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Abstract

The troposphere and stratosphere are two layers of the atmosphere with distinct com-

position and dynamics, separated by the tropopause region. Exchange between these

layers, known as stratosphere-troposphere exchange (STE) occurs often, when dy-

namical processes impact the tropopause region. STE alters the composition and

thermodynamics of the upper troposphere and lower stratosphere (UTLS), which ir-

reversibly modifies the distribution of greenhouse gases, such as water vapor (H2O)

and ozone (O3). This change in greenhouse gas distribution affects the radiation bud-

get and is therefore important for Earth’s climate. UTLS composition change occurs

through multiple STE processes at various temporal and spatial scales. Tropopause-

overshooting convection is the most rapid of such processes, as it enables irreversible

mixing between the troposphere and stratosphere through the transport of air in min-

utes to hours. Previous efforts examining the contribution of overshooting convection

to the lower stratospheric H2O budget have primarily considered the tropics, but more

frequent and deeper midlatitude overshooting convection has gained increasing atten-

tion. Midlatitude overshooting convection can result in the formation of above-anvil

cirrus plumes (AACPs) that result in extreme hydration of the stratosphere. While

tropical convection has received most prior attention with respect to stratospheric H2O,

tropical cyclones (TCs) remain understudied for their contribution to convection-driven

UTLS composition change and compared to other recognized STE processes. Given

that TCs often have long transit paths have a relatively longer lifetimes (days to weeks),

TC-driven UTLS composition change could have unique impacts on the climate system

compared to storms that are short-lived. Nonetheless, all convective phenomena pose

unique challenges towards understanding their contributions to STE given tropopause
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altitude, wind shear, tropospheric instability, and stratospheric stability in convective

environments are known to vary considerably and impact transport occurrence and/or

efficiency. This dissertation seeks to improve understanding of convection-driven STE

and concomitant UTLS composition change through isolating several of these inter-

dependencies.

The first component of this dissertation utilizes idealized simulations to improve un-

derstanding of how the lower stratospheric environment can impact cross-tropopause

transport from midlatitude overshooting convection. Previous work has primarily

focused on troposphere-to-stratosphere transport (TST) rather than stratosphere-to-

troposphere transport (STT), including for AACP-producing storms which are recog-

nized to have unique dynamics. Understanding of how transport driven by overshooting

convection and AACP properties are modified by variations in UTLS environments is

limited, especially that for the extent of STT (i.e., downward) transport. Therefore,

AACP development and UTLS transport sensitivities to lower stratosphere stability

and the UTLS wind environment are evaluated using four idealized simulations. Vary-

ing these attributes results in overshooting storms with and without AACPs, each

including a single and double tropopause. It is found that greater TST and strato-

spheric hydration occurs in storms with AACPs, while STT is greater in storms without

AACPs. This STT is facilitated by a mechanical oscillation induced by the overshoot.

AACP-producing storms have increased downward transport of stratospheric overworld

air to the lowermost stratosphere, which is enhanced within a double tropopause envi-

ronment. More expansive AACPs, deeper overshoots, and greater TST also occurs in

double tropopause environments.

The second component of this dissertation uses recent observations to examine

STE and UTLS composition change within an active AACP-producing storm. In par-

ticular, novel in situ observations from the NASA Dynamics and Chemistry of the
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Summer Stratosphere (DCOTSS) field campaign are used to examine UTLS impacts

from AACP-generating overshooting convection. The DCOTSS research flight on 31

May 2022 sampled active convection over the state of Oklahoma for more than three

hours with the NASA ER-2 high-altitude research aircraft. An AACP was bisected dur-

ing this flight, providing the first such extensive in situ sampling of this phenomenon.

The convective observations reveal pronounced changes in air mass composition and

stratospheric hydration up to altitudes 2.3 km above the tropopause and concentra-

tions more than double background levels. Unique dynamic and trace gas signatures

were found within the AACP, including enhanced vertical mixing near the AACP edge

and a positive correlation between H2O and O3. Moreover, the H2O enhancement

within the AACP was found to be limited to the saturation mixing ratio of the low

temperature overshoot and AACP air. Comparison with all remaining DCOTSS flights

demonstrates that the 31 May 2022 flight had some of the largest tropospheric tracer

and H2O perturbations in the stratosphere and within the AACP.

