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Abstract

Stratosphere-troposphere exchange (STE) plays a crucial role in Earth’s climate; however,
the significance of small-scale processes such as deep midlatitude convection to global STE
remains understudied relative to large-scale processes. Tropopause-overshooting convec-
tion in the extratropics is especially important for stratospheric water vapor because the
radiative forcing sensitivity of water vapor is greatest there. Thus, it is essential to under-
stand what factors influence the strength and prevalence of overshooting storms and asso-
ciated STE. The U.S. Dynamics and Chemistry of the Summer Stratosphere (DCOTSS)
field campaign during 2021 and 2022 was the first large-scale airborne project for which
sampling stratospheric impacts from overshooting convection was a primary focus. Our
research utilizes the extensive DCOTSS dataset in combination with radar, satellite, and
environmental observations to investigate the relationships between observed lower strato-
sphere composition change and various storm and environmental characteristics. We use
back trajectories to link aircraft observations to observed storms and environments. Our
results demonstrate greater magnitudes of troposphere-to-stratosphere transport for above-
anvil cirrus plume (AACP)-producing storms and mesoscale convective systems (MCSs).
In addition, the most extreme enhancements in water vapor and other tropospheric gases
occur where the tropopause height is low and the depth of overshooting is high, especially
for AACP-producing storms. These results provide new insights into types of storms and
environments that generate the greatest stratopsheric impact. We also investigate the impact
of storm and environmental characteristics on pathways for hydration (air mass transport
and mixing versus ice sublimation), finding that they also modulate the frequencies of each
process at different altitudes. Namely, mixing is found to be most prevalent in AACP-
producing storms and MCSs, which can help explain transport differences between water

vapor and other gases.
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Chapter 1

Introduction

1.1 Stratosphere -troposphere exchange overview

Stratosphere-troposphere exchange (STE) plays a crucial role in Earth’s climate and atmo-
spheric chemistry. Because the tropopause is a stable layer, mixing across it is limited;
however, there are several important mechanisms through which STE can occur and thus
alter upper troposphere and lower stratosphere (UTLS) composition (Holton et al. 1995).
The troposphere typically features high water vapor (H,O) and low ozone (O3) concentra-
tions, while the opposite is true for the stratosphere. H>O is a powerful greenhouse gas, and
H,O increases in the lower stratosphere facilitated by troposphere-to-stratosphere transport
(TST) can result in significant UTLS cooling and surface warming (de F. Forster and Shine
1999; Solomon et al. 2010). Concurrently, increases in stratospheric aerosols from TST
can have the opposite impact (Ban-Weiss et al. 2012). TST can also deliver other tro-
pospheric chemicals and pollutants to the stratosphere, potentially altering O3 chemistry.
Meanwhile, stratosphere-to-troposphere transport (STT) increases O3 in the troposphere
which also increases surface radiative forcing (Holton et al. 1995; Tang et al. 2011; Phoenix
and Homeyer 2021). The main mechanisms for STE include the Brewer-Dobson circu-
lation (Brewer 1949; Dobson 1956; Butchart 2014), tropopause folding (Sprenger et al.
2003), Rossby wave breaking and isentropic transport (Pan et al. 2009), extratropical cy-
clones (Stohl 2001; Wernli and Bourqui 2002), tropical cyclones (Venkat Ratnam et al.
2016; Romps and Kuang 2009; Zhan and Wang 2012), and deep convection (Homeyer
et al. 2014b; Smith et al. 2017).

In order to understand the role of various STE processes, subregions of the UTLS are
typically defined and considered. The tropopause varies in height globally, decreasing from

the equator to the poles, with a prominent discontinuity in height across the subtropical jet
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(Holton et al. 1995). Isentropes above the 380K level reside exclusively in the stratosphere,
a layer known as the stratospheric “overworld”. Isentropes between 310 K and 380 K typi-
cally reside in the troposphere in the tropics and in the stratosphere in the extratropics, and
this region is known as the “middleworld” (Hoskins 1991). Figure 1 from Hoskins (1991)
provides a useful schematic illustrating these different layers. The portion of the middle-
world that lies in the stratosphere and exists only in the extratropics is also known as the

lowermost stratosphere, or LMS (Holton et al. 1995).

1.2 TST via overshooting convection

The most rapid source for STE is deep convection that overshoots the tropopause (here-
after, overshooting convection). Exchange between the overshooting top and the surround-
ing stratosphere can occur via turbulent mixing, facilitated by gravity wave breaking and
Kelvin-Helmholtz instabilities (Wang 2003; O’Neill et al. 2021; Gordon and Homeyer
2022; Khordakova et al. 2022). Mixing with warmer stratospheric air along the edge of the
overshooting top increases the temperature of the overshoot, thereby decreasing the neg-
ative buoyancy of these parcels and allowing some convectively lofted air to irreversibly
detrain into the stratosphere (Wang 2003; Khordakova et al. 2022). Adiabatic transport of
this detrained air and its constituent chemical species within the stratosphere can subse-
quently occur (Wang 2003; Ray et al. 2004).

While overshooting convection has long been recognized as a mechanism for STE
in the tropics where convection is most abundant (Kley et al. 1982; Holton et al. 1995;
Khaykin et al. 2009), the importance of overshooting convection to STE in midlatitudes
has only gained widespread appreciation in recent decades. In particular, a number of
research flights in the UTLS began to document fortuitous evidence of significant com-
position change associated with midlatitude overshooting storms (e.g. Poulida et al. 1996;

Fischer et al. 2003; Hegglin et al. 2004; Ray et al. 2004; Homeyer et al. 2014b) and studies
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of remote sensing data revealed surprisingly large frequencies of overshooting and its im-
pacts (Cooney et al. 2018; Jensen et al. 2020; Liu et al. 2020; Tinney and Homeyer 2021).
H»>O enhancements above background levels, O3 reductions, and enhancements of other
tropospheric trace gases and pollutants such as carbon monoxide (CO) in the stratosphere
have all been observed (Poulida et al. 1996; Fischer et al. 2003; Ray et al. 2004; Khor-
dakova et al. 2022). In fact, TST associated with midlatitude convection is now recognized
to be more frequent and reach deeper into the stratosphere than that for tropical convection
(Jensen et al. 2020; Liu et al. 2020). In addition, both observations and model simulations
have demonstrated substantial STT associated with overshooting convection (e.g. Poulida

et al. 1996; Pan et al. 2014; Gordon and Homeyer 2022; Auth and Homeyer 2023).

Overshooting convection is uniquely important to UTLS chemistry. Namely, unlike
other mechanisms of uplift, convection can rapidly transport boundary layer air upward
with limited dilution (Fischer et al. 2003; Ray et al. 2004; Mullendore et al. 2005; Home-
yer et al. 2014b). For example, species with short lifetimes in the boundary layer, such
as nitrogen oxides (NOx), sulfur dioxide (SO;), volatile organic compounds, and halogen
compounds, can enter the stratosphere, where their lifetimes increase such that they mod-
ify local chemistry and aerosol behavior (Dickerson et al. 1987; Poulida et al. 1996; Ray
et al. 2004; Mullendore et al. 2005; Randel et al. 2010; Homeyer et al. 2014b; Gordon
et al. 2024). If storms occur near fossil fuel or biomass burning emissions sources, TST of
pollutants such as CO and NOx can occur (Fromm and Servranckx 2003; Jost et al. 2004;
Duncan et al. 2007; Park et al. 2009; Randel et al. 2010; Ban-Weiss et al. 2012). Mean-
while, downward transport of stratospheric air near overshoots and around storm anvils
can deliver O3 and other stratospherically abundant trace gases to the upper troposphere
(Poulida et al. 1996; Tang et al. 2011; Pan et al. 2014; Gordon and Homeyer 2022; Auth
and Homeyer 2023). Convection has been found to be a substantial source of tropospheric
O3 in the midlatitude spring and summer, which has implications for surface climate (Tang

et al. 2011; Phoenix and Homeyer 2021).



Overshooting convection can generate significant stratospheric hydration, far exceeding
that possible in most large-scale processes. Large quantities of ice crystals can be detrained
from the overshooting cloud into the lower stratosphere, bypassing the freeze drying that
occurs in the Brewer-Dobson circulation (BDC) within the tropics (Grosvenor et al. 2007;
Weinstock et al. 2007; Khaykin et al. 2009). Any injected ice crystals are typically small, so
their fall rates are slow, and they can quickly sublimate into the dry and comparatively warm
stratosphere (Wang 2003; Grosvenor et al. 2007; Corti et al. 2008; de Reus et al. 2009; Le
and Gallus Jr. 2012). Thus, H>O delivery to the LS can occur via both air mass transport &
mixing and ice sublimation (Homeyer et al. 2024), leading to strong H,O enhancements,
as demonstrated in both observations (Hegglin et al. 2004; Ray et al. 2004; Hanisco et al.
2007; Corti et al. 2008; de Reus et al. 2009; Khaykin et al. 2009; Homeyer et al. 2014b;
Herman et al. 2017; Smith et al. 2017; Khordakova et al. 2022; Homeyer et al. 2023) and
modeling studies (Wang 2003; Chaboureau et al. 2007; Grosvenor et al. 2007; Chemel
et al. 2009; Le and Gallus Jr. 2012; Dauhut et al. 2018; Homeyer et al. 2014a). These
studies also repeatedly demonstrate that enhancements in HyO within the stratosphere reach
higher altitudes than passive, boundary layer tracers (Phoenix and Homeyer 2021; Tinney
and Homeyer 2021; Gordon and Homeyer 2022; Gordon et al. 2024). Moreover, unlike
alternative large-scale mechanisms in the extratropics, TST associated with overshoots can
frequently reach into the overworld (Cooney et al. 2018; Homeyer et al. 2023), leading to
substantial hydration in this region. Weinstock et al. (2007) found a convective contribution
of 0.7% to air mass between the 380 K and 390 K isentropes associated with summertime
convection over North America in a limited region; however, the percentage of H,O in
this layer due to convection was much higher, generally ranging from 10% to 35%. Other
studies have also demonstrated a strong convective contribution to LS water vapor on a

large scale (Dessler and Sherwood 2004; Hanisco et al. 2007; Tinney and Homeyer 2021).



