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Abstract Tropopause-penetrating convection is a frequent seasonal feature of the Central United States
climate. This convection presents the potential for consistent transport of water vapor into the upper
troposphere and lower stratosphere (UTLS) through the lofting of ice, which then sublimates. Water vapor
enhancements associated with convective ice lofting have been observed in both in situ and satellite
measurements. These water vapor enhancements can increase the probability of sulfate aerosol-catalyzed
heterogeneous reactions that convert reservoir chlorine (HC1 and CIONO,) to free radical chlorine (Cl and
ClO) that leads to catalytic ozone loss. In addition to water vapor transport, lofted ice may also scavenge
nitric acid and further impact the chlorine activation chemistry of the UTLS. We present a photochemical
model that resolves the vertical chemical structure of the UTLS to explore the effect of water vapor
enhancements and potential additional nitric acid removal. The model is used to define the response of
stratospheric column ozone to the range of convective water vapor transported and the temperature
variability of the lower stratosphere currently observed over the Central United States in conjunction with
potential nitric acid removal and to scenarios of elevated sulfate aerosol surface area density representative
of possible future volcanic eruptions or solar radiation management. We find that the effect of HNO3
removal is dependent on the magnitude of nitric acid removal and has the greatest potential to increase
chlorine activation and ozone loss under UTLS conditions that weakly favor the chlorine activation
heterogeneous reactions by reducing NOy sources.

Plain Language Summary Some summertime storms in the Central United States are strong
enough to transport water uniquely deep into the atmosphere and up into the normally very dry
stratosphere, which houses the ozone layer. Moistening the stratosphere changes its chemical balance. The
additional moisture results in the transformation of normally inert halogen compounds, including chlorine
and bromine, into chemically highly reactive forms that destroy ozone. This activation of inert halogen
compounds and ozone loss is dependent on the amount of water added to the stratosphere and the
temperature of the stratosphere. Not every storm that transports water into the stratosphere will result in
halogen activation and ozone loss, only those that transport significant amounts of water and/or those that
overlap with the coldest parts of the stratosphere. The influence of storms on the chemistry of the
stratosphere, however, may not be limited to only water. Nitric acid, which plays a role in slowing the
activation of inert halogen compounds, may also be removed. We simulate the chemical effects of a range of
potential nitric acid removal in conjunction with moistening of the stratosphere. We find that nitric acid
removal has the potential to most exacerbate halogen compound activation and ozone loss when the
moistening would normally only have mild effects on the stratosphere. Should nitric acid removal be a
common occurrence during these stratosphere-moistening storms, the fraction of storms that can lead to
halogen activation and ozone loss is larger than previously thought.

1. Introduction

Observations of meteorological conditions in the midlatitudes have indicated the potential for chlorine acti-
vation and halogen-catalyzed ozone loss in the lower stratosphere during the summer. Water vapor
enhancements resulting from transport by tropopause-penetrating convection, a consistent product of the
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unique climate of the summertime Central United States (Anderson et al., 2012; Anderson et al., 2017;
Dessler & Sherwood, 2004; Hanisco et al., 2007; Ray et al., 2004; Schwartz et al., 2013; Smith et al., 2017;
Sun & Huang, 2015; Toon et al., 2016; E. M. Weinstock et al., 2007), can move the conditions of the lower
stratosphere into a state favorable to halogen activation and ozone loss particularly when low temperatures
are present. The sensitivity of the lower stratosphere to convective water vapor enhancements is a direct
result of the chlorine activation heterogeneous chemistry that is favored by high humidity, low tempera-
tures, and larger sulfate aerosol surface area density (SAD; Anderson et al., 2012; Anderson et al., 2017;
Anderson & Clapp, 2018; Carslaw et al., 1997; Drdla & Miiller, 2012; Hanson, 1998; Horn et al., 1998;
Murphy & Ravishankara, 1994; Portmann et al., 1996; Shi et al., 2001; S. Solomon et al., 1996; S. Solomon,
1999; Tabazadeh et al., 1997). The extent to which potential water vapor enhancements from tropopause-
penetrating convective transport may lead to ozone loss in the midlatitude lower stratosphere has been mod-
eled in previous studies (Anderson et al., 2012; Anderson et al., 2017; Anderson & Clapp, 2018).

The impact of an additional, potential convective lower stratospheric perturbation on ozone loss, HNO;
scrubbing, however, has not been explored. The current understanding of cross-tropopause water transport
through ice lofting could also result in HNO; removal. The potential for stratospheric HNO; removal is a
consequence of the primary cross-tropopause water transport mechanism of ice lofting into the lower strato-
sphere through gravity wave breaking (Hassim & Lane, 2010; Phoenix et al., 2017; Sang et al., 2018; Wang
et al., 2011): Ice that sublimates into the lower stratosphere would result in water vapor enhancements,
while ice that gravitationally subsides back into the troposphere could scrub stratospheric HNOs.
Removal of stratospheric HNO; could potentially increase total chlorine activation resulting from the water
vapor enhancements that initiate chlorine activation immediately after convective injection. While observa-
tions of water vapor enhancements in the lower stratosphere have been made days after a convective event,
the first hours of convective perturbation, including the hypothetical HNO; removal, are not well under-
stood. Additionally, the chemical sensitivity of the lower stratosphere to convective perturbation becomes
more important when considering recently proposed solar radiation management (SRM) strategies that
would increase the background loading of sulfate aerosol SAD in the lower stratosphere (Dykema et al.,
2014; Pitari et al., 2014; Richter et al., 2017; Tilmes et al., 2008; Tilmes et al., 2012). To quantify the extent
to which this additional potential effect of HNO; removal by tropopause-penetrating convection may result
in ozone loss, we use a photochemical kinetics box model to explore the sensitivity of the chemistry of the
lower stratosphere to chemical and physical perturbations associated with convection for sulfate aerosol
SAD representative of current and SRM conditions.

Ozone loss in the lower stratosphere is controlled by a network of photochemical reactions first observed by
in situ measurements of HCI, CIONO,, ClO, O3, and so forth in the polar vortices that couple the heteroge-
neous activation of inorganic chlorine to the gas phase halogen-catalyzed ozone loss cycles (Anderson et al.,
2012; Brune et al., 1990; Carslaw et al., 1997; Chipperfield & Pyle, 1998; Drdla & Miiller, 2012; McElroy et al.,
1986; Portmann et al., 1996; S. Solomon et al., 1986; S. Solomon, 1999; Stimpfle et al., 1999; Wilmouth et al.,
2006). These same reactions have also been identified as responsible for chlorine activation in the midlati-
tudes (Fahey et al., 1993; Hofmann et al., 1994; Kawa et al., 1997; S. Solomon et al., 1998; Wennberg
et al., 1994; Wilson et al., 1993) and the tropics (von Hobe et al., 2011). These reactions (1) define the key
chemical species, the concentrations of which determine if the lower stratosphere is in a state dominated
by halogen-catalyzed ozone loss or not; (2) define the chemical pathway (sulfate aerosol heterogeneous
chlorine activation) that transitions the stratosphere from a benign state to a state conducive to ozone loss
(as shown in Figure 1); and most importantly (3) define the meteorological conditions that favor chlorine
activation on sulfate aerosols (Anderson et al., 2012; Anderson et al., 2017; Carslaw et al., 1997; Drdla &
Miiller, 2012; Murphy & Murphy & Ravishankara, 1994; Portmann et al., 1996; Shi et al., 2001; S.
Solomon, 1999; Tabazadeh et al., 1997). Tropopause penetrating convective transport can affect ozone loss
in the lower stratosphere by altering concentrations of some of these key chemical species (in this paper,
H,0 and HNO3).

