesser
significance than reductions in OH due to sulfur chemistry. Bândă
et al. (2015) found no significant effect of SO2 absorption on the
e-folding time of SO2 from the 1991 Pinatubo eruption. Impacts of
stratospheric sulfate geoengineering on photolysis rates and the
oxidation capacity of the troposphere might be more significant
(Pitari et al., 2014; Visioni et al., 2017). Our studies with WACCM focus
on middle atmosphere chemistry, which would be less affected by
such effects than the troposphere.

Our results imply that interactive OH chemistry is essential to accurately
calculating oxidation and dispersal following the input of 10 Tg or more
of SO2 into the stratosphere. Studies of interactive stratospheric aerosols

Figure 9. Volcanic SO2 e-folding time (days) shown as a function of days
following the 15 June 1991 eruption of Mount Pinatubo in the SCVOLC
(solid black line) and SCVOLC (dashed red line) simulations. The e-folding
time is derived from the daily change in the global volcanic SO2 burden.
Volcanic SO2 is calculated by subtracting the global burdens from volcani-
cally clean simulations (SDVC and SCVC, respectively).

Figure 8. Maps of calculated daily averaged (left column) SO2 and (right column) OH volume mixing ratios (moles/mole air) at 61 hPa on (top row) days 3, (middle
row) 7, and (bottom row) 13 after the 15 June 1991 eruption of Mount Pinatubo. Calculations are shown from the SDVOLC simulation.
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in models that use invariant prescribed OH values calculated constant
e-folding times for Pinatubo SO2 of 29–33 days (Aquila et al., 2012;
Niemeier et al., 2009), leading to faster initial oxidation. Bekki and Pyle
(1994) used a two-dimensional model that neglected feedbacks
between SO2 photochemistry and other chemical species and calcu-
lated a longer e-folding time of 40 days, which they account for by stat-
ing “Since SO2 is only significantly removed by OH, this small difference
is probably because the modeled OH levels are low compared to reality
in the region of the volcanic cloud.” Sekiya et al. (2016) calculated an
e-folding time of 38–40 days, using a general circulation model with
interactive OH.

The University of L’Aquila Composition-Climate Coupled Model (ULAQ-
CCM), which also includes interactive OH, found a 31 day e-folding time
for a 20 Tg SO2 Pinatubo eruption based on exponential decay between
days 45 and 165 after the eruption but did not report on variations
within the first month (Pitari, Di Genova, et al., 2016). They also found
amuch shorter 18 day e-folding time for a much smaller 1.2 Tg SO2 erup-
tion, which they account to “more abundant OH due to an inefficient
sink by sulfur dioxide” in the smaller volcanic cloud. The 19 day and
43 day e-folding times that they find for eruptions of 7 and 12 Tg SO2,
respectively, suggest that factors other than the mass of SO2 erupted
also affected their calculations.

Inclusion of interactive OH chemistry in WACCM is key to understanding
variable oxidation and its importance for the subsequent size and latitu-
dinal distribution of stratospheric aerosol. We found significantly greater
self-lofting of volcanic aerosol in our SCVOLC simulation than in the
FRVOLC ensemble for the two largest eruptions simulated (El Chichón
1982 and Pinatubo 1991). This is due to radiative interaction with the
dense aerosol clouds that result from rapid oxidation of the volcanic
SO2 before it disperses (not shown).

Mills et al. (2016) presented validations of volcanic aerosol properties in
WACCM with CAM5 physics, using half the horizontal resolution used in
this study. Here we present similar validations before examining radia-
tive impacts. In Figure 10, we compare stratospheric aerosol optical

depth (SAOD) at 550 nm for 1990–1998 measured by lidars at three locations (black circles) to 5 day average
values calculated at the same locations in our SDVOLC (red dots), FRVOLC (blue dots, ensemble average), and
SCVOLC (orange dots) simulations. The reduced SAOD in the FRVOLC ensemble compared to SDVOLC reflects
a lower stratospheric aerosol burden and a shorter aerosol lifetime. This relates to faster circulation and
higher (~0.5 km) tropical tropopause altitudes in FR-WACCM. It also relates to the phase of the QBO at the
time of the eruption, which agrees with observations in SDVOLC (easterlies above 26 km overlying westerlies
below) but which is variable in the FRVOLC ensemble. The easterly shear in SDVOLC is associated with lofting
of the Pinatubo aerosols in the tropics, while the westerly shear is associated with descent and transport to
higher latitudes (Trepte & Hitchman, 1992), which we see in our simulations. This difference illustrates a mode
of variability affecting volcanic aerosol evolution in the atmosphere compared to models with interactive
QBOs. Comparison of SAOD in SCVOLC to FRVOLC shows the impact of the enhanced self-lofting of
Pinatubo aerosols when OH depletion is not accounted for.