The third component of this dissertation examines the contributions of identified

STE processes within TCs to STE and how STE varies with important TC environ-

mental factors using simulations. Prior work examining TCs and the stratosphere has

been limited to coarse spatial resolution, specific ocean basins, or short time periods,

resulting in limited understanding of fine-scale processes impacting UTLS composition

change. Previous case studies have identified multiple STE processes within TCs, but

it remains unclear how these individual processes contribute to the total STE in TCs

and vary with common TC environmental factors. To improve upon these limitations,

three idealized simulations are executed and analyzed to provide a more thorough

understanding of the importance of STE in TCs, the role of various STE processes,

and their sensitivity to different TC environmental factors, including sea surface tem-

perature (SST) and deep-layer vertical wind shear (VWS). The simulations suggest
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substantial hydration of the lower stratosphere occurs within the TC inner core. H2O

enhancements reach greater altitudes and magnitudes with no VWS, but a greater

spatial extent beyond the inner core when VWS is included. Overshooting eyewall

convection is the dominant stratospheric hydration process, and near-tropopause cool-

ing is an important constraint for hydration. The shallower TC that develops with a

lower SST facilitates less TST than the other simulations, but similar STT. Downward

transport of stratospheric air occurs i) within the upper portion of the near-tropopause

outflow and ii) via subsidence within the eye.

The final component of this dissertation evaluates observations of TC impacts on

temperature in the UTLS and middle stratosphere. There are limited observations

within TCs and their environments over the open ocean to confirm model outcomes,

such as TC impacts on temperature structure and concomitant H2O transport in the

UTLS. Satellite-based radio occultation (RO) data offer a modern global observational

pathway for fine-scale evaluation UTLS temperatures, of which a special collection of

RO data during a Northern Hemisphere TC season, the Radio Occultation Model-

ing Experiment (ROMEX), is used to investigate UTLS temperature impacts of TCs.

ROMEX is particularly transformative as RO data from all operational public and pri-

vate satellites was made publicly available resulting in nearly 5X as much data and far

more profiles per individual TC than that otherwise available in the recent RO record

(since late 2019). Here, ROMEX profiles are extracted along TC tracks in the North

Atlantic, East Pacific, and West Pacific basins to extensively evaluate observed TC-

induced UTLS temperature change. Robust temperature anomalies are seen, including

the expected tropospheric warm core and tropopause cooling, along with at least two

higher-altitude stratospheric features revealed for the first time: cooling near 20 km

and warming near 30 km. This analysis suggests that TCs perturb the middle atmo-

sphere far deeper than previously recognized. The ubiquitous cold and warm layers in
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the low-to-middle stratosphere are found to be insensitive to most considered TC and

environmental factors, however, impacts are larger in weaker TCs. These anomalies

are similarly captured in ERA5 reanalysis data. The inferred deep stratospheric cir-

culations may have impacts on TC evolution and forecasting that are not captured in

current simulations.

This dissertation seeks to provide insight towards the importance of environmen-

tal factors on convection-driven STE in the midlatitudes and tropics. In particular,

this dissertation examines the dynamical and physical processes leading to STE in

midlatitude AACP-producing storms and their sensitivity to the lower stratospheric

environment, how individual processes contribute to STE in TCs and how they vary

by TC intensity and shear, and how TCs impact temperature in the UTLS and middle

stratosphere. Overall, this dissertation has shown that environmental factors, such

as thermodynamic and dynamic characteristics, have considerable influence on STE

driven by high-impact convective phenomena. One such characteristic is wind shear,

as it impacts STE for both AACP-producing storms and TCs. This dissertation has

also emphasized that UTLS temperature is an important constraint for transporting

H2O in convective phenomena in the midlatitudes and tropics.
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Chapter 1