The key chemical species, which include reservoir inorganic chlorine, HCl and CIONO,; free radical chlor-
ine, Cl and CIO; free radical bromine, Br and BrO; and the nitrogen species of NOy (NO, and NO,), HNO;
and N,Os, and their interactions that determine the stratospheric state with respect to halogen-catalyzed
ozone loss are shown in Figure 1. The partitioning of inorganic chlorine between its reservoir species (no

CLAPP AND ANDERSON

9744



100 Journal of Geophysical Research: Atmospheres 10.1029/2018JD029703

AAAAAAAAAAAAAA
'AND SPACESCIENCE.

a) I C| Clo | Halogen Catalyzed
L Br, BrO _ Ozone Loss
Heterogeneous NO, CH Heterogeneous,_ HNO
Reactions #=* Reactions :
HCl, CIONO, Unperturbed
I
b) Sulfate Aerosol Heterogeneous Reactions

HCl + CIONO, —® HNO; +Cl,
HCl+ HOCI — H,0+Cl,

CIONO, + H,0 —#= HOCI + HNO,
N,Os+H,0 —=  2HNO,

HCl
Cl,

clo

>—->CIONO2

NO,

Sulfate Aerosol

Figure 1. (a) The chemistry of the lower stratosphere can be divided into two regimes: an unperturbed regime (blue box)
characterized by inorganic chlorine ozone neutral forms of HCI and CIONO, and high concentrations of NOx and a
halogen-catalyzed ozone loss regime (red box) characterized by a significant proportion of chlorine present in the free
radical forms of ClO and Cl and low concentrations of NOy. The sulfate aerosol-catalyzed heterogeneous reactions move
the stratosphere from the unperturbed regime into the halogen-catalyzed ozone loss regime. The reaction of C1O with NO,
returns the stratosphere to the unperturbed regime. (b) The sulfate-catalyzed heterogeneous reactions have the effect of (1)
converting reservoir chlorine to free radical chlorine (in red) and (2) converting NO, to aqueous HNOj3 (in purple) that is
sequestered in the sulfate aerosol preventing the return of the stratosphere to the unperturbed regime.

halogen-catalyzed ozone loss) and its free radical form (halogen-catalyzed ozone loss) defines whether the
stratosphere is in an unperturbed or halogen-catalyzed ozone loss state. When in its free radical form,
inorganic chlorine destroys ozone through a ClO catalytic cycle that involves the CIOOCI dimer that is
only stable at low temperatures (Molina & Molina, 1987):

Cl+ 0;—CIO + 0,(R1),

CIO + CIO + M—CIOOCI + M (R2),
ClOOCI + hv—ClOO + CI (R3),
CIOO + M—Cl + 0,(R4).

Free radical bromine participates in an additional catalytic cycle to destroy ozone (McElroy et al., 1986):
Br + 03—BrO + 0,(R5),
BrO + ClO—Br + Cl + O,(R6).

The nitrogen species, while present in the lower stratosphere, through the reaction of NO, with CIO to form
CIONO,, prevent the buildup of free radical chlorine by returning it to the reservoir form:

ClO + NO, + M—CIONO, + M (R8).
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As a result of these reactions, a state of halogen-catalyzed ozone loss can be characterized by a high ratio of
free radical chlorine to inorganic chlorine and low concentrations of NOy. The inverse is true for the
unperturbed state.

The following heterogeneous reactions catalyzed by sulfate aerosols transition the stratosphere from an
unperturbed state to a state of ozone loss by both converting CIONO, and HCI to Cl and ClO and by deplet-
ing NOy (Molina, 1989; Solomon et al., 1986; see Figure 1):

CIONO, + HCI—Cl, + HNO;(R9),
CIONO, + H,0—~HOCI + HNO;(R10),
HOCI + HCl—Cl, + H,0 (R11),

N,0s + H,0—2HNO;(R12).

The Cl, produced is photolyzed to form the chlorine radical that reacts with ozone in the Molina mechanism
producing ClO. The above reactions also deplete NO, by converting CIONO, to aqueous HNO; and N,0Os to
aqueous HNOs;. The rates of R9, R10, and R11 are proportional to the uptake probability of the reactants on
the catalytic surface, in this case sulfate aerosol, and the reactive SAD. The uptake probability depends on
the solubility of the reactants, HCl, CIONO,, and HOCI in the sulfate aerosol, which have been shown to
be favored by low temperatures and high water vapor concentrations (Hanson, 1998; Horn et al., 1998;
Shi et al., 2001).

Although most observations of heterogeneous chlorine activation and the resulting ozone loss come from
the polar regions, observations of this mechanisms occurring in the stratosphere at the midlatitudes have
been made during the increase in stratospheric sulfate SAD due to the Mt. Pinatubo eruption (Avallone
et al., 1993; Fahey et al., 1993; Hofmann et al., 1994; McGee et al., 1994; Solomon et al., 1998; Wennberg
et al., 1994; Wilson et al., 1993) and also under standard conditions (Keim et al., 1996; Thornton et al.,
2007) near the tropopause.

Tropopause-penetrating convective transport of water directly influences potential ozone loss in the midla-
titudes lower stratosphere by increasing the probability of the chlorine activation heterogeneous reactions.
Convective overshoots have been shown to moisten the lower stratosphere primarily through the lofting
of ice particles in observational (Corti et al., 2008; de Reus et al., 2009; Hanisco et al., 2007; Hegglin et al.,
2004; Homeyer, 2014; Homeyer et al., 2017; Iwasaki et al., 2010; Khaykin et al., 2009; Khaykin et al., 2016;
Poulida & Dickerson, 1996; Randel et al., 2012; Ray et al., 2004; Sargent et al., 2014; Sayres et al., 2010;
Smith et al., 2017; Weinstock et al., 2007) and modeling studies (Dessler et al., 2007; Dessler & Sherwood,
2004; Grosvenor et al., 2007; Jensen et al., 2007; Wang, 2003) in both the tropics and the extratropics. The
lower stratosphere is convectively moistened primarily by sublimation of ice that has been lofted into the
stratosphere via gravity wave breaking, which is distinct from moistening by convective air mass transport
from the troposphere, that is, water vapor transport limited by saturation vapor pressure near the tropopause
(Hassim & Lane, 2010; Phoenix et al., 2017; Sang et al., 2018; Wang et al., 2011). The convective lofting of ice
into the lower stratosphere by overshoots can even transport ice to higher altitudes beyond the altitude
reached by convective ascent (Phoenix et al., 2017; Wang et al., 2011).

As a result of the ice lofting and sublimation transport mechanism, tropopause penetrating convection can
lead to stratospheric water vapor enhancements without significant changes to the background chemical
composition of the lower stratosphere because small volumes of convectively transported tropospheric air
can contain significant quantities of water as ice. Observations of both ozone and carbon monoxide concur-
rent with water vapor enhancements in the lower stratosphere have shown either no tropospheric signal in
the Deep Convective Clouds and Chemistry field campaign (Phoenix et al., 2017) or even possible evidence
of downward mixing in the Stratospheric-Climate Links with Emphasis on the Upper Troposphere and
Lower Stratosphere field campaign (Frey et al., 2015). Phoenix et al. (2017) conducted a modeling study of
cross-tropopause convective transport considering two distinct transport processes: air mass mixing (which
could transport tropospheric air in addition to water vapor) and sublimation of convectively lofted ice
(which would transport only water). Phoenix et al. (2017) concluded that, although deep convection does
rapidly transport air from the troposphere to the stratosphere, most of the stratospheric water vapor
enhancements (especially at higher altitudes) are due to the lofting and sublimation of ice with little
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tropospheric air mixing resulting in elevated water vapor with little impact on O3 and CO. In their modeling
of deep convection, Frey et al. (2015) find that tropopause penetrating convection both transports boundary
layer air upward into the tropical tropopause layer (TTL) and transports ozone-rich stratospheric air down-
ward into the lower stratosphere and the TTL. Frey et al. (2015) also find that tropopause penetrating con-
vection hydrates both the upper TTL and lower stratosphere through ice sublimation resulting in the
potential for an overlap of elevated water vapor with elevated ozone in the lower stratosphere.

Modeling studies not informed by observed stratospheric tracers also support ice sublimation rather than air
mass transport as the primary mechanism of stratospheric moistening by overshooting convection (Hassim
& Lane, 2010; Sang et al., 2018). Sang et al. (2018) specifically find that ice sublimation is the primary con-
tributor to convective stratospheric moistening compared to air mixing, which is a weak contributor.
Further, dynamical modeling studies also demonstrate downward mixing from higher altitudes in the strato-
sphere (Dauhut et al., 2018; Hassim & Lane, 2010).