1.3 Extratropical overshooting convection and the DCOTSS field cam-

paign

A major reason why extratropical convection was not considered important to global STE
until recently was a belief that the impacts of midlatitude overshoots were limited to the
LMS. Because large-scale sinking motion occurs in the extratropical stratosphere associ-
ated with the BDC, chemicals lofted into the LMS can only remain in the stratosphere for
a short time — a few months at most (Dessler and Sherwood 2004). For this reason, it
was assumed there was no mechanism for tropospheric air to reach the overworld outside
of the tropics (Stohl et al. 2003). Recent analyses of extratropical overshooting convec-
tion have shattered this paradigm, demonstrating that storms frequently reach well into the
overworld, leading to significant HoO enhancements above 380 K (Homeyer et al. 2014b;
Herman et al. 2017; Smith et al. 2017; Cooney et al. 2018; Khaykin et al. 2022; Homeyer
et al. 2023). Although it remains true that overshooting volume decreases exponentially
with height above the tropopause and that the majority of overshooting material does re-
main in the LMS (Weinstock et al. 2007; Solomon et al. 2016; Smith et al. 2017), midlat-
itude overshooting convection is responsible for a significant portion of the H,O observed
in the overworld near regions of frequent convection (Hanisco et al. 2007; Weinstock et al.
2007; Smith et al. 2017; Khaykin et al. 2022; Homeyer et al. 2024). In fact, extratrop-
ical convection has greater stratospheric hydration potential than tropical convection due
to differences in UTLS thermodynamics. Namely, H;O enhancements from overshoots
are constrained by saturation mixing ratios. Since isentropes in the lower stratosphere are
warmer at higher latitudes, a single event can result in much greater hydration compared
to an equivalent storm in the tropics (Dessler and Sherwood 2004; Tinney and Homeyer
2021). Furthermore, the tropopause is lower, so deeper overshooting is more common

despite lower numbers of storms overall (Liu et al. 2020).



North America has been identified as a global hotspot for overshooting storms during
the spring and summer. It experiences the largest and deepest convectively driven LS hydra-
tion on the globe (Randel et al. 2012; Schwartz et al. 2013; Anderson et al. 2017; Jensen
et al. 2020). A strong maximum in overshooting convection occurs over the U.S. Great
Plains, with a weaker secondary maximum in the southeastern U.S. (Cooney et al. 2018;
Liu et al. 2020). Using satellite observations, Tinney and Homeyer (2021) found that this
convection regionally leads to a 100% increase in LS H,O, a 50% increase in LS CO, and
a 40% decrease in LS O3 within 3 days of overshooting. When accumulating overshooting
effects during long simulations, convection has been found to be responsible for as much
as a 20% increase in LMS water vapor during the springtime and a 7—11% increase during
summertime over the central and eastern U.S. (Phoenix and Homeyer 2021). More broadly,
Dessler and Sherwood (2004) and Sayres et al. (2024) found the contribution over North
America seasonally to be as high as 40%. The existence of the North American monsoon
anticyclone (NAMA)—a large circulation that dominates UTLS flow over the U.S. dur-
ing the summer—magnifies the stratospheric impacts of storms by increasing the residence
time of convectively impacted air in the lower stratosphere over the CONUS and increas-
ing the probability of this air reaching the overworld via lofting induced by diabatic heating
above 360 K (Chang et al. 2023). Chang et al. (2023) estimated that 45% of air transported
above the tropopause via convection within the NAMA remains in the stratosphere after 30
days, and the fraction of such air that reaches the tropical LS can be as high as 9% in July.
As aresult, convection can increase lower stratospheric H,O over the U.S. by 1 ppm during
the warm season (Phoenix and Homeyer 2021; Sayres et al. 2024). Thus, convective TST

over the U.S. is uniquely important to the stratospheric composition at-large.

Because extratropical convection strongly influences lower stratospheric composition,
improving our understanding of TST associated with storms in the midlatitudes, and es-
pecially the critically important North American region, is important. Most of the initial

in situ observations of midlatitude overshooting convection discussed previously (e.g. Jost
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et al. 2004; Ray et al. 2004) were incidental. While other prior work has sought to tackle
the problem of convective STE via model simulations (e.g. Wang 2003; Mullendore et al.
2005; Grosvenor et al. 2007; Gordon and Homeyer 2022), these simulations typically focus
on individual storms and do not provide a sense of the global impacts of midlatitude con-
vection on stratospheric composition. Broader efforts to characterize convective influence
using satellite data (e.g. Tinney and Homeyer 2021) have been valuable, but the relatively
low resolution of such data relative to convective processes and influence under-represents
the true magnitude of convective perturbations (Anderson et al. 2017; Jensen et al. 2020).
Although some field campaigns, such as the Deep Convective Clouds and Chemistry ex-
periment (DC3; Barth et al. 2015) and the NASA Studies of Emissions and Atmospheric
Composition Clouds and Climate Coupling by regional surveys campaign (Toon et al. 2016,
SEAC*RS;), did include a few flights that explicitly targeted stratospheric air impacted by
convection over the U.S. (Homeyer et al. 2014b; Herman et al. 2017; Smith et al. 2017),
overshooting convection was not the sole focus of these campaigns. The 2021-2022 Dy-
namics and Chemistry of the Summer Stratosphere (DCOTSS) field campaign over the U.S.
was the first large-scale field campaign for which gathering in situ measurements of strato-
spheric air impacted by convection was the explicit goal. DCOTSS included 22 flights that
measured stratospheric composition post-convection, resulting in 20 times more sampling
of convective H,O enhancements in the stratosphere than all prior studies (Homeyer et al.
2023). This novel dataset is thus vital to improving our knowledge of STE associated with

overshooting convection in extratropical environments over North America.

DCOTSS data can also be used to further our understanding of the conditions that de-
termine the abundance, longevity, and depth of overshooting storms and associated strato-
spheric impact, which is the primary focus of this study. As the climate warms, midlati-
tude Convective Available Potential Energy (CAPE) is projected to increase, which could
increase the frequency of overshooting convection; however, tropopause heights are also

likely to increase (Stohl et al. 2003) which could mitigate this effect. At the same time,
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there is evidence suggesting that stability in the LMS will decrease as the climate warms
(Stohl et al. 2003), which would heighten overshoot depth. Taking these competing influ-
ences into account, Tinney et al. (2024) found using simulations of convection that over-
shooting frequency and depth are indeed projected to increase in a warming climate. Given
the strong radiative impacts of stratospheric HyO enhancements in the LMS, which ex-
periences the greatest hydration from overshooting storms, this could engender a positive
feedback that enhances climate warming (Solomon et al. 2010; Dessler et al. 2013, 2016;
Banerjee et al. 2019). Extratropical overshooting convection will hence play a key role in
the stratospheric H,O feedback.

Aside from impacts on surface radiative forcing, increases in lower stratospheric H,O
would also cause LS cooling, which can induce upward and poleward shifts in the subtrop-
ical and eddy-driven jets, as well as a strengthening of the BDC. These changes can also af-
fect circulation patterns closer to the surface, generating substantial alterations in regional
climate (Butchart 2014; Charlesworth et al. 2023). Furthermore, increased overshooting
convection may lead to an increase in Os-destroying radicals in the lower stratosphere if
stratospheric temperatures are sufficiently low (Anderson et al. 2012, 2017). For all of these
reasons, understanding how different atmospheric conditions will affect the magnitude and

depth of convective hydration is of critical importance.

1.4 Impact of storm and environmental character-istics on TST

Although projected thermodynamic changes suggest future increases in overshooting con-
vection and stratospheric hydration, we do not yet fully understand the influence of environ-
mental and storm-scale properties on the frequency, depth, or volume of overshoot material.
No prior studies have comprehensively interrogated this issue using in situ observations.
Model simulations and satellite observations have illuminated some connections between
these storm attributes and overshooting characteristics, but understanding remains limited.

For instance, previous modeling work established that stratospheric HoO and CO impacts
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from midlatitude convection are greater in environments with lower tropopause heights
Phoenix and Homeyer (2021); Tinney and Homeyer (2021). UTLS and overshoot temper-
ature have also been noted as a potential constraint on H,O enhancements Gordon et al.
(2024); Homeyer et al. (2024); Phoenix and Homeyer (2021). While warmer tropopause
temperatures can facilitate increased hydration due to lesser saturation constraints Tinney
and Homeyer (2021), the existence of increased CO in lower tropopause environments
indicates that stronger transport is also occurring Phoenix and Homeyer (2021). When
comparing different storm modes, modeling work has suggested that overshooting and as-
sociated transport is strongest and reaches the highest altitudes in discrete storms (Mul-
lendore et al. 2005, 2013; Bigelbach et al. 2014), but more abundant TST occurs during
Mesoscale Convective Systems (MCSs) due the scale of the storm system and frequency
of weaker overshoots (Bigelbach et al. 2014). Accordingly, greater UTLS enhancements in
boundary layer tracers have been found for MCSs versus other convective modes (Poulida
et al. 1996; Le and Gallus Jr. 2012; Homeyer et al. 2014b); however, these comparisons

involved singular events.

Other studies have examined the impacts of storms which produce above-anvil cirrus
plumes (AACPs) on STE. AACPs are associated with particularly intense storms and an
increased risk of severe weather (Bedka et al. 2015; Homeyer et al. 2017; Bedka et al.
2018). AACPs form when strong storm-relative winds in the UTLS lead to especially
strong and sustained gravity breaking near the overshooting cloud top (Wang 2003; Home-
yer et al. 2017; O’Neill et al. 2021; Gordon and Homeyer 2022). The vigorous gravity
wave breaking on the downstream side of the overshooting top generates a hydraulic jump,
which drives longer-lived and deeper transport above the equilibrium level, producing a
plume of water vapor and ice 1-4 km above the anvil (Homeyer et al. 2017; O’Neill et al.
2021; Murillo and Homeyer 2022; Gordon and Homeyer 2022). Model simulations have
suggested that storms with AACPs (hereafter “AACP storms”) exhibit a greater magnitude

and depth of TST (Homeyer et al. 2017; O’Neill et al. 2021; Gordon and Homeyer 2022),
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but only one observational case study has confirmed this result (Gordon et al. 2024). In-
terestingly, Gordon et al. (2024) observed extreme tracer enhancements specifically within
cloud material (anvil and AACP), which was not the case for H>O. This could indicate
that AACP presence may be a crucial factor in determining whether significant transport
of boundary layer chemicals into the stratosphere occurs. Furthermore, all of the AACP
storm modeling work highlighted has consisted of idealized supercells, which are typically
characterized by having the strongest updrafts of convective storms (Gordon and Homeyer
2022; O’Neill et al. 2021; Wang 2003). We do not know if these patterns will hold true for
weaker AACP-producing convection, such as non-supercellular discrete cells or clusters.
Moreover, modeling studies have rendered conflicting results with regard to whether or not
AACP formation leads to greater HO enhancements in the LMS given thermodynamic
controls (Homeyer et al. 2017; O’Neill et al. 2021; Gordon and Homeyer 2022). Thus, a
major goal of this study is to evaluate whether the same TST characteristics will emerge

when examining a much larger and more diverse set of storms.