Introduction

The tropopause is often viewed as a sharp boundary separating the troposphere and

stratosphere. However, the tropopause region is routinely impacted by dynamical

processes that lead to exchange between the troposphere and stratosphere, known as

stratosphere-troposphere exchange (STE). This exchange can modify the thermody-

namics and composition of a variably deep layer that is commonly referred to as the

upper troposphere and lower stratosphere (UTLS). STE-induced composition change

in the UTLS irreversibly modifies the distribution and concentration of greenhouse

gases such as water vapor (H2O) and ozone (O3), which impact radiative forcing and

climate (Holton et al., 1995; Stohl et al., 2003). For instance, the radiative forcing by

H2O in the UTLS is most sensitive to changes in the extratropical lowermost strato-

sphere (Solomon et al., 2010; Banerjee et al., 2019), while that for O3 is most sensitive

to changes in the upper troposphere (Lacis et al., 1990).

STE occurs through multiple transport processes at various spatial and temporal

scales including: the Brewer-Dobson Circulation (Brewer, 1949; Dobson and Massey,

1956; Salby and Callaghan, 2006), Rossby wave breaking and isentropic transport (Pos-

tel and Hitchman, 1999; Hitchman and Huesmann, 2007; Homeyer and Bowman, 2013),

tropical cyclones (Ray and Rosenlof, 2007; Danielsen, 1993; Baray et al., 1999), extra-

tropical cyclones and warm conveyor belts (Wernli and Bourqui, 2002; Eckhardt et al.,

2004), tropopause folds and stratospheric intrusions (Appenzeller and Davies, 1992;

Cooper et al., 2004; Browell et al., 1987), and overshooting convection (Poulida et al.,
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1996; Hanisco et al., 2007; Dessler and Sherwood, 2004). The most rapid of these

processes, tropopause-overshooting convection (hereafter “overshooting convection”),

facilitates transport of air from the lower troposphere to the UTLS in minutes to hours

and can enable irreversible mixing between these layers. The contribution to the global

lower stratosphere H2O budget from overshooting convection is currently estimated to

range from 10–15%, based on several studies using output from convection-resolving

model simulations and observations of storms with a trajectory model driven by large-

scale winds (Dauhut and Hohenegger, 2022; Dessler and Sherwood, 2004; Tinney and

Homeyer, 2021; Ueyama et al., 2023). This is likely an underestimation, as most ex-

isting efforts to quantify the lower stratosphere H2O budget only consider effects from

tropical convection. However, there has been increasing attention towards midlatitude

convection contributions to the lower stratosphere H2O budget, due to its observed

frequency and depth (Khaykin et al., 2009; Liu and Liu, 2016; Liu et al., 2020; Werner

et al., 2020).

Tropical cyclones (TCs) are another identified, but less explored, convective phe-

nomena that facilitates STE. TCs have different organization and structure than mid-

latitude overshooting convection, given that they contain a multitude of convective

elements as opposed to a singular dominant storm. UTLS composition changes result-

ing from TCs could have a unique impact on the climate system due to their relatively

long lifetime compared to shorter-lived storms (days to weeks compared to hours) and

often long transit paths.

Convective phenomena pose unique challenges towards understanding their contri-

butions to STE given their variability in intensity, organization, and other interactions

with the variety of environments they occur in. Specifically, tropospheric instability,

tropopause altitude, wind shear, and stratospheric stability are known to vary consid-

erably for both midlatitude overshooting convection and TCs which could influence the
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amount of STE associated with these storms. Therefore, improved understanding of

convection-driven STE and accompanying UTLS composition impacts requires an anal-

ysis approach that isolates some of these inter-dependencies. As such, this dissertation

addresses the impact of several key environmental factors on STE in midlatitude over-

shooting convection and TCs using simulations and observations. Detailed background

and motivation for each thematic focus is provided in the remaining sub-chapters of

this Introduction.