The dynamic processes involved with convective cross-tropopause transport are not fully understood due to
the sparseness of in situ observational constraints. For example, while water transport seems to be controlled
by ice lofting with little tropospheric air mixing, observations of aerosol-poor tropospheric air convectively
transported into the lower stratosphere indicate that cross-tropopause convection may also result in signifi-
cant air mass fluxes (Vernier et al., 2011). Similarly, a satellite study of convective overshoots into the lower
stratosphere found both that, during convection, ice sublimation likely leads to stratospheric hydration and
that either mixing of the overshoot with warmer stratosphere or downward motion adjacent to the updraft
results in warmer brightness temperatures than expected (Iwasaki et al., 2012). Regardless of the uncertainty
around convective air mass mixing, because water is convectively transported in the solid phase, convective
enhancements to water vapor are expected to be far more significant than perturbations to other species in
the stratosphere, as has been reported by observations of convective stratospheric perturbations (Frey et al.,
2015; Phoenix et al., 2017).

Furthermore, observations of convective overshoots that reach the lower stratosphere over the Central
United States during the summer suggest that convective moistening of the stratosphere may be frequent
and that these enhancements can remain cohesive in the stratosphere for significant periods of time.
Tropopause-penetrating convection at least 1 km above the tropopause occurs over the Central United
States during the summer with a frequency of approximately 0.9 x 10* events per month, according to a
10-year NEXRAD climatology analysis by Cooney et al. (2018). Observations of water vapor enhancements
in coherent plumes have also been made up to between 7 and 12 days after convective injection (Pittman
et al., 2007; Ray et al., 2004; Weinstock et al., 2007). Observations of a convectively sourced stratospheric
water vapor plume show a minimum special extent of 20,000 km? between the pressure levels of 70 and
115 hPa and estimate a potentially more realistic area of up to 100,000 km? at 115 hPa given the exponential
altitude dependence of convective volumes in the lower stratosphere (Smith et al., 2017).

Additionally, deep convection may also affect ozone loss by removing stratospheric HNO; from a lower
stratospheric air mass thereby removing a source of NO,, which has an inhibitory effect on chlorine
activation. The uptake of stratospheric HNO3 onto convectively lofted ice particles that do not sublimate
to moisten the lower stratosphere during transit through the stratosphere but rather through selective
gravitational subsidence that reenters the troposphere may result in a depletion of HNOj; in the convec-
tively influenced lower stratospheric air mass. Modeling of tropopause-penetrating overshooting convec-
tion has indicated that the larger ice particles convectively lofted into the stratosphere preferentially
sediment out of the stratosphere even as the lighter ice particles sublimate (Sang et al., 2018).
Therefore, while nitric acid uptake may occur onto convectively lofted ice particles of all sizes, the size
selection modeled by Sang et al. (2018), which leads to the larger ice particles sedimenting out of the
stratosphere while the smaller ice particles sublimate into the stratosphere, could hypothetically result
in the concurrent removal of nitric acid from, as well as moistening of, the lower stratosphere. The
uptake of gaseous HNOj; on ice surfaces has been demonstrated in laboratory studies at atmospherically
relevant conditions (Abbatt, 1997; Abbatt, 2003; Aguzzi & Rossi, 2001; Huthwelker et al., 2006; Hynes
et al., 2002; Ullerstam & Abbatt, 2005; Zondlo et al., 1997), as well as observed in field studies in the
UTLS (Gamblin et al., 2007; Kondo et al., 2003; Krdmer et al., 2008; Popp et al., 2004; Popp et al.,
2006; Scheuer et al., 2010; Voigt et al., 2006; Voigt et al., 2007). Further, HNO; scavenging by
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convection through ice uptake has also been demonstrated in modeling studies (Audiffren et al., 1999;
Barth et al., 2001; Lawrence & Crutzen, 1998; Marécal et al., 2010; Mari et al., 2000; Neu & Prather,
2012). Removal of stratospheric HNO3 by convective ice scavenging, however, has yet to be observed
and is currently hypothetical.

While stratospheric ozone recovery from the slow removal of inorganic chlorine from the stratosphere is
expected to occur within this century driven largely by a decrease in ozone depleting substances (Austin
et al., 2010; Chipperfield et al., 2017; Li et al., 2009; Oman & Douglass, 2014; Steinbrecht et al., 2018;
Stone et al., 2018; World Meteorological Organization, 2014) due to the Montreal Protocol, recent model-
ing and observational studies show that additional halogen sources could slow this recovery (Engel et al.,
2018; Hossaini et al., 2016; Yang et al., 2014). In particular, convectively transported halogenated very
short lived substances of chlorine (Hossaini, Chipperfield, Montzka, et al., 2015; Hossaini, Chipperfield,
Saiz-Lopez, et al., 2015; Hossaini et al., 2017; Laube et al., 2008; Oram et al., 2017), bromine
(Aschmann et al., 2009; Dessens et al., 2009; Hossaini, Chipperfield, Montzka, et al., 2015; Liang et al.,
2014; Salawitch et al., 2005; Wales et al., 2018; Yang et al., 2014), and iodine (Hossaini, Chipperfield,
Saiz-Lopez, et al., 2015; Saiz-Lopez et al., 2015; Youn et al.,, 2010) have been shown to be important
sources of stratospheric halogens. Further, both emissions of these halogenated very short lived substance
(Ziska et al., 2017) and their transport to the stratosphere (Falk et al., 2017; Hossaini et al., 2012) are
expected to increase with climate change resulting in a greater impact on stratospheric ozone
(Fernandez et al., 2017; Tegtmeier et al., 2015). Therefore, while decreases in future stratospheric halogens
may diminish the potential for convective water vapor enhancements and possible HNO; removal to
impact stratospheric ozone, convective perturbation may not become irrelevant for some time especially
considering the importance of interhalogen reactions (e.g., C1O + BrO) to VSL-bromine contributions to
ozone loss (Yang et al., 2014). Finally, despite potential recovery of upper stratosphere ozone, extrapolar
lower stratosphere ozone has been declining since 1998 without an attributed cause (Ball et al., 2018).
However, this trend has been disputed by analysis suggesting that the trend is not as significant when
including the year 2017 and that ozone trends in the midlatitudes are largely due to dynamic variability
(Chipperfield et al., 2018).

Previous studies have shown the potential for chlorine activation and ozone loss in the midlatitudes due to
heterogeneous chemistry on cirrus cloud particles in the UTLS (Borrmann et al., 1996; Borrmann et al.,
1997; Solomon et al., 1997). Many observations of elevated water vapor have been made in the midlatitudes
lower stratosphere, however, in the absence of cirrus clouds (Hanisco et al., 2007; Hegglin et al., 2004; Randel
et al., 2012; Ray et al., 2004; Smith et al., 2017; Weinstock et al., 2007). Additional studies then extended the
sensitivity of the summertime Central United States lower stratospheric heterogeneous chlorine activation
and ozone loss to water-sulfate aerosol surfaces resulting from such observed water vapor enhancements
without cirrus cloud formation (Anderson et al., 2012;Anderson et al., 2017 ; Anderson & Clapp, 2018).
Demonstrating potential chlorine activation on water-sulfate aerosols resulting from gaseous water vapor
enhancements is significantly different from that on cirrus clouds because it greatly expanded the likelihood
of chlorine activation in the midlatitudes due to the ubiquitous presence of sulfate aerosol in the lower strato-
sphere compared to the rarer cirrus clouds. Moreover, while cirrus clouds exist at altitudes at which there is
little or no inorganic chlorine, sulfate aerosols are present at higher altitudes where there are greater back-
ground concentrations of inorganic chlorine (Solomon et al., 1997). Further, it demonstrated the possibility
for observed gaseous water vapor enhancements to lead to chlorine activation and ozone loss within the con-
vective outflow that remains coherent days after a convective event and in the absence of condensed water.
These modeling studies of chlorine activation and ozone loss on water-sulfate aerosols at midlatitudes in the
absence of cirrus clouds also detailed how that sensitivity depends on various stratospheric conditions that
have a range of observed values, including temperature and background inorganic chlorine concentrations
(Anderson et al., 2017; Anderson & Clapp, 2018).

In contrast, this paper aims to explore the sensitivity of lower stratospheric ozone to different properties of
convective injection across the altitude-dependent chemical structure of the lower stratosphere. Specifically,
while prior studies have demonstrated the effects of varying the magnitude of water vapor enhancements,
the potential additional effect of convective perturbation, HNO; scavenging, has not been explored. We
use a photochemical box model to demonstrate the potentially exacerbating effect of convective HNO3
removal on ozone loss resulting from convectively injected water vapor enhancements. We also apply our
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analysis across a vertical profile of physical and chemical conditions representative of the lower stratosphere
(from 360- to 430-K potential temperature) to investigate the altitude dependence of HNO3 removal. We find
column ozone loss of up to 1.5% after 7 days under perturbed conditions in the most extreme simulations
with most initial conditions leading to column ozone loss of less than 1%. It should be noted that the results
presented here represent a theoretical maximum chemical impact given the assumption of a coherent strato-
spheric air mass with convectively enhanced water vapor and/or nitric acid removal.