Additional work has examined the importance of air mass transport and mixing ver-
sus ice sublimation to stratospheric hydration associated with overshooting storms. While
most earlier studies focused on ice injection and sublimation as the primary pathway for
stratospheric hydration from overshooting convection (e.g. Grosvenor et al. 2007; Corti
et al. 2008; de Reus et al. 2009; Khaykin et al. 2009; Dessler et al. 2016; Herman et al.
2017; Smith et al. 2017), recent studies have demonstrated a large contribution from air
mass transport and mixing as well (Homeyer et al. 2014b, 2024). An initial survey of
H,0O enhancements sampled during DCOTSS revealed that only ~50% of all measured
stratospheric hydration resulted from ice sublimation, while the remainder resulted from
air mass transport (Homeyer et al. 2024); however, Homeyer et al. (2024) did not consider
how different storm and environmental conditions might influence which transport path-
way dominates. In this study, we explore which conditions favor ice sublimation versus air

transport & mixing as the primary source of stratospheric H,O enhancement.
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1.5 Study overview and goals

This study seeks to investigate the connection between different storm attributes, such as
storm mode, AACP presence, overshoot depth, and environmental characteristics such as
tropopause height and temperature, and the magnitude and depth of convection-driven
stratospheric composition change measured during DCOTSS. Based on prior work, we
hypothesize that AACPs and lower tropopause heights foster greater TST in overshooting
storms, but the impacts of other variables are less clear. We also explore the impact of
storm and environmental characteristics on the dominant pathway of H,O delivery to the
stratosphere. Analyzing different storm and environmental variables and how they influ-
ence TST utilizing a large observational dataset allows us to confirm hypotheses and settle
disagreements raised in prior case studies and model simulations, enhancing our under-
standing of which conditions promote the largest convection-driven stratospheric compo-
sition changes. This can add nuance to our understanding of convective contributions to
stratospheric composition in the midlatitudes. To accomplish this work, we link each ob-
servation of overshoot material to its storm of origin. Storm and environmental attributes
are then examined using radar, satellite, and environmental data. All of the variables exam-
ined are listed in Table 2.1. The trace gases analyzed include H>O, CO, and O3. Although
changes in stratospheric CO resulting from convection do not substantially impact strato-
spheric chemistry (Mullendore et al. 2005), CO was chosen for analysis because it serves
as an effective boundary layer tracer (Dickerson et al. 1987; Mullendore et al. 2005). Un-
like H>O, CO is passive and thus unaffected by phase changes or saturation constraints

(Mullendore et al. 2005).
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Chapter 2

Data & Methods

2.1 Aircraft measurements

The DCOTSS field campaign was based primarily in Salina, Kansas and utilized the NASA
high-altitude ER-2 aircraft with 12 onboard instruments to sample the meteorological char-
acteristics and chemical composition of the lower stratosphere post-convection. Figure 1 in
Homeyer et al. (2024) shows a map of all flight paths. The maximum altitude reached was
21.25 km. 29 flights occurred during July-August 2021 and May-July 2022. All aircraft
data examined in this study are sourced from the airborne collection of the DCOTSS archive
(NASA/LARC/SD/ASDC 2022). We use measurements of H,O, O3, and CO to identify
and characterize convective TST. H,O is measured using the Harvard Herriott Hygrometer
(HHH)—a tunable diode laser direct absorption instrument—within the Harvard Water Va-
por instrument (HWYV), providing H,O mixing ratio measurements at 1-second intervals.
Its precision is 0.1 ppmv and its accuracy is 5-10% (Sargent et al. 2013). HWV also con-
tains the Harvard Lyman-o photo-fragment fluorescence instrument (LyA), which has an
accuracy of 10% and precision of 6% (Weinstock et al. 1994). During one flight (24 June
2022), HHH failed, so LyA measurements are used instead. Sargent et al. (2013) demon-
strates good agreement between the two instruments despite the lower precision of LyA.
Measurements of altitude (accuracy of 15 m), pressure (accuracy £ 0.5 hPa), air tempera-
ture (accuracy + 0.3 K) and potential temperature (accuracy ranges from + 0.5 K at 200
hPa to + 1.5 K at 50 hPa) are recorded at 1-second intervals by the meteorological measure-
ment system (MMS; Scott et al. 1990). O3 mixing ratios are measured at 1-s intervals by
the Rapid Ozone Experiment (ROZE) instrument, with an accuracy of 6% and a precision
of = 1 ppbv in the stratosphere (Hannun et al. 2020). Finally, measurements of CO are

provided by the Harvard University Picarro Cavity Ringdown Spectrometer (HUPCRS),

12



which is a modified G2401-m Picarro gas analyzer that completes samples at 2.2-second
intervals (Crosson 2008). HUPCRS observations are averaged to 10-second intervals for
analysis. HUPCRS CO measurements have an accuracy of + 3.5 ppbv and a precision of

2.8 ppbv.

2.2 Reanalysis data and tropopause diagnosis

Hourly assimilations from the fifth generation of European Center for Medium Range
Weather Forecasts reanalysis (ERAS) are utilized to diagnose environmental characteristics
in the vicinity of the aircraft observations as well as the overshooting storms that occurred
during DCOTSS. ERAS provides output from 1940-Present at a horizontal grid spacing
of 31 km and at 137 pressure levels from the surface to 0.1 hPa (Hersbach et al. 2020).
However, our analysis utilizes ERAS output on a 0.25° latitude-longitude grid and 37 un-
evenly spaced model levels. Tropopause altitudes in the ERAS5 analyses are identified using
the lapse rate tropopause definition (Meteorology 1957), for which each ERAS profile is
interpolated to a regular 100-m grid using cubic splines prior to application, yielding an
uncertainty in tropopause altitude of <500 m (Hoffmann and Spang 2022; Tinney et al.
2022). We note that ERAS tropopause heights are not expected to capture distortions in
tropopause altitude by the storms themselves, which is a potential source of error in our
diagnosis of matched storm attributes such as overshooting depth. Convection can increase
tropopause height by as much as 1.5 km (Homeyer et al. 2014b,a). Tropopause identifi-
cation can also fail in double tropopause environments, which has been noted to result in
up to 20% missed overshoot identifications in prior studies (e.g. Solomon et al. 2016). It
is unclear to what extent this is a problem in the DCOTSS dataset, but the likely outcome
would simply be data excluded from our analysis. ERA-5 wind fields were also used for

trajectory calculations and storm matching as described in Section 2.5.
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2.3 Radar data and overshoot definition

Gridded NEXRAD WSR-88D radar (GridRad) data from DCOTSS (NASA/LARC/SD
/ASDC 2022) provide merged volumes of all NOAA NEXRAD radar observations over
the contiguous U.S. spanning 24-50°N latitude and 235-294°E longitude with ~0.02° (/2
km) horizontal grid spacing at 10-minute intervals and corresponding overshoot identifica-
tions. Vertical grid spacing of GridRad volumes is 0.5 km from 0.5-7 km above mean
sea level and 1 km thereafter up to 22 km above mean sea level (Homeyer and Bow-
man 2022). Radar reflectivity data are quality-controlled to remove non-meteorological
echoes and other artifacts, following recommendations in Homeyer and Bowman (2022).
GridRad overshoot identifications for DCOTSS are based on 10-dBZ echo top heights,
ERAS tropopause altitudes, and tropopause-level reflectivity. Echo top height is defined
as the highest level within each convective radar column at which reflectivity exceeds 10
dBZ so long as the two vertical levels below this height have valid echoes >10 dBZ. The
resulting echo top heights have an uncertainty of £+ 1 km. ERAS tropopause characteristics
are then interpolated to the echo top locations on the grid for overshoot identification. If
a column has echo top heights exceeding the ERA-5 tropopause altitude, it is classified as

overshooting convection so long as the tropopause-level reflectivity is >20 dBZ.

2.4 Satellite data

Geostationary Observing Earth Satellite (GOES) imagery over North America for DCOTSS
(NASA/LARC/SD /ASDC 2022) provide visible and longwave infrared (IR) cloud-top im-
agery, including the minimum IR brightness temperature of overshooting storms. GOES
data are analyzed at the same 10-minute time intervals of the GridRad data and have 2-km
resolution. Although IR brightness temperatures are generally a good proxy for cloud top
temperature and heights (Bedka et al. 2015), we note that minimum brightness tempera-

tures reached by the overshoots tend to be colder when the tropopause is higher and colder
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(Solomon et al. 2016), so brightness temperature is not a perfect proxy for overshoot alti-
tude or depth. In addition, brightness temperatures can be affected by the characteristics of

the surrounding environment via mixing (Adler and Mack 1986; Setvék et al. 2010).

2.5 Convective feature identification and storm ma-tching

For the aircraft observations, we utilize a record of ‘“convective feature” identifications
based on subjectively-identified H;O enhancements above the prevailing stratospheric back-
ground concentration and coincident with GridRad- and GOES-sourced overshoot trajec-
tories within the prior 5-day period, as introduced in Homeyer et al. (2023) and discussed
further in Homeyer et al. (2024), to initially isolate convective observations for analysis.
The DCOTSS dataset consists of 28.4 hours of convective feature sampling in total (Home-
yer et al. 2023).