1.1 Midlatitude Overshooting Convection

In addition to being recognized as the most rapid STE pathway, overshooting con-

vection is also commonly associated with severe weather in the midlatitudes, as these

storms often produce hazards including hail, tornadoes, and strong winds (Fujita, 1974;

Brunner et al., 2007; Bedka, 2011; Dworak et al., 2012; Bedka et al., 2015, 2018; Mar-

ion et al., 2019; Sandmæl et al., 2019). Tropopause-overshooting convection occurs

worldwide and is most frequent over land in the midlatitudes, especially in North and

South America (Liu and Liu, 2016; Liu et al., 2020; Clapp et al., 2023; Nugent and

Bretherton, 2023). The United States, specifically the Great Plains region, has been

recognized as a unique hotspot of deep and frequent overshooting based on satellite and

radar observations (Solomon et al., 2016; Cooney et al., 2018; Homeyer and Bowman,

2021). Overshooting convection in the United States is most frequent in the warm

season (March-August), with an annual cycle that sharply peaks in late spring and

early summer along with a diurnal cycle that peaks near sunset. Approximately half

of overshooting convection in the United States reaches the stratospheric overworld

(potential temperature (θ) > 380 K; Cooney et al., 2018), where the impacts from

these events on the stratosphere can last weeks to months as this air will take longer to
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descend back to the troposphere in the midlatitudes (Holton et al., 1995). Additionally,

air that reaches the stratospheric overworld can be isentropically transported toward

the tropics where it may enter the the upward branch of the Brewer-Dobson circula-

tion, further extending its stratospheric lifetime (Chang et al., 2023). In a warming

climate, the frequency of severe thunderstorm environments favorable for overshoot-

ing convection is projected to increase (Del Genio et al., 2007; Trapp et al., 2007).

Furthermore, overshooting convection increased by over 250% across the domain of

a pseudo-global warming model simulation, with an increase in frequency of extreme

tropopause-relative heights exceeding 4 km above the tropopause (Tinney et al., 2024).

Known impacts of tropopause-overshooting convection on the UTLS are detailed in

some cases and more general in others. For example, a key storm feature commonly as-

sociated with midlatitude tropopause-overshooting convection is the above-anvil cirrus

plume (AACP). AACPs are cirrus clouds that reside above the anvil and are com-

monly identified in visible and infrared (IR) satellite imagery (Wang, 2003; Luderer

et al., 2007; Wang et al., 2016; Homeyer et al., 2017). When AACPs appear warm

relative to the underlying anvil cloud in IR imagery, this indicates stratospheric in-

jection of cloud ice and subsequent hydration via sublimation (Murillo and Homeyer,

2022). These plumes are known to be driven by gravity wave breaking near and within

the overshooting top in environments with strong storm-relative winds (the difference

between the environmental wind and storm motion) in the UTLS, which is associated

with the establishment of a hydraulic jump (Wang, 2003; Luderer et al., 2007; Wang

et al., 2016; Homeyer et al., 2017; O’Neill et al., 2021). This hydraulic jump occurs near

the tropopause and downstream of the overshooting top, where the overshooting top

acts as a topographic obstacle. These AACPs have been studied for their influence on

UTLS composition and relationship to severe weather, which have been demonstrated

to be the most extreme among all overshooting storms (Bedka et al., 2018). While our
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appreciation is increasing for the role of various storm and environmental character-

istics in overshooting and cross-tropopause transport (including whether an AACP is

produced), most prior observational work does not consider such characteristics when

evaluating the UTLS impacts associated with these storms.

UTLS composition impacts from overshooting convection have been explored broadly

via satellite observations (Randel et al., 2012; Schwartz et al., 2013; Smith et al., 2017;

Werner et al., 2020; Tinney and Homeyer, 2021) and specifically using aircraft ob-

servations of individual cases (Poulida et al., 1996; Fischer et al., 2003; Fromm and

Servranckx, 2003; Hegglin et al., 2004; Frey et al., 2015; Hanisco et al., 2007; Homeyer

et al., 2011; Anderson et al., 2012; Homeyer et al., 2014b; Pan et al., 2014; Herman

et al., 2017; Smith et al., 2017; Khaykin et al., 2022). These studies have shown that

H2O in the UTLS is enhanced through both sublimation of ice and air mass transport,

and that H2O and additional tropospheric and stratospheric trace gases are modified

up to 4 km above the tropopause. Meanwhile, STE of more passive tropospheric and

stratospheric compounds (e.g., O3 and carbon monoxide (CO)) is largely confined to

within 1–3 km above/below the tropopause altitude.