2. Methods
2.1. Model Description

We use a photochemical kinetics box model to explore the sensitivity of lower stratosphere chemistry to che-
mical and physical perturbations associated with convection as previously used in Anderson et al., 2012, and
Anderson & Clapp, 2018. The chemical model tracks 32 chemical species and 67 reactions. Homogeneous
and heterogeneous reactions and rate coefficients were taken from JPL (Sander et al., 2011) with daytime
photolysis rates calculated using a fixed solar zenith angle of 45° and a radiative transfer model
(Salawitch et al., 1994) representative of midlatitude summer conditions as per Anderson et al. (2012).
Most important of these are the free radical cycles that destroy stratospheric ozone: the HO,, NOy, and
ClOy cycles. The scope of vertical profile extends from 360- to 430-K potential temperature (approximately
14 to 18 km) with a resolution of 10 K. Each potential temperature level was simulated independently for
a time period of up to 7 days using a range of initial conditions including differing water vapor concentra-
tions, temperature profiles, and HNOj; concentrations. Analysis of cohesion of air masses within the lower
stratospheric summertime anticyclone over the Central United States has shown lifetimes of up to 2 weeks
(Koby, 2016). From the kinetics model, chemical concentrations for all the relevant species, including ozone,
are calculated as a function of time per unit volume at each model level. The model state is defined by the
chemical species number density and is integrated forward in time using the Livermore Solver for
Ordinary Differential Equations with Automatic Switching ordinary differential equation solver. The model
does not allow for advection, mixing, motion between levels, or radiative cooling.

To derive background concentrations of key chemical species used for model initialization, we define a box
over the Central United States that extends from 30° to 50°N and 110° to 80°W as our region of interest. This
box captures the region of most frequent, deep tropopause-penetrating convection as observed by NEXRAD
(Cooney et al., 2018; D. L. Solomon et al., 2016) and is roughly coincident with the lower stratospheric North
American Monsoon anticyclone. Chemical and physical properties used as inputs to the model are drawn
from satellite or in situ observations made in this region during the summer months (June, July, and
August) from 2004-2013. As little tropospheric mixing results from ice lofting, background stratospheric
concentration profiles of HCl, HNO3, ClO, and O; were obtained from a decadal and regional average of
Aura-MLS satellite data and used. The lowest level of 360 K was below the minimum level of HCl MLS data
suggested for research use by MLS documentation and so was determined via extrapolation using a linear-
logarithmic regression. Background profiles for NO,, NO, and inorganic bromine were obtained from in situ
observations (Fahey et al., 1985; Ridley et al., 1994). The background profile for BrO was derived from a cli-
matology of midlatitude summer stratosphere balloon measurements (Pundt et al., 2002). While using stra-
tospheric chemical conditions as initial conditions after convective perturbation is a simplification of what is
likely a complicated transport process, in situ stratospheric observations show convective water enhance-
ments without tropospheric signal in carbon monoxide or ozone tracers, suggesting that this assumption
does represent a potential outcome of convective transport (Frey et al., 2015; Phoenix et al., 2017).

To represent the range of observed convectively sourced humidity, we chose water vapor concentrations of 5,
10, 15, and 20 ppmv. The 5-ppmv simulations were used to represent background stratospheric water vapor
mixing ratios. Midlatitude stratospheric water vapor concentrations are thought to be controlled primarily
by the dehydration of ascending air through the cold-point tropopause during the Brewer-Dobson circula-
tion (Butchart, 2014; Holton et al., 1995). Both model results and observations of the Brewer-Dobson control
of midlatitude stratospheric water vapor have shown concentrations of around 5 ppmv (Fueglistaler et al.,
2005; Ploeger et al., 2013; Schoeberl et al., 2012; Schoeberl & Dessler, 2011). The 10-, 15-, and 20-ppmv water
vapor mixing ratio simulations were run to represent the range of observed convectively injected water vapor
enhancements. In situ aircraft observations of elevated water vapor regularly reach 10-ppmv water vapor
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with maxima of up to 18 ppmv (Anderson et al., 2017). Further, climate
L change is expected to increase the frequency and intensity of deep convec-
r tion over the Central United States and therefore the likelihood of convec-
tive hydration (Diffenbaugh et al., 2013; Feng et al., 2016; Trapp et al.,
L 2009). In the simulations in which the temperature profiles resulted in
F instances of water vapor concentrations above the saturation mixing ratio,
water vapor was allowed to remain supersaturated for 1 day before being
L pinned to the saturation mixing ratio.

Three temperature profiles were used to cover the range of tempera-
- tures observed in the lower stratosphere over the Central United
States during summer. Temperature at each potential temperature level
was held constant throughout the entire simulation. These profiles are
- shown in Figure 2. Temperatures tend to increase with increasing alti-
tude that decreases the probability of chlorine activation at higher
potential temperature surfaces due to the probability of the heteroge-

340 T T
196 200

Figure 2. Studies of Emissions and Atmospheric Composition, Clouds, and
Climate Coupling by Regional Surveys temperature observations in the

T
204

Temperature (K)

T LA N

208 212 216 220 neous reactions being favored by colder conditions. The temperatures

were taken from the National Aeronautics and Space Administration
(NASA) Studies of Emissions, Atmospheric Composition, Clouds, and
Climate Coupling by Regional Surveys (SEAC'RS) ER-2 flight data.
The ER-2 flew over the Central United States during the summer of

previously defined region of interest and model temperature profiles. The 2013 (Toon et al., 2016). From the temperature data available, mea-
average in each 10-K potential temperature bin is shown in black (Tayg). The  sured with the Meteorological Measurement System (Scott et al.,

temperature halfway between Ty and the minimum temperature in each
10-K potential temperature bin is shown in blue (Tp,iq). The average of two
minimum temperature profiles (in 10-K potential temperature bins) deter-

1990), only data within the region of interest were used. The first pro-
file, the average temperature (T,yg) Was selected to provide a baseline.

mined for data subselected to be from 30°N to 40°N and 40°N to 50°N is The average was calculated by averaging the data over 10-K potential

shown in red (Tinin)-

temperature bins centered on each isentropic level considered in the

photochemical model. The second, a colder pseudo-minimum tempera-
ture profile (Thhin) Was constructed to capture the large variance in temperature observed. Due to the
latitudinal differences in temperature, taking the absolute minimum of the complete data set would only
represent the coldest region of the area of interest and introduce a latitude bias. Therefore, the two
minimum temperature profiles for the data within 30°N to 40°N and 40°N to 50°N were averaged to
more accurately represent the colder temperatures across the entire domain. A curve defined as the
average between the average and the minimum (T,;q) is also used to demonstrate the remarkable non-
linear sensitivity of the system to relatively small changes in background stratospheric temperatures. For
additional information on the photochemical model including reactions and initial conditions for key
chemical species, refer to the supporting information.

Observations of the efficiency of HNO; removal by ice include a wide range from several percent removal to
complete removal depending on factors such as temperature, particle size, and partial pressure (Abbatt,
1997; Krémer et al., 2008; Mari et al., 2000). To explore the sensitivity of chlorine activation and stratospheric
ozone to this potential process for different efficiencies of HNO; removal, simulations were run with 5%,
10%, 20%, 30%, 50%, 70%, and 100% removal of the initial HNOs.

The background sulfate aerosol SAD of 2 um?/cm?® was taken from a SAGE satellite climatology for the lati-
tude (30-50°N) and altitude (14-18 km) region of interest (Thomason et al., 1997). An elevated aerosol SAD
of 6 um?/cm?® was selected to represent an enhancement from volcanic activity or potential SRM. For refer-
ence, the enhancement to sulfate aerosol SAD in the Northern Hemisphere midlatitudes from the Pinatubo
eruption reached maxima as high as 20 um?/cm® and for the El Chichon eruption as high as 10 um?*/cm?
(Fahey et al., 1993; Hofmann & Solomon, 1989; S. Solomon et al., 1996; Thomason et al., 1997; Wilson
et al., 1993).