Figure 10a compares to a newly available lidar record from Tomsk, Siberia (Zuev et al., 2016). While the tro-
popause altitude is generally 11–13 km, the lidar backscatter was integrated between 15 and 30 km. We have
converted the integrated backscatter to aerosol optical depth (AOD) using a lidar ratio (integrated
extinction/backscatter) of 50, which has been found to be appropriate for the stratosphere within 20%
(Jäger & Deshler, 2002, 2003; Ridley et al., 2014). Our calculated AOD is integrated above the tropopause,
yielding slightly higher values in SDVOLC over the Pinatubo period than the integrated backscatter, which

Figure 10. Aerosol optical depth (AOD)measured by lidars at three locations
(black circles) are compared to calculated 5 day average AOD above the
tropopause in corresponding model columns from our SDVOLC (red dots),
FRVOLC (ensemble average, blue dots), and SCVOLC (orange dots) simula-
tions. Observations are (a) integrated backscatter from 15–30 km measured
in Tomsk, Siberia (Zuev et al., 2016), converted to AOD using a lidar ratio of
50; (b) AOD above the tropopause measured in Geestacht, Germany
(Ansmann et al., 1997); and (c) AOD above the tropopause measured in
Mauna Loa, Hawaii (Hofmann et al., 2009; Ridley et al., 2014).
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excludes the lowermost 2–4 km. As in Mills et al. (2016), our SDVOLC
calculations show excellent agreement over the Pinatubo period with
the lidars at Geestacht, Germany (Ansmann et al., 1997) (Figure 10b),
and Mauna Loa, Hawaii (Hofmann et al., 2009; Ridley et al., 2014)
(Figure 10c), both of which are integrated above the tropopause.

3.4. Volcanic Aerosol Radiative Forcing

In Figure 11, we show global mean all-sky net radiative fluxes at the top
of the model, compared to the observed global mean time series from
the merged ERBS data (Allan et al., 2014; Liu et al., 2015). Monthly mean
net fluxes are shown for January 1991 to December 1995, normalized
and deseasonalized by subtracting the corresponding flux for each
month from the volcanically quiescent year 1999. Figure 11a shows
the deseasonalized anomaly in the absorbed solar radiation (ASR, posi-
tive for downward fluxes), measured as incident minus reflected short-
wave radiation. Following the Pinatubo eruption, observations show a
dramatic reduction in ASR, due to increased scattering of sunlight to
space from volcanic aerosols, not fully recovering until mid-1994. Our
SDVOLC simulation calculates a remarkably similar reduction and recov-
ery in ASR. The FRVOLC ensemble average shows a similar reduction in
ASR, and the ensemble range shows the role of other unconstrained
climate variables, including ocean states. The SDVC simulation reveals
the effects of constrained sea surface and atmospheric temperatures
on ASR variability without volcanic forcing.

Figure 11b shows the deseasonalized anomaly in the outgoing long-
wave radiation (OLR, positive for upward fluxes). Pinatubo aerosols
reduced OLR both by direct absorption of longwave radiation and by
reducing temperatures in the troposphere and at the Earth’s surface.

The SDVC simulation includes the latter effect, as it is nudged and driven by observed tropospheric and
sea surface temperatures, which include this cooling. This cooling reduces OLR by up to 1.5–2.0 W m�2 by
August 1992. Inclusion of volcanic aerosols in our SDVOLC simulation, however, is necessary to match the
observed reduction of 2.5–3.0 Wm�2. The differences in the OLR between the SDVC and SDVOLC simulations
are due to aerosol longwave absorption, secondary effects of aerosols on clouds, and cooling of land
surface temperatures.