To examine the storm-scale and environmental characteristics that create the observed
stratospheric composition changes, we then link each convective feature in the aircraft data
back to its likely source storm. Specifically, ERAS data are used to generate five-day isen-
tropic back trajectories with position information at 10-minute intervals, initialized every
second along the flight path. At each 10-minute timestep of the trajectory calculation, the
distance between the particle location and each overshooting pixel in the GridRad domain is
calculated. A storm is identified as a match if it contains at least one overshooting pixel that
falls within 100 km of the particle location so long as the angle between the wind vector and
particle-to-pixel direction vector is less than <90°. The second criterion ensures that the
particle location is downstream of the overshoot. A maximum of three overshoot matches
along the back trajectory are allowed. We then impose a further constraint on distance: the
maximum allowable distance increases from 0 to 100 km during the first 4 days at a rate
of 25 km per day. In some cases, multiple overshooting regions satisfy these stricter match
criteria; however, to compare individual storm attributes, it becomes necessary to narrow

down each convective feature to one matched storm that was responsible for the majority of
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the observed perturbations. Hence, in these cases, the most recent match is chosen. A map
of all matched storms is presented in Fig. 2.1. In total, 32,313 observations are successfully
matched with storms, including 14,657 matched to AACP storms and 17,656 matched to
non-AACP storms; and 12,330 matched to single cells, 7869 matched to multicells, and
12,114 matched to MCSs; however many one-second observations are linked to the same
matched storm at the same timestep. If considering only unique matches, those counts are
1,465, 623, 843, 546, 367, and 556 respectively.

Once a single matched storm (overshooting region) is identified, GridRad, GOES, and
ERAS data from the time and location of the match are used to characterize the attributes
of the storm and its environment. A full list of all the flight data and matched storm data

variables analyzed is provided in Table 2.1.

2.6 Storm mode classification

Storm mode classification in this study applies an objective technique outlined in Murphy
et al. (2023) with a few modifications. In particular, GridRad data are used to identify
closed contours of column-maximum reflectivity >30 dBZ at each time. Reflectivity from
non-convective events that exceed 30 dBZ is filtered out. The number of storms within each
closed contour is then counted as the number of local echo top maxima based on the 10 dBZ
threshold as described in Section 2.5. Multiple maxima that are less than 10 km apart are
reduced such that only the highest-altitude maximum is retained. If a matched storm falls

within one of these contours, the following criteria are used to classify the storm mode:

1. If the area of the contour is greater than 3000 km?, and the maximum length scale of

contour is at least 100 km, then the storm is classified as an MCS.

2. If the area of the contour is greater than 3000 km? but the maximum length scale is

less than 100 km, then the storm is classified as multicellular.
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3. If the area of the contour is less than 3000 km? and there are three or fewer echo top

maxima in the contour, then the storm is classified as a single cell.

4. If the contour area is less than 3000 km? but there are more than three echo top

maxima within the contour, then the storm is classified as multicellular.

3000 km? is an appropriate threshold delineating the area that a large single cell (i.e., a
supercell) can reach (Homeyer et al. 2020). Two or three echo top maxima occurring within
a small contour are classified as single cellular in an attempt to account for storms that
have cyclic updraft generation such that multiple updrafts exist at once but do not persist
as separate entities. The 100 km threshold for MCS classification is based on Houze Jr.

(2004)’s definition of an MCS.

2.7 Above anvil cirrus plume identification

AACPs are identified manually using GOES images. Matched storms that occur dur-
ing daytime are evaluated for AACP presence using sandwich imagery, in which semi-
transparent visible images and IR images are superimposed. Nighttime AACPs are iden-
tified using IR images only. In visible satellite imagery, an AACP appears as a cloud
mass emanating from near the overshooting top with a smoother texture than the underly-
ing anvil. It also commonly casts a shadow on the anvil (Wang et al. 2011; Homeyer et al.
2017; Bedka et al. 2018; Murillo and Homeyer 2022). In IR satellite images, a stratospheric
AACP materializes as an enclosed feature of relatively warm brightness temperature rel-
ative to the surrounding anvil emanating from near the overshooting top, which itself ap-
pears as a small, anomalously cold area (Bedka et al. 2015; Homeyer et al. 2017; Murillo
and Homeyer 2022). Examples of plume identification are displayed in Fig. 2.2. While
some convective storms have AACPs that are colder than the anvil, these plumes occur in
the troposphere (Murillo and Homeyer 2022). Since this study focuses on the impacts of

AACPs on stratospheric composition, cold AACPs are ignored in our analysis.
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2.8 Determination of hydration processes

We investigate the relative contributions of air mass mixing and ice sublimation to observed
stratospheric hydration in the DCOTSS data via O3-H,O and 6-H,O correlations, where
0 is potential temperature. Correlation analysis follows the technique used in Homeyer
et al. (2024). For each constant-altitude flight observation within a convective feature,
correlations are evaluated over a 21-s period centered on the observation time (Exception:
the first and last 10 s of each convective feature are excluded, since a consecutive 21-s
interval centered on the observation time is not available.). Pearson correlation coefficients
(P) are calculated to determine linear correlations within each interval. P ranges from
—1 (pure negative correlation) to 1 (pure positive correlation). Convective features that
occurred during vertical profiles are also removed because correlations associated with
typical strong UTLS gradients in O3, H,O and 0 could influence the results in these cases.
In total, 22.3 hours or 78% of convective feature observations were retained for tracer-tracer

analysis.

We use the same thresholds as Homeyer et al. (2024) to define resulting O3-H;O cor-
relations as positive, weak, or negative. Namely, if P > 0.35, O3 and H;O are considered
positively correlated; if P < —0.35, O3 and H,O are negatively correlated, and if —0.35 <
P < 0.35, O3 and H,O are weakly correlated. Meanwhile, a binary classification system is
used for 6-H,O correlations: 8 and H,O are negatively correlated if P < 0 and positively
correlated if P > 0. These correlations are then used to determine the dominant hydration
process for each HoO enhancement. Weak O3-H,O correlation is associated with ice sub-
limation, while negative correlation is associated with air mass transport and mixing, as air
with relatively high H,O and low O3 concentrations is deposited into the stratosphere. Pos-
itive O3-H,O correlations can be associated with either mixing or ice sublimation. In this
case, 0-H,O correlations are necessary for such classification. The two possible scenarios

for positive O3-H;O correlations are:
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1. Saturation-limited transport and mixing — If the overshoot is very cold, low saturation
vapor pressure limits H,O within the overshoot, while the surrounding stratosphere
is hydrated via ice sublimation. This results in less HoO and colder temperatures
in the overshoot than the surrounding stratosphere, leading to positive O3-H,O and

0-H,O correlations once air mass mixing occurs.

2. Ice sublimation with strong cooling — Ice sublimation can result in cooling, leading
to descent of hydrated stratospheric air. As long as this hydrated air retains higher
O3 levels than the surrounding air at its new, lower altitude, O3-H,O correlation is

positive, while 8-H,O correlation is negative.

2.9 Data analysis

We utilize background-relative concentrations of trace gases to most accurately character-
ize the magnitude of stratospheric composition change. To transform all observations in
our dataset to background-relative concentrations, we first bin DCOTSS flight observations
of H,O, CO, and O3 according to the tropopause-relative altitude of the flight measurement
calculated using the ERAS tropopause. Bins range from —1 to 5 km at 0.5-km resolution.
For all three trace gases, the background concentrations in each altitude bin are established
by calculating the median value of all non-convective flight observations in that bin mea-
sured during the campaign. Each convectively-influenced measurement is then divided by
the background concentration in its altitude bin to determine its background-relative con-
centration (ratio).

Once the flight observation is normalized to background-relative values, we investigate
relationships between observed perturbations of H,O, O3, and CO and the different storm
and environment variables. For the sake of brevity, we present only the most meaningful
results (i.e. storm and environmental patterns that generate clear and noticeable patterns
when plotted and are most useful to our understanding of TST), which are bolded in Ta-

ble 2.1. Due to a lack of aged AACP storms and MCSs, we eliminate data from storms
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with an overshoot age of 72 hours or more when comparing the different storm categories,
given that overshoot age had a significant impact on the magnitude of observed chemical
perturbations (not shown). We also exclude storms that occurred where the tropopause ex-
ceeded 15.5 km owing to a lack of AACP storms at these tropopause heights. Two-sample
Kolmogorov - Smirnov tests are used to determine whether different variables analyzed

produce statistically significant effects.
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Plume vs Non-Plume Storm Map
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Figure 2.1: Maps of all trajectory-matched storms. The top panel displays the locations
of AACP (red dots) and non-AACP storms (blue dots), and the bottom panel separates the

storms by mode: single cell (red dots), multicell (blue dots), and mesoscale convective

system (MCS; gray dots).
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Figure 2.2: Examples of manual AACP identification using (top) infrared (IR) GOES im-
agery and (bottom) GOES IR+visible sandwich imagery. Dashed lines outline AACPs

while solid lines outline overshooting tops.
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Variable All storms | Plume v Non-Plume | Mode

Tropopause-relative height of flight ob- X X X
servation

Absolute observation height X X

Absolute observation 0 X X

Median Storm Echo Top Height

Maximum Storm Echo Top Height

Median Storm Echo Top 0

Maximum Storm Echo Top 6

Median storm overshoot depth X X X
Maximum storm overshoot depth X X

Tropopause height at storm location X X

Tropopause 0 at storm location X X

Tropopause temperature at storm location X X
Minimum brightness temperature of X X

storm

Median reflectivity of storm X X

Maximum reflectivity of storm X X
Severe weather reports

Time between overshoot and observation X

Table 2.1: All storm and environmental variables investigated in this study. Variables that
produce meaningful patterns for all storms and/or easily apparent and statistically signif-
icant differences between AACP and non-AACP storms or among different storm modes
when plotted are marked with an X. Plots are included and discussed in detail only for the

results deemed most robust and useful, which are marked in bold.
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Chapter 3

Results

3.1 Influence of AACP occurrence and storm mode on TST magnitude

and depth

Figure 9 from Gordon et al. (2024) displays trace gas measurements in the DCOTSS dataset
at relative altitude to the tropopause, demonstrating that H,O enhancements reached higher
than CO enhancements as found in prior modeling work (Phoenix and Homeyer 2021; Gor-
don and Homeyer 2022). To expand upon these summative DCOTSS results, we similarly
evaluate trace gas enhancements partitioned into various subsamples of storms. The result-
ing profiles are displayed in Figs. 3.1 and 3.2. Results are only included for a particular
altitude bin if at least 180 seconds of sampling within convective features occurred in that
altitude bin for a particular storm category; however, CO measurements occurred over 10-
second intervals, and our instruments did not always record a valid measurement every
second for H,O or O3 either. Thus, actual sample sizes may be less than 180, especially

for CO. H,O sample sizes for each bin within the profiles are listed in Table 3.1.