2.2. Initial Conditions

To differentiate the additional effects of convective HNO; removal on chlorine activation and ozone loss
from the effects of convective water vapor enhancements, a set of 24 simulations were performed with
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the background HNOj; profile as controls. The control simulations include all four initial water vapor con-
centrations (5, 10, 15, and 20 ppmv) over each temperature profile (Tavg, Trmid, and Trn) for both 2- and
6-um?/cm? sulfate aerosol SAD.

To test the effects of a range of potential convective HNO; removal efficiencies, each of the above 24 water
vapor concentration, temperature profile, and sulfate aerosol SAD initial condition combinations were
simulated with 0%, 30%, 50%, 70%, 80%, 90%, and 95% of the initial background HNO3.

3. Results

3.1. Control Simulations: Varied Water Vapor and Temperature

To parse the impact of potential convective HNO; removal on the chemical composition of the lower strato-
sphere from the impact of convective water vapor enhancements, a brief analysis of the control simulations is
necessary. From the control simulations, (1) the chemical mechanism that translates water vapor enhance-
ments to chlorine activation and ozone loss can be identified, (2) the effects of different temperature profiles
interacting with water vapor enhancements can be demonstrated, and (3) the cumulative result of competing
trends in the vertical distributions of inorganic chlorine, ozone, and NOy, (total reactive nitrogen including
NO,, HNO3, N,0s, NO3;, and HONO) on chlorine activation and ozone loss can be summarized. How
HNO; removal interacts with this chemical mechanism, particularly during the first 2 days following convec-
tive injection during which the majority of chlorine activation occurs, determines how it can potentially
exacerbate convective perturbations to the lower stratosphere including under meteorological conditions
and at what altitudes it has the greatest impact.

The chemical mechanism that leads to chlorine activation and ozone loss is driven by the heterogeneous
chlorine activation reactions (R9-R11). These reactions lead to a series of subsequent chemical effects that
result in a sequential transformation of the chemical composition of the lower stratosphere. Figure 3 shows
both how the heterogeneous chlorine activation reactions drive a series of chemical changes and the depen-
dence of these reactions on water vapor. Figure 3a shows the chemical concentrations of key species that are
relevant to chlorine activation as a function of time for the stratospheric background mixing ration (5 ppmv)
of initial water vapor at Tp,;4. Under these conditions, the heterogeneous reactions have minimal effect on
the chemical composition of the lower stratosphere. Over the course of 120 hr only approximately 12% of
initial NO is converted to HNOj3(aq) (all nitric acid is initialized in the gas phase), and therefore, no signifi-
cant chlorine activation occurs: All of the inorganic chlorine is present in the reservoir chlorine species of
HClI and CIONO,, and the dominant chemical feature is the diurnal cycle between NO and NO,. In contrast,

Figure 3b shows the response of the chemical concentrations of key species relevant to chlorine activation as
a function of time for 10 ppmv of initial water vapor at Ty,;q, conditions that favor significant chlorine acti-
vation. The chlorine activation mechanism can be divided into two phases. In the first phase (until 14 hr in
Figure 3b), in which NO is present, reservoir inorganic chlorine is repartitioned from HCI to CIONO, con-
current with conversion of NOy to aqueous HNO3. In the second phase (hours 14 through 38 in Figure 3b),
with NOy depleted, reservoir inorganic chlorine is converted to free radical chlorine and gaseous nitric acid
increases as it equilibrates aqueous nitric acid. After the second phase, an equilibrium is approached over the
subsequent days in which the inhibitory effect of NOy regeneration by HNO; photolysis on chlorine activa-
tion equals the rate of chlorine activation by the heterogeneous reactions. In this equilibrium, the diurnal
cycle dictates which chlorine species are present.

The above chemical changes are driven by the heterogeneous chlorine activation reactions. The products of
the heterogeneous chlorine activation reactions, Cl, and HOCI, rapidly photolyze to free radical chlorine
which will react with O3 to form ClO. ClO will then react with NO, to form CIONO, or with NO to form
Cl and NO,. As a result, in the first phase, these reactions cycle chlorine through ClO from HCI to
CIONO, while converting NOy to HNOj3(,q). With NO and NO, depleted in the second phase, reactive chlor-
ine species (such as C10, CIOOCI, and Cl,) can emerge as a major category of inorganic chlorine. Also, begin-
ning in the second phase and continuing onward, HNOj; oscillates diurnally as HNOs(,q) returns to the gas
phase resulting in increases at night but is lost to photolysis during the day to regenerate NO. This in turn
results in an oscillation of about 10-20% of the ClO generated in the second phase due to deactivation by
reaction with NO, to reform CIONO, during the day and reactivation during the night when the
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Figure 3. (a) Concentrations of key chemical species including reservoir chlorine (HCl and CIONO,), free radical chlorine
(Cl,, CIO, and CIOOCI), NOx (NO, and NO), aqueous and gaseous nitric acid, and ozone as a function of time from the
Timid and 5-ppmv water vapor (background) simulation at 380 K. Ozone is shown in units of parts per billion (PPB) by
volume (right axis) and all other species are in units of parts per trillion (PPT) by volume (left axis). (b) Chemical con-
centrations as in (a) but for 10 ppmv of water vapor. The changes in chemical composition are driven by the heterogeneous
chlorine activation reactions. (c) Chemical concentrations as in (b) but for 15 ppmv of water vapor.

heterogeneous reactions dominate (which also drives HNO; increases at night through the production of
HNOs(,q)). After the second phase free radical chlorine catalytically destroys ozone resulting in a loss over
the subsequent days as long as the heterogeneous reactions are favored and maintain the elevated free
radical chlorine concentration.

The heterogeneous chlorine activation mechanism is strongly dependent on the uptake of the chlorine
reactants of HCI, CIONO,, and HOCI onto sulfate aerosols and therefore on water vapor concentration
and temperature. Both cold temperatures and high humidity favor chlorine activation on sulfate aerosols
and subsequent ozone loss. Figure 3c shows a time series of concentrations of chemical species that are
relevant to chlorine activation as in Figure 3a but at 15 ppmv of water vapor. The effect of higher humidity
on the chlorine activation chemical mechanism can be seen in the inorganic chlorine repartitioning, NOy
loss, and free radical chlorine accumulation, which are faster and in greater magnitude as compared to
Figure 3b. More generally, Figure 4a shows the impact of increasing water vapor concentrations in the
control simulations on the resulting ozone loss between 360 and 430 K after 7 days of elevated water vapor
for all three temperature profiles. Increasing initial water vapor concentrations increases the amount of
ozone loss, but the effect is not linear. Within each temperature profile the nonlinearity of the sensitivity
to water vapor concentration resulted in sharp transitions of the simulation from the unperturbed strato-
spheric state, with little to no ozone loss, to the ozone loss state. Where that transition point fell with
respect to water vapor concentration was dependent on the chosen temperature profile. For the Ty, tem-
perature profile, the greatest response in ozone loss after 7 days under perturbed conditions to water vapor
concentration increases comes at the 10-ppmv value. For the Ty,;q profile the transition was smoothest, but
with the largest increase occurring at 15 ppmv of water vapor, and for the T, profile the largest increase
occurred at 20 ppmv of water vapor. These transition points correspond to a range of water vapor concen-
trations in which the uptake probability and rate of chlorine activation rapidly rises from near zero to its
maximum, beyond which additional water vapor only results in marginal increase as the uptake probabil-
ity as the uptake probability and rate of chlorine activation have largely reached a maximum. To illustrate,
Figure 4b shows the dependence of the reaction rate of HCI with CIONO, (R9) on water vapor concentra-
tion for the three temperature profiles in which the regions of rapid increase in rate with respect to water
vapor concentration correspond to the ozone loss increases in Figure 4a. At colder temperatures this range
occurs at lower water vapor concentrations and the range of rapid increase is narrower, which exacerbates
the sensitivity of the heterogeneous reactions to humidity. In summary, due to the nonlinearity of the
dependence of the reaction rates of heterogeneous chlorine activation on uptake probability, there is a
threshold of water vapor concentration that corresponds to a rapid increase in chlorine activation and
ozone loss. This threshold is temperature dependent with colder temperatures having lower water
vapor thresholds.
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Figure 4. (a) The total percent ozone loss after 7 days between 360 and 430 K for each temperature profile as a function of
initial water vapor concentration (ppmv), illustrating the nonlinearity of response to initial conditions. (b) The rate of
CIONO, + HCIl — Cl, + HNOj as a function of water vapor concentration at the average temperature and pressure for
370-390 K for each of the three temperature profiles: Tayg (203.7 K and 119.4 hPa), Tyy;q (200.3 K and 112.4 hPa), and Tyyin
(199.0 K and 110 hPa). The rapid increase in rate occurs in different ranges of water vapor for each temperature profile.