Figure 11c shows net radiative flux (ASR-OLR, positive for downward fluxes), a measure of the radiative
energy imbalance forcing the Earth’s climate. The SDVC case shows natural variability, with a slight upward
trend due to increases in greenhouse gases. The SDVOLC shows a drop in the net flux following the
Pinatubo eruption which generally matches well the observations. The FRVOLC ensemble shows a similar
average reduction and significant variability. In general, the radiative response to Pinatubo inWACCM is a sig-
nificant improvement over previous models using prescribed volcanic forcing (Driscoll et al., 2012; Neely
et al., 2016). This is due to both the limitations of prescribed stratospheric aerosol climatologies derived from
satellite observations (Mills et al., 2016; Ridley et al., 2014) and the neglect of aerosol-cloud interactions.

The efficacy of volcanic forcing in climate models is quantified by normalizing changes in all-sky net radiative
fluxes to changes in SAOD. The Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(Myhre et al., 2013) uses the value of �25 W m�2 per unit change in volcanic SAOD, based on fixed sea sur-
face temperature simulations of the Pinatubo eruption in GISS Model E with prescribed stratospheric aerosol
(Hansen et al., 2005). ULAQ-CCM, with prognostic volcanic aerosols, calculates volcanic forcing efficiencies for
Pinatubo of �15.3 W m�2 SAOD�1 in all-sky conditions (Pitari, Di Genova, et al., 2016). We calculate the effi-
cacy of Pinatubo volcanic forcing in WACCM by linearly regressing the differences between volcanic and
clean simulations in annually averaged top-of-model all-sky net fluxes and global SAOD for the years
1991–1996. For SDVOLC minus SDVC, we calculate�18.3 ± 1.0 W m�2 SAOD�1. This indicates a reduced vol-
canic radiative forcing efficacy in WACCM compared to Hansen et al. (2005), which neglected the interaction
of volcanic aerosol with clouds, and a greater efficacy compared to Pitari, Di Genova, et al. (2016). For SCVOLC

Figure 11. Top-of-model all-sky radiative fluxes from our SDVOLC (solid red)
and SDVC (solid blue) simulations are compared to top-of-atmosphere ERBS
observations (black) merged with additional data to provide a global data
set (Allan et al., 2014; Liu et al., 2015). Monthly mean net fluxes are shown for
January 1991 to December 1995, normalized and deseasonalized by sub-
tracting the corresponding flux for each month from 1999, a volcanically
quiescent year. Fluxes from our FRVOLC ensemble average (dashed orange
line) and range (yellow shading) are also shown. (a) Absorbed solar radiation
(positive for downward fluxes); (b) outgoing longwave radiation (positive for
upward fluxes); and (c) net radiative flux (positive for downward fluxes).
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minus SCVC, we calculate �20.2 ± 4.6 W m�2 SAOD�1, suggesting that
interactive chemistry is not a significant factor in volcanic radiative for-
cing efficacy in WACCM.

3.5. Volcanic Impacts on Stratospheric Ozone

The Antarctic ozone hole, defined as a region where total column ozone
measures less than 220 Dobson units (DU), has developed each austral
spring since the early 1980s. The area of the ozone hole is at its largest
in October, when total column ozone over Antarctica reaches minimum
annual values. These minimum values depend on the amount of halo-
gen loading in the stratosphere, as well as meteorology, with greater
ozone loss in colder years. In addition, ozone loss increases when
enhanced sulfate aerosol levels from volcanic eruptions reach the
Antarctic stratosphere, due to the effects of heterogeneous chemistry
on halogens (Portmann et al., 1996; Solomon et al., 2016).

Figure 12 shows observations of total column ozone measured from
the Solar Backscatter Ultraviolet satellite (SBUV), averaged over 63–90°S,
from 1980 to 2015. The SBUV record has been carefully calibrated
and compared to observations from ground-based, in situ, and other

satellite instruments (McPeters et al., 2013). The observations show the development of the ozone hole
in the 1980s, with significant interannual variability depending on temperature and volcanic aerosol
loading following the eruptions of El Chichón (1982) and Pinatubo (1991). The FRVOLC ensemble
reproduces the magnitude of the decline in Antarctic ozone in October from 1980 to the mid-1990s and
indicates significant drops following these two major tropical eruptions. Ozone loss leveled off after a peak
in the late 1990s, and FRVOLC reproduces this general trend in the observations, although ozone columns
are generally biased low throughout this simulation, consistent with the cold bias in the Antarctic spring
stratosphere (see Figure 2).