When examining all storms, trace gas concentrations decrease with increasing tropo-
pause-relative altitude; however, strong differences appear for H,O versus CO. CO en-
hancements relative to background are weaker throughout the distribution and stronger
enhancements (> 1.5x background) are restricted to lower altitudes, in agreement with
prior DCOTSS analyses. Strong differences appear when examining AACP vs non-AACP
storms—AACP storms produce greater HO enhancements at all levels but especially near
the tropopause. This result validates the subset of prior modeling studies indicating greater
H,O transport in AACP storms. Storm mode differences in stratospheric hydration are

minimal among all storms; however, Fig. 3.2 reveals that AACP storms produce different
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magnitudes of hydration for different storm modes. Most notably, AACPs have a signifi-
cant impact on hydration in single-cell storms at all above-tropopause levels, with median
H>O values for AACP single cells clearly surpassing 75th percentile H,O values for non-
AACP single cells. Weaker differences exist between AACP and non-AACP storms of
other modes, except in the first km above the tropopause for MCSs. AACP storms also
produce greater CO enhancements, particularly in the first 2 km above the tropopause, and
Fig. 3.2 demonstrates that single-cell storms are once again responsible for the majority of
this difference. Unlike that for H,O, a large spike in CO enhancement above the tropopause
does not appear for AACP MCSs. Bedka et al. (2018) found that MCSs have shorter-lived
AACPs compared to discrete storms, which could help explain the larger impact of AACP
presence on CO enhancements from single-cell storms versus MCSs. Meanwhile, stronger
hydration can still occur near the tropopause since HyO reaches higher altitudes than CO.
Although Bedka et al. (2018) did not consider multicells, it is also plausible that they would

have similarly shorter-lived AACPs than single cells.

O3 concentrations in our convective samples tend to exceed background levels in the
upper troposphere and decline rapidly with altitude, such that O3 is nearly uniformly below
background levels at tropopause-relative altitudes >1 km. O3 appears to rebound for some
samples 3—4 km above tropopause. This pattern indicates the presence of both upward
transport of Os-poor tropospheric air and simultaneous downward transport and entrain-
ment of Oz-rich stratospheric air (similar to that diagnosed in the model simulations of Gor-
don and Homeyer (2022)). Some of this downward transport appears to be entrained into
the upper part of the overshooting top, while some reaches the upper troposphere. AACP
storm samples exhibit greater O3 below the tropopause and lesser O3 above the tropopause
than non-AACP samples, demonstrating stronger TST and STT in AACP storms. O3 also
rebounds less at higher levels in AACP storms, providing further evidence of deeper TST

occurring in AACP storms. Once again, these AACP impacts are strongest in single-cell
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storms. While these explanations are plausible hypotheses to explain the observed pat-
terns in O3, minimal samples below the tropopause exist in our dataset, meaning that the

indication of increased STT in AACP storms may not be a trustworthy result.

Evaluating storm mode differences separately from plume effects also unveils notable
differences. Figure 3.2 reveals that MCSs produce greater hydration 0—1 km above the
tropopause regardless of AACP presence. This is not the case for CO transport. Instead,
when comparing among non-AACP storms, MCSs result in greater CO enhancements at
higher levels (> 2km relative altitude). Furthermore, MCSs exhibit less O3 reduction than
other modes at lower levels, but no rebound in O3 at higher levels. This pattern appears in
samples linked to both AACP and non-AACP storms, though the difference is more sub-
stantial for non-AACP storms. These results for CO and O3 may suggest that non-AACP
MCSs result in weaker transport just above the tropopause but are more efficient at lofting
tropospheric air to higher levels compared to other non-AACP storms. This could result
from more voluminous transport in MCSs, allowing a slight upward shift in the distribu-
tion of CO values at higher altitudes despite weaker dynamics and fewer extreme values.
AACP presence then outweighs these mode differences, producing stronger transport near
the tropopause among MCSs and greater transport to high levels for all modes. While these
explanations are plausible, the CO results at higher altitudes may be an artifact of sample
biases given very small sample sizes, especially for non-AACP storms. The O3 pattern
observed at high relative altitudes can also be explained by differences in overworld air
entrainment. Non-AACP single cell and multicell samples exhibit a spike in O3 concen-
trations at high altitudes, so perhaps non-AACP storms are drawing in more overworld air,
but only so long as there is not too much storm clustering. MCSs perturb the atmosphere

on a larger scale, so it may be difficult to entrain undisturbed overworld air.

Overall these results clearly demonstrate the unique capability of intense, discrete storms
with AACPs to transport H>O and other trace gases deep into the stratosphere. This agrees

with results from Gordon and Homeyer (2022). Though not a focus of this study, we also
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find evidence of greater STT in single-cell AACP storms, which deviates from Gordon and
Homeyer (2022)’s results. Finally, MCSs also have unique TST characteristics compared to
other modes, depositing greater H>O near the tropopause and creating greater O3 reduction

(and potentially greater CO enhancement) at higher tropopause-relative altitudes.

3.2 Influence of AACPs and storm mode on H,O transport processes

Next, we evaluate air transport & mixing versus ice sublimation frequencies for H,O en-
hancement as a function of tropopause-relative height (Figs. 3.3 and 3.4). Once again,
results are only included for altitude bins where at least 180 seconds of convective fea-
ture sampling occurred. Actual sample sizes are slightly smaller than the total number of
seconds of sampling since the first and last 10s of each convective feature are excluded as
described in section 2.8. Overall, about equal frequencies of mixing versus sublimation
were observed in our storm matching dataset, in alignment with Homeyer et al. (2024)’s
results for all DCOTSS observations, though AACP storms and MCSs produced slightly
higher mixing frequencies. When examining all storms (Fig. 3.3, top left), sublimation
weakly dominates just below the tropopause, while mixing weakly dominates at most
above-tropopause altitudes. The increase in mixing up to 3 km is a somewhat unexpected
result, given the greater heights reached by H,O versus other boundary layer trace gases
is often attributed to ice sublimation processes. It is possible that ice sublimation did oc-
cur at higher levels but in some cases induced significant cooling, causing the hydrated air
to subside before measurement—a process described in Homeyer et al. (2024). Ice crys-
tals may also fall before sublimating completely. At 3—4 km, however, mixing dips again,
which could indicate that the level of maximal air mass transport is being exceeded. Al-
though mixing rebounds again at 4-5 km, the sample size is small. A major difference
exists between AACP and non-AACP storms. Air transport & mixing frequencies increase
with observation height among non-AACP storms before dipping at higher levels, exceed-

ing sublimation frequencies only in a narrower range (1-3 km), whereas they uniformly
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exceed ice sublimation frequencies above the tropopause for AACP storms. At the high-
est altitudes, ice sublimation spikes sharply for non-AACP storms (possibly an artifact of
sample bias). These results are consistent with the theory that AACPs drive deeper and
longer-lived air mass transport into the stratosphere (Homeyer et al. 2017; O’Neill et al.
2021; Gordon and Homeyer 2022).

Figure 3.3 also displays differences in transport characteristics when examining differ-
ent storm modes. Single cells and multicells follow the typical pattern of increasing mixing
frequency with altitude, while mixing dominates at all altitudes for MCSs and especially so
(~60%) at higher altitudes. The full breakdown into all six joint storm categories in Fig. 3.4
provides further clarity on these differences. First, non-AACP storms of all modes exhibit
a reduction in mixing frequency at higher altitudes. Although mixing slightly dominates
over sublimation at the highest level for non-AACP MCSs, the spread is much smaller than
at lower altitudes. Conversely, AACP multicells and MCSs exhibit high (~70%) mixing
frequency at altitudes >3 km above tropopause. Although AACP single cells do experience
a spike in ice sublimation at higher altitudes, it is much smaller than that for non-AACP
single cells, both of which may be impacted by sample biases. These results would suggest
that AACPs drive deeper air mass transport for all storm modes; however, sample sizes
at these high altitudes are relatively small. In addition, higher mixing frequency at high
altitudes in non-AACP MCSs compared to other non-AACP storms may explain why CO

was notably elevated in such samples, while H;O was not.

3.3 Influence of tropopause height on observed TST

To explore environmental constraints on observed UTLS composition impacts from over-
shooting, we focus on a well-established one—tropopause height. If we explore tropopause
heights among storm populations (Fig. 3.5), it becomes apparent that the distribution of
tropopauses skews slightly lower for AACP storms compared to non-AACP storms, partic-

ularly for single-cell storms. Multicell storms do not show consistent differences between
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AACP and non-AACP populations and occur most commonly in higher tropopause envi-
ronments (>15 km). Examining tropopause height against overshoot depth reveals that
maximum overshoot depths are reduced in high-tropopause environments (not shown). To-
gether, this may explain the weaker impacts of AACP multicell storms (compared to other
AACP storms) diagnosed previously. Namely, H,O enhancements in our AACP multicell
samples are more likely to be saturation limited and linked to overshoots that may have
struggled to reach as deep into the stratosphere given the higher-tropopause environment.
Conversely, lower tropopause heights likely contribute to exceptionally strong trace gas

enhancements observed for AACP single cells.