For analysis of the net effect of chemically relevant competing vertical trends (temperature, background
inorganic chlorine mixing ratio, background ozone concentration, and background reactive nitrogen) on
the chlorine activation mechanism across the vertical range of 360-430 K, we plot the sum of the concentra-
tions of three categories of chemical species in our figures that utilize the vertical coordinate as the y axis for
ease of visual assessment. These categories include total inorganic reservoir chlorine (HCI and CIONO,),
reactive chlorine that includes free radical chlorine and its sources (Cl, ClO, Cl,, CIOOCI, and HOCI), and
NO, (NO and NO,). By plotting the simulation results with these three chemical categories the sequential
effects of the chlorine activation chemical mechanism are captured with less visual complexity across the
vertical dimension. Figure 5a shows a time series of the categories of chemical concentrations for 10 ppmv
of water vapor and Figure 5b for 15 ppmv of water vapor at T,;q. Comparison with Figure 3 demonstrates the
capability of the simplified set of chemical concentrations to represent the chlorine activation chemical
mechanism. The concentration of NOy tracks the progress of the first phase of the chemical mechanism.
The rapid decrease in NOy from simulation initiation to 14 hr captures the effect of the first phase of the
chlorine activation chemical mechanism because it is the net result of inorganic chlorine being repartitioned
from HCI to CIONO, through cycling of ClO, which reacts with NO, to ultimately convert NO, to HNO3(,q).
The decreasing concentration of reservoir chlorine and corresponding increasing reactive chlorine track the
progress of the second phase of the chemical mechanism (after 14 hr of simulation) in which, in the absence
of NOy, reservoir chlorine is not repartitioned by the heterogeneous chlorine reactions but is converted to
reactive chlorine. In the context of the vertically varying stratospheric background conditions, reservoir
chlorine profiles show the effect of the heterogeneous reactions as they relate to its background vertical gra-
dient, while reactive profiles illustrate the overall effect of the competing vertical effects on the amount of
chlorine activated at each potential temperature level.

Figure 6 shows the result of the competing factors on the vertical chemical structure of the lower strato-
sphere in response to a convective perturbation in water vapor. The figure illustrates the effect of the 10
ppmv of water vapor control simulation as a function of time for all three temperature profiles. The times
of 6, 12, and 36 hr show the progression from an unperturbed chemical state to an ozone loss state: 6 hr
shows the initial reaction, 12 hr shows the intermediate progression for a comparison of rates under different
conditions, and by 36 hr the final result of the chemical transition is evident as most of the chlorine activa-
tion has occurred by this time. The first large deviation from background concentrations is evident in the
decrease in the NOy profile at 6 hr for Ty,;q and Ty, Which is followed by the subsequent loss of reservoir
chlorine and an increase in free radical chlorine by 36 hr. Within the vertical structure of these profiles, the
dependence of the chlorine activation chemical mechanism on temperature had the strongest influence: The
potential temperature level with the coldest temperatures, 380 K, has the fastest and largest chemical
response. Depending on the temperature profile, 380 K showed the most consistent, nearly complete NO,
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Figure 5. (a) Concentrations of key chemical species combined into simplified categories (HCI and CIONO,), free radical
chlorine (Cl,, ClO, Cl, HOCI, and CIOOCI), and NO, (NO, and NO) as a function of time from the T,;q and 10-ppmv
water vapor simulation at 380 K. (b) Simplified chemical concentrations as in (a) but for 15 ppmv of water vapor. PPT =
parts per trillion.

depletion at Tyyiq and T, With 390 and 370 K also being cold enough for significant loss at Ty,;,. The effect
of the vertical gradient in HCI becomes evident for the simulation with Ty,;,. By 36 hr, reservoir chlorine and
free radical chlorine profiles at 390 K show greater chlorine activation than at 370 K despite similar amounts
of, and even faster NO, depletion, at 370 K. Finally, the increasing concentration of background ozone with
altitude results in the small free radical chlorine concentrations at upper levels leading to larger relative
ozone loss. At 410 K, approximately a tenth of the free radical chlorine at 370 K led to approximately a
fourth of the ozone loss.

With the above context of the dependence of the chlorine activation chemical mechanism on both enhanced
humidity from convective transport and stratospheric temperature and on the vertical profiles in the lower
stratosphere in temperature, inorganic chlorine, ozone, and reactive nitrogen, demonstrated by the control
simulations, in the following section we present the results of potential HNO; removal by convection. We
describe (1) the effect of HNOj3 on the chlorine activation chemical mechanism, (2) the dependence of the
HNO; removal effect on initial conditions relevant to chlorine activation, and (3) the effect of the magnitude
of HNO5; removal on chlorine activation and ozone loss across the vertical structure of the lower strato-
sphere. We then examine how the effect of HNO; removal changes under higher sulfate aerosol
SAD conditions.

3.2. HNO3 Removal Simulations

HNOg3; interacts with the chlorine activation chemical mechanism by acting as a reservoir for the NOy spe-
cies. In the control simulations, the photolysis of HNO; to form OH and NO, acted as a source of NOj.
Similarly, the reaction of HNO; with OH to form H,O and NOs, which would subsequently photolyze to
form NO, was also a NOy source. As a result, removal of initial HNO3 removes a source of NOy. Figure 7
shows the effect of HNO; removal on the contribution of NOy production as a function of percent HNO;
removal resulting from the above reactions during the two phases of chlorine activation. As more HNO;
is removed, NOy production slows, and less NOy is available from these reactions. To illustrate the effect
of lower NOy on the overall chlorine activation chemical mechanism, Figure 8a shows a time series of key
chemical species relevant to chlorine activation for a simulation with 30% removal of initial HNO; and
Figure 8b shows the anomalies for these chemical species as compared to the corresponding control simula-
tion. In the figure, while the conversion of NOy to HNOs(,q) of the first phase of the chemical mechanism
occurs at approximately the same rate, without HNO; as a NOy source, lower concentrations of NOy are
available to the system (5.3 pptv compared to 9.3 pptv) during the second phase of the mechanism in which
reservoir inorganic chlorine is converted to free radical chlorine. As a result, more overall chlorine activation
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Figure 6. Vertical profiles of key chemical species (NOy in the first row, reservoir chlorine in the second row, and free radical chlorine in the third row) that track
the sequence of changes to the chemical structure of the lower stratosphere over time from 6 to 12 and 36 hr. Shown here are results for 10 ppmv of water
vapor and 2—Mm2/cm sulfate aerosol surface area density at all three temperature profiles (Tayg in black, Tijq in blue, and Tiyn in red). Initial concentrations are
indicated by the dashed lines. By 36 hr, the majority of chlorine activation has occurred. The effect of chlorine activation through the heterogeneous reactions first
manifests in decreases in NOy (NO and NO,) followed by a partial conversion of reservoir chlorine (HCI and CIONO,) to free radical chlorine (Cl, C10, CIOOCI,
and Cl,) over time. Finally, vertical profiles of ozone loss in parts per billion by volume and percent after 7 days of perturbed conditions are shown, summarizing the
impact of chlorine activation. PPT = parts per trillion.
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Figure 7. (a) The effect of nitric acid removal on NOy depletion during the first phase of the chlorine activation chemical
mechanism shown by the rate of change of NOx (NO, + NO) concentration as function of initial HNO3 removal percent at
30 min for at the 380-K level with 15 ppmv of water vapor at Tp,;q and (b) on NOy sources during the second phase

of free radical chlorine accumulation at 30 hr, also at 380 K with 15 ppmv of water vapor at Tiyjg.

occurred as demonstrated by the higher concentrations of ClO present after activation has occurred (183
pptv compared to 166 pptv in the control) instead of being diverted to the repartitioning of HCI to CIONO,.