Comparison of the SDVOLC and SDVC simulations, which were both initialized from FRVOLC on 1 January
1990, shows ~40 DU of polar cap ozone loss attributable to the 1991 eruptions of Pinatubo and Cerro
Hudson. Both SD simulations match the interannual variability in Antarctic ozone particularly well in the per-
iod of reduced and moderate volcanic aerosols post-2000. Significant drops in ozone followed the eruptions
of Puyehue-Cordón Caulle (2011, 40.6°S, 72.1°W) and Calbuco (2015, 41.3°S, 72.6°W). While comparison of
SDVOLC to SDVC in 2011 and 2015 shows significant effects due to volcanic aerosols, cold temperatures also
played a role, as revealed by significant drops in the SDVC ozone columns in those years. Because ozone
heats the stratosphere, cold stratospheric temperatures are a positive feedback of polar ozone loss, and ther-
mal and dynamical feedbacks may enhance the loss of polar ozone following volcanic eruptions (Ivy et al.,
2017; Pitari, Cionni, et al., 2016; Solomon et al., 2016).

4. Conclusions

We have described a new version of WACCM with improved horizontal resolution, updated physics, and an
interactive QBO. We have validated the chemistry and climate of WACCM with detailed comparisons to
observations. We have paid particular attention to the evolution and impacts of volcanic sulfate aerosol,
which WACCM derives from emissions of SO2 gas. The completeness of the chemistry, dynamics, and aerosol
microphysics qualify WACCM for studies of stratospheric sulfate geoengineering.

Our calculations reveal the importance of interactive chemistry to the development of sulfate aerosol from
large inputs of SO2. Previous findings of a ~30 day e-folding decay time of SO2 from the 1991 eruption of
Mount Pinatubo were based on observations that ignored the rapid initial losses of SO2 on ice and ash and
on calculations that either did not include interactive OH chemistry or did not discuss the impacts of OH
depletion in the first month after the eruption. We show that the dense SO2 cloud oxidized much more
slowly in the first 2 weeks after the eruption due to the depletion of OH by the SO2 oxidation itself. We
calculate a 47 day average initial e-folding decay time for the Pinatubo SO2 that remained aloft after the
initial losses on ice and ash and show the calculated evolution of Pinatubo SO2 to be largely consistent

Figure 12. October monthly average column ozone over the south polar cap
(63–90°S) for years 1980–2016 from SBUV satellite observations (black solid
line and circles) and in WACCM SDVOLC (red solid line and diamonds), SDVC
(blue dashed line and diamonds), and FRVOLC experiments. The orange
dashed line shows the ensemble average, and yellow shading shows the
ensemble range. Grey dots show monthly averages for individual FRVOLC
ensemble members.
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with observations. The evolution of stratospheric AOD following the Pinatubo eruption in WACCM agrees
well with lidar observations from three independent locations at midlatitudes and in the tropics. The
radiative impacts of Pinatubo on ASR and OLR match satellite observations very well. This is crucial for
assessing the impacts of stratospheric SO2 injections on surface climate and on stratospheric chemistry
and dynamics.

We have validated the climate and chemistry in an ensemble of fully coupled WACCM simulation of the years
1975–2016. The trend in global average surface temperatures over this period closely matches that derived
from observations. Temperatures and winds from the troposphere through the middle atmosphere agree
well with observations. WACCM now includes an internally generated QBO, which exhibits a period close
to that observed. This feature is important to studies of stratospheric sulfate geoengineering, which has been
shown in other studies to disrupt the QBO. Stratospheric water vapor in WACCM is close to that observed, as
is the seasonal cycle in water vapor mixing ratios entering from the troposphere. Stratospheric ozone col-
umns in WACCM agree well with global satellite observations and with ground-based observations in
Antarctica showing the development of the ozone hole over this period.
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