To further examine how different tropopause heights impact TST, we now present a
two-dimensional analysis of trace gas changes as a function of tropopause height in the
matched storm environment and tropopause-relative altitude of the aircraft measurement
(Figs. 3.6 — 3.8). Once again, results are only included if > 180s of sampling occurred
within a particular two-dimensional bin. Actual sample sizes for each trace gas are listed
on the figures. It is clear that hydration peaks near the tropopause in low tropopause en-
vironments; however, hydration above 1.5 km tropopause-relative altitude is not substan-
tially impacted by tropopause height (Fig. 3.6). The weaker hydration near the tropopause
at high tropopause heights likely stems primarily from greater saturation constraints due
to colder UTLS temperatures and secondarily from greater difficulty of deep overshoot-
ing and transport. Hydration at higher tropopause-relative altitude may be less affected by
tropopause height because it is more dependent on ice sublimation. AACP impacts also
appear to be maximized near the tropopause in low tropopause environments. The con-
trast between AACP and non-AACP hydration then fades as tropopause height increases
and saturation constraints become more limiting; however, some difference still remains,
indicating that AACP vs. non-AACP differences discussed in 3.1 cannot be entirely from

varying tropopause heights among samples. Storm mode comparison reveals that single
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cells produce stronger enhancements at medium tropopause heights than other modes, in-
cluding at mid and upper levels. Partitioning the 2-D analysis by both AACP presence and
storm mode (Fig. 3.9), reveals that AACP storms drive this difference. Meanwhile, MCSs
produce the strongest hydration at higher tropopause heights. This may result from trans-
port volume differences discussed previously. Our two dimensional analysis of CO change
in Fig. 3.7 results in somewhat different patterns. As for H;O, CO enhancements peak
just above the tropopause, but overall CO enhancement maximizes at medium tropopause
heights (13.5-15 km) rather than in the lowest tropopause height bin as for H;O. AACP
storms also produce the strongest enhancements in CO compared to non-AACP storms
at medium tropopause heights. MCSs are an exception, with CO enhancements maximiz-
ing at the highest tropopause altitudes. Otherwise, storm mode differences generally mirror
those for H,O. Medium tropopause environments likely produce the strongest overshooting
storms, as they provide a balance between largest instability and a low enough tropopause,
resulting in maximum CO transport, while saturation limits likely constrain H;O more in
these environments. A more intriguing difference for CO compared to H,O is a weak
decrease in concentration at greater tropopause-relative altitudes and within medium-high
tropopause environments, which likely indicates downward transport. Although these dif-

ferences are not statistically significant in all cases, O3 analysis affirms the results.

Two-dimensional analysis of O3 observations in Fig. 3.8 provides further insight into
the impact of storm characteristics on both upward and downward transport in the UTLS.
In low tropopause environments, O3 declines from slightly above background concentra-
tions to well below background concentrations as tropopause-relative altitude increases.
Meanwhile, at medium to high tropopause altitudes, O3 is more uniform with tropopause-
relative height, potentially indicating a lower depth of TST. At high altitudes within high-
tropopause environments, O3 is strongly enhanced for most storm categories. These results
are statistically significant and mirror the CO reductions appearing at high altitudes in the

same environments, indicating likely downward transport and entrainment of overworld

30



air. As is true for CO, O3z concentrations in MCSs are an exception, exhibiting strong re-
ductions at high tropopause-relative altitudes even in high tropopause environments. These
results suggest that strong TST becomes more difficult in high-tropopause environments

and may be outweighed by downward transport.

Partitioning the 2-D analysis by both AACP presence and storm mode (Figs. 3.9, 3.10,
and 3.11) further illuminates differences in transport characteristics among storm modes.
Figure 3.9 confirms that AACP single cells drive the elevated hydration for single cells at
medium tropopause heights, especially at mid and upper levels (>1.5 km above tropopause).
The notion that the strongest overshooting updrafts occur at medium tropopause heights
would explain this pattern, (i.e. strong transport counteracts increasing saturation limits)
given that AACP single cells exhibit the strongest TST generally. Conversely, MCSs pro-
duce greater and deeper hydration in high tropopause environments regardless of AACP
presence, indicating that the storm mode itself is the primary driver of this effect. Results
for CO enhancement are similar, though less robust, with differences from H,O parallel-
ing the bulk analysis in Figs. 3.6 & 3.7. Because CO transport does not reach as high of
levels as H,O transport, it is even more severely limited in high-tropopause environments
when considering single cells and multicells. O3 analysis also reveals similar results, with
AACEP single cells inducing low O3 compared to other categories in medium tropopause
environments and both AACP and non-AACP MCSs generating relatively low Oz in high
tropopause environments (Fig. 3.11). Oz enhancement in high tropopause environments
is present for AACP single cells, non-AACP single cells, and non-AACP multicells, mir-
roring CO reductions. These outcomes further demonstrate that significant TST becomes
more difficult in high-tropopause environments and downward transport may be more im-

pactful, except for in MCSs.

Figures 3.12 and 3.13 show results of applying the 2-D analysis to diagnosed air trans-
port & mixing and ice sublimation processes from H,O-O3 and H,O-6 correlation. When

considering all storms, frequencies display opposite relationships to the altitude of the
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H,O enhancements at low versus high storm tropopause heights. When the tropopause
height is low, H,O enhancements are increasingly sourced from transport and mixing as the
height above the tropopause increases. Conversely, at high tropopause heights, H,O near
the tropopause is primarily sourced from mixing, while sublimation dominates at higher
tropopause-relative altitudes, as implied by the trace gas results. At medium tropopause
heights, there is no clear trend overall since different storm modes exhibit opposing trends.
All panels in Figs. 3.12 and 3.13 demonstrate the same general pattern in high-tropopause
environments, except for AACP MCSs, which exhibit strong mixing at high depths in high-
tropopause environments and no decrease in CO with altitude (Fig. 3.10). On the other
hand, the dominance of mixing at higher altitudes in lower tropopause environments ap-
pears to contradict the observed pattern of stronger H>O versus CO enhancements at these
altitudes (Figs. 3.6 and 3.7). A possible explanation is that stronger H,O enhancement still
occurs because ice sublimation is a more efficient hydration process—even a small amount
of ice sublimation relative to mixing can lead to a large water vapor impact due to the high
contrast in HoO concentrations between the troposphere and stratosphere (Homeyer et al.
2024). Meanwhile, mixing may be increasingly saturated limited at these higher altitudes.

The result may also simply be due to sample bias, as sample size is small in this bin.

3.4 Influence of overshoot depth on observed TST

In this section, we analyze the relationship between storm overshoot depth and stratospheric
composition changes, comparing different storm populations. We first present a histogram
displaying differences in storm-maximum overshoot depth (Fig. 3.14). AACP storms have
greater maximum overshoot depth than non-AACP storms, in agreement with radar and
satellite observations from Homeyer et al. (2017). The difference between AACP and non-
AACP maximum overshoot depth is especially pronounced for single cells and nonexistent
for multicells. These outcomes suggest AACP presence and overshoot depth are correlated,

especially when considering single-cell storms, which could be a confounding variable
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that contributes to the large differences in H,O and CO observed for AACP vs non-AACP
storms discussed previously. Comparison of different storm modes also illustrates that
MCSs have the greatest maximum overshoot depths in our sample, despite having slightly
lower median overshoot depths because the areas of overshoot features are larger in MCSs

(not shown).

To examine how storm overshoot depth modulates the magnitude and depth of strato-
spheric composition change, we once again employ two-dimensional analysis, this time as
a function of overshoot depth rather than storm tropopause height. Figures 3.15 and 3.16
show that H,O and CO enhancements in the first 1.5 km above tropopause increase strongly
with increasing overshoot depth. At higher tropopause-relative altitudes, CO enhancements
still increase weakly with overshoot depth while H>O concentrations do not. These results
suggest that overshoot depth impacts both the magnitude of TST and the depth of transport.
The discrepancy between H,O and CO relationships at higher tropopause-relative altitudes
may stem from saturation constraints (which are likely most prevalent at higher altitudes in
deeper overshoots). Figures 3.15 — 3.17 also highlight that AACP storms produce stronger
and deeper perturbations in HyO, CO, and O3 at most overshoot depths compared to non-
AACP storms, indicating that some portion of the AACP vs. non-AACP differences dis-
cussed in section 3.1 can be attributed to the AACPs themselves, rather than the greater
overshoot depth of AACP storms. In addition, AACPs appear to make a larger difference
in TST when overshoot depth is greater. Storm mode comparison reveals that MCSs exhibit
the strongest increase in hydration with overshoot depth of any mode near the tropopause,
whereas single cells are the only mode that exhibit an increase in hydration with overshoot
depth at high tropopause-relative altitudes. CO sensitivities to storm mode are broadly sim-
ilar, though less pronounced and maximized at low tropopause-relative altitudes in single
cells and multicells. Meanwhile, O3 (Fig. 3.17) exhibits no clear or consistent sensitivity
to overshoot depth, likely due to the opposing effects of changes in upward and downward

transport; however, a notable result appears among storms with low overshoot depth: O3
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is enhanced at higher tropopause-relative altitudes, consistent with weak CO reductions in

these bins.

The strong trends in hydration with overshoot depth among MCSs may be related to
overshoot abundance. Because median overshoot depth is lower overall in MCSs compared
to other modes, LMS hydration may be more sensitive to overshoot depth (i.e. stronger
storms are more necessary to release significant H,O sufficiently above the tropopause that
it remains in the stratosphere). This explanation relies on the assumption that MCSs with
the highest maximum overshoot depth also have increased median overshoot depth, which
we have confirmed for our samples (not shown). Thus, when MCSs contain stronger over-
shooting at-large, H>O transported by abundant overshoots is more likely to be released
substantially above the tropopause. Meanwhile, CO is more reliant on the strongest over-
shoots within the MCS to reach the stratosphere since it cannot be transported to as high of

altitudes by a single updraft and is not saturation limited.

Examination of overshoot depth impacts for all six storm categories (Figs. 3.18 — 3.20)
yields additional insights into the variation of transport characteristics among storm types.
Hydration just above the tropopause increases strongly with overshoot depth for both types
of MCSs, but the increase is especially pronounced for AACP MCSs. CO enhancements
increase with overshoot depth regardless of observation altitude for both AACP single cells
and AACP MCSs. H;0 and CO observations for non-AACP storms are generally more
similar across modes and exhibit weaker trends. Patterns for O3 were not particularly
clear; however, one notable result is that the Oz enhancements at higher altitudes are linked

to AACP single cells and non-AACP single cells and multicells with low overshoot depth.

Plots of air transport & mixing frequency further elucidate the observed patterns of
composition change (Figs. 3.21 and 3.22). At higher altitudes, mixing frequency increases
considerably as overshoot depth increases. This pattern holds for both AACP and non-

AACP storms, though AACP samples contain higher mixing frequencies regardless of
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storm overshoot depth, again consistent with the trace gas analyses. Meanwhile, at lower al-
titudes, air transport & mixing frequency decreases with increasing overshoot depth. Thus,
the height of tropospheric air injection appears to increase as overshoot depth increases.
Examining all storm categories reveals that single cells drive the increase in mixing with
overshoot depth at high altitudes which is consistent with discrete cells having a more spe-
cific injection altitude. The trend is quite extreme: ice sublimation strongly dominates at
low overshoot depths, while mixing strongly dominates at high overshoot depths. This is
coincident with the diagnosed CO decreases and O3 increases implying downward trans-
port, indicating that entrainment of warmer, drier stratospheric air may be leading to a spike
in ice sublimation under these conditions (Dauhut et al. 2018). It is unclear if non-AACP

single cells follow this same pattern due to limited samples at high overshoot depth.