The overall impact of HNO; removal on the chlorine activation chemical mechanism via eliminating a NOy
source was dependent on the initial temperature and water vapor conditions as well as the vertical profiles of
temperature and key chemical species. Because HNOj; primarily interacts with chlorine activation by provid-
ing a source of NOy that will divert C1O to CIONO,, the loss of a potential NO, source is only significant
under conditions in which ClO production through the heterogeneous chlorine reactions are favored. As
a result, a given reduction of initial HNOj; had a greater impact on simulations with lower temperatures
and higher initial water vapor concentrations as well as at upper levels in which more inorganic chlorine
is available. To illustrate this scaling of the impact of initial HNO; removal on the favorability of the hetero-
geneous reactions, Figure 9 shows the vertical profiles of the simplified chemical species (NOy, inorganic
reservoir chlorine, and reactive chlorine) that summarize the progress of the chlorine activation chemical
mechanism for 30% removal of initial HNO; at 10 ppmv of water vapor for all three temperature profiles.
The solid lines show the HNO; removal simulation results, and the dashed lines show the results for the cor-
responding control simulation. Simulations with colder temperatures result in a greater amount of overall
chlorine activation as shown by greater values of reactive chlorine at 36 hr in both the colder temperature
profiles (Tiig and Thin) and the colder potential temperatures (370-390 K). In contrast, simulations with
warmer temperatures show an insensitivity to HNO; removal, as can be seen in figure in which the
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Figure 8. (a) As in Figure 3 but with 30% initial HNO3 removal for 15 ppmv of water vapor at Tp,jq. (b) Concentration
anomalies as compared to the control simulation in Figure 3. PPT = parts per trillion.
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Figure 9. To show the effect of 30% initial HNO3 removal, vertical profiles of key chemical species as in Figure 6 are shown here for 10 ppmv of water vapor and
2—me2/cm3 sulfate aerosol surface area density. Vertical profiles of each species for the corresponding control simulation with 10 ppmv of water vapor and no initial
nitric acid removal are shown by the dashed lines for comparison. PPT = parts per trillion.
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Figure 10. As in Figure 9 but with 15 ppmv of water vapor. PPB = parts per billion; PPT = parts per trillion.

HNO; removal resulted in no additional reactive chlorine at 36 hr at the potential temperatures of 360 and
410-430 K, because the heterogeneous reactions that generate free radical chlorine are not favored at these
temperatures. With 15 ppmv of initial water vapor, as shown by the vertical profiles in Figure 10, the same
30% removal of initial HNOj resulted in higher concentrations of reactive chlorine at 36 hr at all levels with
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Figure 11. Each panel shows the increases in the concentration of free radical chlorine compared to control simulations resulting from nitric acid removal after
simulated 36 hr of elevated water vapor as a function of initial HNO3 percent removal at all eight potential temperatures (indicated by color) within a simula-
tion. Shown are the simulations with 10 and 15 ppmv of water vapor for Tayg, Tmid, @0d Trin- PPT = parts per trillion.

significant chlorine activation than with 10 ppmv of initial water vapor. Also in Figure 10, the vertical effect
of the background inorganic chlorine concentration that increases with altitude is shown by the largest
increases in reactive chlorine concentration at 36 hr due to HNO; removal occurring at 390 and 400 K.
The effect of HNO; removal on the chlorine activation mechanism requires initial conditions that
independently favor chlorine activation (low temperatures and high humidity). Further, the impact of the
same amount of HNO; removal on chlorine activation becomes greater in magnitude as the initial
conditions become more favorable to chlorine activation.
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Figure 12. (a) Column ozone loss after 7 days of simulated elevated water vapor as a function of initial HNO3 percent
removal at 10 and 15 ppmv of water vapor for Tayg, Tmid, and Timin as indicated by color. (b) The increase in column
ozone loss due to initial nitric acid removal above the corresponding control simulation as a function of initial HNO3
percent removal for the simulations shown in (a).

Similarly, the sensitivity of each simulation to the amount of initial HNOs removed at different altitudes
within the lower stratosphere also depends on the favorability of the initial conditions at that altitude to
the chlorine activation chemical mechanism. Figure 11 summarizes the dependence of additional chlorine
activation resulting from HNOj3 removal after 36 hr on the magnitude of initial HNO; removal at each poten-
tial temperature level for 10 and 15 ppmv of water vapor at Taye, Tinig> and Timin. The simulations with colder
temperature profiles and higher initial water vapor concentrations generally showed higher sensitivity to
HNO; removal at both low and high magnitudes of removal. Simulations unfavorable to chlorine activation,
such as 10 ppmv of water vapor at T,yg, Were insensitive to even large amounts of HNO; removal up to 100%
removal. Within the vertical structure of the lower stratosphere, sensitivity to the magnitude of initial HNO3
removal was influenced by the altitude dependence of temperature and background inorganic chlorine.
Again, the coldest levels (370-390 K) showed the greatest response to HNO; removal across all initial tem-
perature and water vapor conditions. In the simulations most favorable to chlorine activation, including 10
ppmv of water vapor at Tp,i, and 15 ppmv of water vapor at both Tp;q and Tiin, the increasing concentration
of background inorganic chlorine at upper levels began to influence the sensitivity to HNO; removal. Under
these conditions, 400 and 410 K began to exhibit significant increases in reactive chlorine concentrations due
to HNO; removal even greater than increases at the coldest levels in the most extreme initial conditions.
Finally, Figure 11 also shows a “saturation point” beyond which increases in HNO; removal result in much
lower additional reactive chlorine concentrations at certain levels (e.g., 380 and 390 K at Ty,;q and Ty, With
15 ppmv of water vapor). This “saturation” of the HNO; removal effect at approximately 70% removal occurs
under the conditions most favorable to chlorine activation, that is, the coldest and most humid simulations.
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Figure 13. As in Figure 11 but for 6—;;.m2/cm3 sulfate aerosol surface area density. PPT = parts per trillion.

At 70% initial HNO; removal, the reduction of the NOy source has resulted in an almost complete removal of
NO, at the steady state achieved by 36 hr. Therefore, additional removal of initial HNO; cannot further
influence the chlorine activation chemical mechanism under these conditions.

Figure 12a shows the column ozone loss resulting from chlorine activation after 7 days of elevated water
vapor concentration due to initial HNO; removal for simulations with 10 and 15 ppmv of initial water vapor
at Tavg, Trmid, and T as a function of the magnitude of HNO; removal. Figure 12b shows the additional
column ozone loss resulting from initial HNO3z removal as a function of HNO; removal magnitude.
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Figure 14. As in Figure 12 but for 6—;Lm2/cm3 sulfate aerosol surface area density, with results for the corresponding simu-
lations with 2—me2/ cm® sulfate aerosol surface area density shown by the dashed lines.

Column ozone loss was calculated using NASA's Earth Observing System-Aura Ozone Monitoring
Instrument data set (Levelt et al., 2006) over the region of interest. The total ozone loss value was taken as
the sum of ozone loss over all simulated potential temperature levels (360-430 K) and the initial ozone
column value was taken from the Ozone Monitoring Instrument measurement. Because column ozone
loss is directly dependent on the concentration of free radical chlorine, the effect of initial HNO; removal
magnitude on column ozone loss follows the trends of chlorine activation discussed above. The
magnitude of additional column ozone loss due to HNO; removal increased under colder and more
humid conditions because the effect of decreasing a NOy source through HNO3 removal on the chlorine
activation chemical mechanism depends on preexisting chlorine activation independent of the HNO;
removal. This increase in sensitivity to the magnitude of initial HNO3 removal due to the favorability of
initial temperature and water vapor conditions to chlorine activation also reaches a saturation point at
approximately 70% removal under the coldest and most humid conditions (e.g., 10 ppmv of water vapor at
Tmin and 15 ppmv of water vapor at Tyq and Ty,)- Beyond this point additional HNO; removal results
in no further reduction in the steady state concentration of NOy and therefore no further increase in free
radical chlorine concentration and ozone loss.

3.3. Elevated Sulfate Aerosol SAD Simulations

Because of the dependence of the effect of HNO; removal on the favorability of initial conditions to the
chlorine activation chemical mechanism and the resulting free radical chlorine concentration, the effect
of HNO; removal under conditions of higher sulfate aerosol SAD is a result of the impact of higher SAD
on the amount of chlorine activation. In general, higher sulfate aerosol SAD leads to more chlorine activa-
tion and subsequent ozone loss because of the linear dependence of the chlorine activation heterogeneous
reaction rates, which drive the chemical mechanism, on SAD. As a result, the initial temperature and
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Figure 15. Hypothetical observations of HCl, CIONO,, C10, NO,, and Os across the transition between background stra-
tospheric air and a convectively influenced air mass of 10-ppmv elevated water vapor at 103.6 hPa and 198.8 K 12 hr, 36 hr,
and 7 days after injection with (a) no nitric acid removal and (b) 30% nitric acid removal. The unperturbed background
stratospheric measurements would occur between 0 and 120 min, and the convectively perturbed measurements would
occur from 120 until 240 min. Ozone is shown in units of parts per billion (PPB) by volume (right axis) and all other species
are in units of parts per trillion (PPT) by volume (left axis).

water vapor conditions of all simulations become more favorable to the chlorine activation chemical
mechanism. This increase in baseline chlorine activation changes both which initial conditions and what
vertical range within the lower stratosphere within a given set of initial conditions are sensitive to the
effects of HNO; removal.