MCSs exhibit different patterns from other modes. Mixing dominates at both low and
high altitudes when overshoot depth is < 4 km. An abundance of overshoots injecting
material at various depths likely produces this lack of specificity in injection altitude. In
addition, MCSs have greater mixing frequency than any mode when considering storms
with low overshoot depths. The full breakdown showcases opposing trends for AACP
MCSs versus non-AACP MCSs — mixing frequeuncy peaks at low overshoot depth among
AACP MCSs, while non-AACP MCS exhibits sublimation dominance at low overshoot
depth and mixing dominance at medium overshoot depth. The presence of mixing-induced
H>O enhancements at high tropopause-relative altitudes sourced from AACP MCSs with
low maximum overshoot depth could indicate that lofting of MCS-injected air occurred,
perhaps due to confinement within the NAMA circulation. It could also result from ERA-5

primary tropopause misdiagnoses in double tropopause environments.

Another notable difference among modes occurs at the highest overshoot depths: when
overshoot depth is > 4 km, mixing frequency dips for MCSs. This may also explain the
observed patterns in HoO and CO enhancements for MCSs. A significant portion of the

increased hydration observed near the tropopause at high overshoot depths must be due to
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sublimation, which explains why increases in CO with overshoot depth are less extreme
than increases in H>O. The reason for increased sublimation among H,O enhancements in
stronger MCSs may be tied to greater saturation constraints, as minimum brightness tem-
perature measurements reveal that MCSs in our dataset are generally colder (not shown).
Increased sublimation could also be a byproduct of stronger gravity wave breaking lead-
ing to increased entrainment of warmer and drier stratospheric air, as explained in Dauhut
et al. (2018); however, our results for other storm modes somewhat contradict Dauhut et al.
(2018)’s explanation for the relationship between hydration and overshoot depth, showcas-
ing increased hydration and increased mixing when overshoots are deeper and a maximum
in stratospheric entrainment at low overshoot depths. Dauhut et al. (2018) also does not
consider AACP effects, which are greatest in single cell storms. Rather, Dauhut et al.
(2018) simulations involved an MCS in a tropical environment, so perhaps their hypothesis
is most useful under these conditions specifically. Nonetheless, our results do not neces-
sarily disprove Dauhut et al. (2018)’s hypothesis among single cells and multicells, as it
is still possible that the entrainment increases at greater overshoot depths but this is sim-
ply outweighed by stronger increases in transport and mixing, especially when AACPs are
involved. In addition, the notion that low overshoot depth maximizes stratospheric entrain-
ment is a somewhat perplexing result which cannot be easily explained. Perhaps it is a
real effect. It is also possible that these low overshoot depths with high stratospheric air en-
trainment represent cases where the tropopause was misdiagnosed. Sample biases may also
come into play, as injected air could be transported to very different environment between

injection and measurement.
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Figure 3.1: Background-relative concentrations of (top row) H,O, (middle row) CO, and

(bottom row) O3 as a function of tropopause-relative height for (left-to-right) all storms,

AACP vs. non-AACP storms, and storm modes. Solid circles denote median background-

relative concentrations within each bin, while open circles denote 25th and 75th percentile

background-relative concentrations. Black diamonds indicate statistically significant dif-

ferences between AACP and non-AACP storms or between one storm mode and both other

storm modes. For each bin, results are shown only if >180 s of convective feature sampling

occurred.
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Figure 3.2: Asin Fig. 3.1, but for AACP vs. non-AACP (left-to-right) single cell, multicell,

and MCS storms.
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Zrel | AACP Non- Single Multi MCS All
(km) AACP AACP AACP AACP storms
(non- (non- (non-
AACP) AACP) AACP)
4-5 157 167 0(6) 5(3) 152(158) 324
34 1604 1026 734(374) 387(296) 483(356) 2630
2-3 3412 3825 498(919) 624(1144) | 2290(1762) | 7237
1-2 4250 3648 1651(1439) | 1164(1043) | 1435(1166) | 7898
0-1 3727 2987 1547(1248) | 407(1101) | 1773(638) | 6714
-1-0 | 454 532 347(478) 107(54) 0(0) 986
Table 3.1: Number of 1-second H,O samples within convective features for each

tropopause relative altitude bin used in figures 3.1 — 3.4. O3z sample sizes are very sim-

ilar and CO sample sizes are about 10% as large as those listed.
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Figure 3.3: Diagnosed air transport & mixing vs. ice sublimation H,O delivery frequencies

as a function of tropopause-relative height for (top left) all storms, (top center) AACP

storms, (top right) non-AACP storms, (bottom left) single cells, (bottom center) multicells,

and (bottom right) MCSs. Frequencies are calculated based on samples within each 1-km

relative altitude bin. For each bin, results are shown only if >180 s of convective feature

sampling occurred.
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Figure 3.4: As in Fig. 3.3,

but for (top) AACP storms and (bottom) non-AACP storms

partitioned by storm mode for (left) single cells, (middle) multicells, and (right) MCSs.

41



Tropopause Height Distributions
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Figure 3.5: Distributions of storm minimum tropopause heights plotted as frequencies for
all storms (top left), AACP vs non-AACP storms (top center), different storm modes (top
right), and AACP vs non-AACP storms within each separate storm mode (bottom). Differ-

ences among distributions were statistically significant in all cases.
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Figure 3.6: Two-dimensional analysis of HO enhancement as a function of tropopause-
relative height of the flight observation on the vertical axis and storm tropopause height on
the horizontal axis for (top left) all storms, (top center) AACP storms, (top middle) non-
AACP storms, (bottom left) single cells, (bottom middle) multicells, and (bottom right)
MCSs. The color fill represents median background-relative H,O concentrations. For each
bin, results are shown only when >180 s of convective feature sampling occurred. Numbers
within each bin denote the actual number of H,O measurements that occurred. Thick
outlines indicate statistically significant differences between observations in one bin and
observations in both other tropopause height bins at the same tropopause relative altitude.

Thin outlines indicate significant differences from one of the other bins.
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Figure 3.7: As in Fig. 3.6, but for CO.
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Figure 3.8: As in Fig. 3.9, but for Os.
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Figure 3.9: As in Fig. 3.6, but for (top) AACP storms and (bottom) non-AACP storms

partitioned by storm mode for (left) single cells, (middle) multicells, and (right) MCSs.
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Figure 3.10: As in Fig. 3.6, but for CO.
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Figure 3.12: Two-dimensional analysis stratospheric hydration process frequencies as a
function of tropopause-relative height of the flight observation on the vertical axis and
storm tropopause height on the horizontal axis for (top left) all storms, (top center) AACP
storms, (top middle) non-AACP storms, (bottom left) single cells, (bottom middle) multi-
cells, and (bottom right) MCSs. The color fill represents the frequency of air transport &
mixing. For each bin, results are shown only when >180 s of convective feature sampling
occurred. Numbers within each bin denote the actual number of O3 - H>O correlations

calculated for each bin
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Figure 3.13: As in Fig. 3.12, but for (top) AACP storms and (bottom) non-AACP storms

partitioned by storm mode for (left) single cells, (middle) multicells, and (right) MCSs.

50



Maximum Overshoot Depth Distributions

All Storms AACP vs Non-AACP Storms Storm Mode Comparison
50 T T T 3 50 T T T T T 50 T T T T T
— AACP — Single Cel
E 3 E E E — Multice E
A40 740 — Non-AACP 40 —MCs
2 E
330F 3 30F 3 30F E
& E | I
520F 3 20f 3 20f 3
[0 3
[
10F 1 10F I— 4 10F E
0 . 0 . 0 .
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Overshoot Depth (km) Overshoot Depth (km) Overshoot Depth (km)
AACP vs Non-AACP Single Cells AACP vs Non—-AACP Multicells AACP vs Non-AACP MCSs
50 T T T T T 7 50 T T T T T 50 T T T T T
— AACP — AACP — AACP
40F — Non-AACP  § 40F — Non-AACP  § 40F — Non-AACP 3
330F 3 30F 3 30F L E
5 —
g20F 3 20F 3 20F E
[
10 3 10F 4 10F E
0 . . X : 1 o . . . 0 . . . .
0 2 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Overshoot Depth (km) Overshoot Depth (km) Overshoot Depth (km)
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(bottom) AACP vs non-A ACP storms within each separate storm mode. Differences among

distributions were statistically significant in all cases.
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Figure 3.15: As in Fig. 3.6, but as a function of tropopause-relative height of the flight
observation on the vertical axis and storm-maximum overshoot depth on the horizontal

axis.
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Figure 3.16: As in Fig. 3.15, but for CO.
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Figure 3.17: As in Fig. 3.15, but for Os.
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Figure 3.18: As in Fig. 3.15, except that median background relative H,O concentrations
in each bin are displayed for AACP single cells (top left), AACP multicells (top center),
AACP MCSs (top right), non-AACP single cells (bottom left), non-AACP multicells (bot-

tom center), and non-AACP MCSs (bottom right) separately.

55



m)

Tropopause—Relative Height (ki

o

Tropopause—Relative Height (km)

o
T

[

N
T

—_

I
T

W
T

N
T

-

o

Carbon Monoxide (CO)

AACP Single Cells AACP Multicells AACP MCSs
19 29 2 1 30 1Y% 2 35 3
43
a4 33 64 139 56
= = 2 - 3
- = 1 = 1 -
76 74 36 55 69
L 0 L I L L L 0 L L
0 1 2 3 4 5 6 0 1 2 3 4 6 0 1 2 3 4 5 6
Overshoot Depth (km) Overshoot Depth (km) Overshoot Depth (km)
Non-AACP Single Cells Non-AACP Multicells Non-AACP MCSs
23 1% 18 1% 2 16 E
13 — 13
87 49 74 47 104 76 37
= 2 ;_ = 2 - 3
145 69 97 E 57 40 E
L L L 0 . 0 n L L
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Overshoot Depth (km) Overshoot Depth (km) Overshoot Depth (km)
[ g

0.0 0.5 1.0 1.5 2.0
Composition Ratio (X background)

Figure 3.19: As in Fig. 3.18 but for CO

56



Ozone (O,)

AACP Single Cells AACP Multicells AACP MCSs

x4 E E
= 307 209 257 209 318 ]
g
I3 3
2
% 457 676 316 759 1653 608
o 2F 3 E
&
3
§1 E 753 1507 709 359 E 746 814 752}
o
=50] . ] " . " " . " . .

0 1 2 3 4 5 1 2 3 4 5 6 1 2 3 4 5 6

Overshoot Depth (km) Overshoot Depth (km) Overshoot Depth (km)
Non-AACP Single Cells Non-AACP Multicells Non-AACP MCSs

§4 . , ; h , . . . §
= 311 180 ]
2
[}
I3 E
2
5 806 480 762 476 1015 820 419
o 2F 3 E
8 :
I1E E
g 1315 713 1024 465 608 442 E
Q. ]
[e) ]
[=41) " " . : : " " . ]

0 1 3 5 1 3 4 5 6 1 3 6

2 4
Overshoot Depth (km)

2
Overshoot Depth (km)

2 4
Overshoot Depth (km)

[ g

0.0 0.5 1.0 1.5 2.0
Composition Ratio (X background)

Figure 3.20: As in Fig. 3.18 but for O3
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Figure 3.21: As in Fig. 3.12, but with overshoot depth on the horizontal axis.
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Figure 3.22: As in Fig. 3.21, but for (top) AACP storms and (bottom) non-AACP storms

partitioned by storm mode for (left) single cells, (middle) multicells, and (right) MCSs.
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Chapter 4

Summary and discussion

This study utilizes an extensive dataset of in-situ observations from the DCOTSS field cam-
paign to evaluate relationships between storm & environmental characteristics and TST
within overshooting storms. It is the first such effort involving a large-scale observational
dataset. Trajectory calculations are employed in conjunction with radar, satellite and re-
analysis data to link aircraft observations of stratospheric composition change to individual
overshooting storms and evaluate the attributes of those storm and their environments. We
sort each matched storm into one of six categories for comparison: AACP single cells, non-
AACP single cells, AACP multicells, non-AACP multicells, AACP MCSs, and non-AACP
MCSs. We also investigate stratospheric hydration processes (air transport and mixing ver-
sus ice sublimation) using O3-H,O and 6-H;O correlations. Our results provide further
evidence that convection over the continental U.S. drives frequent and substantial strato-
spheric hydration through both injection of tropospheric air and sublimation of ice crystals.
We observe this hydration from different types of storms in a variety of environments. We
also document substantial transport of the mostly passive gases CO and O3. Although not
a focus of our study, STT is also conditionally observed via O3 enhancements in the upper
troposphere. Our results also clearly demonstrate the different transport characteristics of
H,0 and CO which have been documented in numerous prior studies. First, H>O is trans-
ported to greater altitudes than CO throughout the DCOTSS dataset. Second, the impact of
saturation limits on H,O transport (versus no saturation limits on CO transport) is appar-
ent throughout. These limits especially impact the hydration potential of AACP storms, in
agreement with Gordon et al. (2024). Third, our analysis clearly demonstrates that storms
with AACPs produce much greater TST compared to those without AACPs. While this

result is unsurprising, it verifies prior modeling and observational results on a larger scale.
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While prior modeling studies agreed that AACPs produced stronger hydration at deeper
levels in the stratosphere, disagreement existed as to whether AACPs led to greater hydra-
tion in the LMS (Homeyer et al. 2017; O’Neill et al. 2021; Gordon and Homeyer 2022).
The DCOTSS observations indicate that AACP effects for all trace gases are actually max-
imized just above the tropopause (especially for non-discrete storms). Furthermore, these
prior modeling studies all simulated discrete supercells, whereas our analysis includes non-
supercellular convection and involves both discrete storms and convective complexes. Our
results demonstrate that AACPs produce the largest impacts in single-cell storms. Mean-
while, AACP effects are limited to the first 1-2 km above the tropopause for other modes,
which could result from AACPs having shorter lifetimes in such cases (Bedka et al. 2018).
Tracer-tracer analysis illustrates a predominance of mixing in AACP storms, while mix-
ing frequency dominates in a narrower range (1-3 km above the tropopause) in non-AACP

storms. AACP storms also produce greater Oz enhancements in the upper troposphere.

Storm mode also impacts the magnitude and depth of TST. While much of the dif-
ference among modes can be attributed to AACPs, some subtle differences still appear
when removing AACP effects. For example, MCSs exhibit increased hydration near the
tropopause and increased CO transport at higher tropopause-relative altitudes. Tracer-tracer
analysis also reveals greater mixing frequency for MCSs compared to other modes at both

low and high altitudes, which helps explain the deeper CO transport.

We also explore the impact of other environmental variables on TST. Relationships
between TST and tropopause height & storm maximum overshoot depth yield meaningful
and interesting results. We utilize two-dimensional analysis to examine both the magnitude
and depth of composition changes at various tropopause heights and overshoot depths. This
reveals that H,O and CO enhancements are greatest in low to medium tropopause environ-
ments in the first 1.5 km above the tropopause. As tropopause heights increase, hydration

near the tropopause decreases, but hydration at higher relative altitudes is less impacted. In
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contrast, CO transport decreases with altitude and becomes negligible at higher tropopause-
relative altitudes in high tropopause environments. Examining mixing versus sublima-
tion frequencies provides an explanation for this difference, revealing that the stratospheric
depth of air transport and mixing decreases as tropopause height increases, while ice sub-
limation can still occur at higher altitudes. Our analysis also illustrates a greater impact
of tropopause height on TST among AACP storms, especially AACP single cells, demon-
strating the importance of tropopause height in modulating the impact of AACPs on TST.
Meanwhile, single cells produce greater TST in lower tropopause environments, and MCSs
produce greater TST in higher tropopause environments, with multicells sharing character-

istics of both other modes.

Examining patterns of H,O and CO transport against storm overshoot depth demon-
strates that greater overshoot depth increases both the magnitude and depth of TST (via
air transport and mixing), though evidence of saturation constraints on hydration becomes
apparent at higher overshoot depth. Among MCSs, sublimation frequency is elevated over
air transport and mixing at the highest overshoot depths, despite CO observations display-
ing an increase in absolute transport and mixing, indicating that a very large amount of
sublimation must have occurred with these MCSs. These results somewhat resolve the
disagreement among prior modeling studies over whether overshoot depth significantly af-
fects the magnitude of hydration (Dauhut et al. 2018; Phoenix and Homeyer 2021), though
the hypothesis proposed for increased hydration at higher overshoot depths proposed in

(Dauhut et al. 2018) may not be the dominant mechanism outside of MCSs.

O3 perturbations reveal that entrainment of stratospheric air into the overshoot fre-
quently occurs in higher tropopause environments, particularly for discrete storms with
shallow overshooting. This entrainment is accompanied by high sublimation frequencies,
indicating that the infusion of warmer and drier air engenders rapid ice sublimation. MCSs
are the only mode that do not exhibit this entrainment in high tropopause environments,

which may explain why concentrations of H;O and CO are greater in higher tropopause
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environments for MCSs. Perhaps greater storm coverage and accompanying upward trans-
port of tropospheric air shields updrafts from this entrainment or the dynamical mecha-

nisms responsible are less likely to be induced.

Taken together, our results comparing different storm modes suggest that MCSs can
promote larger stratospheric composition change in high tropopause environments. In these
environments, where the strongest overshoots reach less deeply into the stratosphere and
transport is more saturation-limited, the more voluminous transport facilitated by MCSs
appears to outweigh the stronger transport within discrete updrafts. Conversely, discrete
cells produce greater transport only in lower to medium tropopause environments, mainly
when an AACP is present. These higher tropopause environments are located equatorward
of the subtropical jet, meaning the injected air may be more likely to circulate within the
NAMA; therefore, MCSs may have greater cumulative long-term impacts on stratospheric
composition over North America despite the capability of single-cell storms (especially
AACP-producing) to introduce extreme stratospheric perturbations in lower tropopause en-
vironments. These results add nuance to the modeling results of Bigelbach et al. (2014),
which showcased stronger transport per unit area in single cells compared to MCSs but
did not discriminate between AACP vs non-AACP storms or different tropopause environ-
ments. Perhaps their results are mainly driven by AACP storms and/or storms in lower
tropopause environments. Other sample biases may also complicate the picture. For in-
stance, our single cell population in high tropopause environments may simply involve
weaker cases than that of Bigelbach et al. (2014), on average. There were relatively few
supercells sampled during DCOTSS, and previous model simulations have suggested that
supercells have the strongest transport and the highest detrainment levels of any storm type
(Mullendore et al. 2005, 2013), so a lack of supercells could easily skew the single cell
population toward weaker transport values. Furthermore, Bigelbach et al. (2014) explic-
itly excluded weaker cases from their analysis. Perhaps supercells have the strongest and

deepest transport, followed by MCSs, while non-supercellular discrete convection exhibits
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the weakest transport. Future efforts could shed further light on our results by comparing
stratospheric composition changes resulting from supercellular versus non-supercellular
single cells and MCSs.

This study raises a number of hypotheses to explain the results apparent in the ob-
servational data; however, our ability to test the validity of these explanations is limited.
Furthermore, our comparisons among different storm types are subject to sample biases.
Future work conducting model simulations of H,O and tracer transport within various
matched storms from our dataset could help shed further light on transport characteristics
occurring under different storm and environmental conditions and delineate which results
are most robust. We also focus only on the magnitude and depth of trace gas perturba-
tions, rather than the spatial extent of these perturbations. As such, we cannot estimate
which conditions lead to greater total mass transport or STE. For instance, AACP sin-
gle cells may produce extreme enhancements in localized areas, whereas MCSs produce
weaker enhancements but likely on a much larger scale due to size of the convective sys-
tem. Model simulations could be combined with our observations to estimate total CO
and H,O fluxes from different storm types under varying environmental conditions. These
calculations could then be combined with radar- and satellite-based climatologies of over-
shooting storms in different tropopause environments to determine which types of storms
contribute most to stratospheric composition change over North America. Despite its lim-
itations, this study provides an unprecedented analysis of in situ observations, showcasing
ways in which different storm and environmental characteristics can impact the magnitude

and depth of stratospheric composition changes associated with convection.
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