Figure 13a shows the effects of initial HNO; removal on reactive chlorine concentrations after 36 hr over the
lower stratosphere profile for 10 and 15 ppmv at Tyyg, Trmid, and Timin With an elevated sulfate aerosol SAD of
6 um?/cm?>. Figure 13b shows the anomalies of the additional reactive chlorine concentrations resulting
from HNO; removal when comparing the 6-um?/cm® SAD to 2-um?/cm® SAD simulations. With an increase
in baseline chlorine activation resulting from the additional sulfate aerosol, simulations with initial condi-
tions previously too warm and/or not sufficiently humid to be sensitive to the effects of HNO; removal
showed increasing reactive chlorine concentrations resulting from HNO; removal. For example, while at
2-um?/cm?® 360 and 420 K only show a sensitivity to HNO; removal at extreme case of 15 ppmv of water
vapor and Tyin, at 6-um?/cm> SAD they show sensitivity to HNO; removal also at 15 ppmv of water vapor
and Ty,g, and an increased response at Tyy;,. Similarly, more altitudes under initial conditions that are sen-
sitive to HNO; removal display the “saturation” effect beyond which additional HNO3 removal does not
result in significantly more reactive chlorine at 6-um?/cm? SAD that had not previously at 2-um?/cm> SAD

(e.g., 400 K at 15 ppmv of water vapor at Tp,;q). Further, at these levels, although HNO; removal still
increases the concentration of reactive chlorine, the effect is smaller in magnitude at 6-um?/cm® SAD.
The reason is that as the chlorine activation reactions become more favored and a greater fraction of reser-
voir inorganic chlorine is converted to reactive chlorine, the effect of removing a NOy source on increasing
reactive chlorine concentrations becomes comparatively less significant.
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The overall effect is that, although higher sulfate aerosol SAD resulted in more total column ozone loss, the
same amount of initial HNO; removal resulted in a smaller increase in column ozone loss at 6-yum?*/cm® SAD
than at 2-um?/cm? SAD for most initial conditions. Figure 14a shows the total column ozone loss after 7 days
of elevated water vapor at 6-um?*/cm® SAD (solid lines) and 2-um?/cm® SAD (dashed lines) as a function of
percent HNO; removal for 10- and 15-ppmv water vapor and Tyyg, Timid, and T, Figure 14b shows the
additional column ozone loss resulting from initial HNO; removal for the same simulations. Only at 10
ppmv of water vapor at T, did HNO; have a significantly greater impact on column ozone loss at
6-um?/cm> SAD compared to 2-um?/cm® SAD. This is because in most simulations, the “saturation” effect
of the greater favorability of the chlorine activation chemical mechanism outweighed the additional sensi-
tivity to HNO; removal at the higher temperatures of the upper altitudes that most contributed to increases
in ozone loss.

4. Conclusions

In summary, stratospheric HNO; removal by convectively lofted ice that sediments out of the stratosphere
rather than sublimates has the greatest effect of increasing chlorine activation and ozone loss under initial
temperature and humidity conditions that favor chlorine activation but have not yet maximized the hetero-
geneous reaction rates. This is because HNO; removal interacts with the chlorine activation chemical
mechanism by decreasing potential NO, sources in the lower stratosphere, thereby allowing for greater con-
centrations of reactive chlorine after 36 hr of elevated water vapor. Increasing the amount of HNO; removed
increases the resulting additional free radical chlorine and subsequent ozone loss from the chlorine activa-
tion chemical mechanism. This effect can “saturate,” however, once NO, concentrations at 36 hr are reduced
to approximately 0, beyond which further HNO; removal has no effect (occurring at approximately 70%
HNO; removal). With conditions that allow for little or no chlorine activation, HNO; removal has no signif-
icant effect because the loss of potential NOy sources has no impact if no free radical chlorine is present.
HNO; removal, therefore, has the greatest potential to increase chlorine activation and ozone loss in the
regime of conditions that weakly favor the chlorine activation chemical mechanism in which the removal
of a NOy source has the largest impact on the total concentration of activated free radical chlorine.

Under conditions of elevated sulfate aerosol SAD resulting from a potential future volcanic eruption or SRM,
the lower stratosphere is more sensitive to convectively elevated water vapor concentrations: The same
amount of elevated initial water vapor led to greater chlorine activation and ozone loss. The effects of poten-
tial HNO; removal by convection, however, were lesser in magnitude because of the overall increase in
favorability to the chlorine activation chemical mechanism resulting from greater sulfate aerosol SAD.
The simulated initial temperature and humidity conditions independent of HNO; removal more readily
reached almost complete NO, removal. As a result, reducing a NO, source by removing initial HNO3 had
less of an effect on the increase in free radical chlorine concentrations than under background sulfate aerosol
SAD conditions.

Compared to previous modeling of the effect of convectively injected water vapor enhancements on the
chemistry of the lower stratosphere (Anderson et al., 2012; Anderson et al., 2017; Anderson & Clapp,
2018), this study investigates the range of chemical response to potential convective HNO; removal concur-
rent with water vapor enhancements. We show that the chemical impact of small convective water vapor
enhancements on reactive chlorine concentrations is highly sensitive to HNO3 removal, particularly at
colder temperatures where even 5% removal resulted in additional ozone loss. Limitations of the model,
however, restrict the conclusions that can be drawn from these results. To begin with, the model only simu-
lates the chemistry within a convectively influenced air mass and does not allow for mixing with the sur-
rounding stratosphere. As a result, the extent of chlorine activation and ozone loss represent an upper
limit for that convectively influenced air mass. The model also does not account for radiative cooling or tem-
perature fluctuations due to gravity waves. These effects could exacerbate the effects of convectively
enhanced water vapor due to the sensitivity of the chlorine activation chemical mechanism to temperature.
Finally, the chlorine activation and column ozone loss reported only affects the convectively perturbed stra-
tospheric volume, not the stratosphere as a whole, and the area beneath the convectively influenced
air mass.
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Therefore, to better assess the large-scale significance of the chemical impact convectively enhanced water
vapor on the lower stratosphere, an observational climatology of the parameters of convective injection
including potential HNO; removal (as implied by this work), water vapor mass transported, enhancement
lifetime and mixing rates, and geographic coverage and of lower stratospheric temperatures are necessary.
Observations that allowed for an estimated conversion between radar observations of only condensed phase
volumes, to total water vapor transported would dramatically increase our ability to assess the extent of con-
vective perturbations to the lower stratosphere. Complementary measurements of key chemical species in
the chlorine activation chemical mechanism made in convective outflow would verify and constrain the cal-
culations of potential chlorine activation and ozone loss. Figure 15 illustrates a hypothetical observation of
the boundary between the background stratosphere and a convectively influenced air mass with the concen-
trations of chemical species relevant to the chlorine activation chemical mechanism as a function of time at
various points in the lifetime of the air mass based on the model results. Measurements of (a) NO, would
allow for tracking of the first phase of chlorine activation, of (b) HCl and CIONO, would allow for tracking
both the repartitioning in the first phase and the activation of inorganic chlorine in the second phase, of (c)
ClO would allow for tracking the net result of chlorine activation, (d) of HNO; would allow for observing any
convective HNO; removal, and of (e) O3 would allow for tracking of the potential subsequent catalytic loss
rate of ozone in the presence of ClO and BrO. Observations of the stratospheric chemical composition over
time across the boundary between the background stratosphere and the convective plume would show the
effect of mixing on the chlorine activation chemical mechanism. A long-term record of such observations
would also allow for a better evaluation of the large-scale chemical significance of convective injection by
resolving the likelihood of the physical and chemical parameters of convectively influenced air masses
necessary to result in chlorine activation and ozone loss.
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