Stratospheric hydration from convection has been encountered in a few prior field

campaigns including: the SCOUT-AMMA aircraft campaign over Africa (Khaykin

et al., 2009), the Aura Validation Experiment (AVE) aircraft campaign over the United

States (Hanisco et al., 2007; Anderson et al., 2012; Smith et al., 2017), the Studies of

Emissions, Atmospheric Composition, Clouds and Climate Coupling by Regional Sur-

veys (SEAC4RS) aircraft campaign over the United States (Smith et al., 2017), and the

Deep Convective Clouds and Chemistry (DC3) field campaign over the United States

(Homeyer et al., 2014b; Pan et al., 2014). The majority of convective encounters within

these field campaigns were serendipitous rather than targeted. The SEAC4RS cam-

paign targeted convective outflow from an AACP-producing storm that occurred ∼20
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hours prior to flight, detailed in Smith et al. (2017). In situ data were used to esti-

mate that between 6.6 and 13.5 kilotonnes of H2O was irreversibly delivered to the

lower stratosphere from this convective system. Most airborne observations of over-

shooting convection and UTLS impacts are associated with recent (less than 36 hours

between overshooting and sampling) or aged convection (longer than 36 hours be-

tween overshooting and convection) rather than active convection (measurements in or

near an active convective complex with co-located cloud observations, which can range

from minutes to a few hours old), especially within the lower stratosphere. The DC3

field campaign had active convection targeting, which occurred primarily in the upper

troposphere. The GV and DC-8 aircraft used during DC3, however, did encounter

convectively injected H2O at altitudes up to 1–2 km above the tropopause near active

overshooting convection during a flight on 20 May 2012, detailed in Homeyer et al.

(2014b). H2O enhancements exceeded 200 ppmv above background concentrations in

the lower stratosphere, with evidence of extensive mixing between troposphere and

stratosphere air within this broad H2O enhancement. Additionally, an AACP was

briefly encountered within this flight, measured at a distant range from the parent

overshoot for approximately 30 seconds.

As past observations of overshoot-influenced air are limited, much of the current

understanding of the impact of overshooting convection on the UTLS and physical and

dynamical processes driving STE has been gleaned from numerical model simulations.

These simulations have shown that mass exchange across the tropopause from over-

shooting convection has a significant role in changes of the composition and chemistry

of the UTLS (Homeyer et al., 2014a). Irreversible exchange can occur through gravity

wave breaking in and near the overshooting top (as previously mentioned to be critical

for AACP formation), Kelvin-Helmholtz instabilities near cloud top, and tropopause-

level shallow continuity circulations coupled with differential advection (Pan et al.,
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2014; Homeyer et al., 2017; Phoenix et al., 2020; O’Neill et al., 2021). Additionally,

the amount of overshooting convection and cross-tropopause transport in simulations

exhibits several sensitivities to storm characteristics (e.g., mode - discrete supercell

versus mesoscale convective system or MCS) and to the characteristics of the lower

stratospheric environment, such as stability and the strength of storm-relative winds

(Mullendore et al., 2005; Bigelbach et al., 2014; Homeyer et al., 2014a; Starzec et al.,

2020). An isolated supercell tends to have a larger updraft and deeper overshooting

compared to alternative storms, while an MCS has a large number of weaker over-

shoots that can achieve greater overall transport and STE (Mullendore et al., 2005).

The lower stratosphere environment can help to constrain the depth and area of over-

shooting through differences in stability, such that environments with lower stability

(weaker temperature lapse rates) enable deeper overshooting (Homeyer et al., 2014a).

In the midlatitudes, the largest reductions in lower stratosphere stability (relative to

normal) and thus impacts on overshoot depth typically occur within double tropopause

environments, where the temperature above the primary tropopause decreases substan-

tially over a layer several kilometers deep up to the altitude of a secondary tropopause

typical of that found in the tropics (Homeyer et al., 2014a; Solomon et al., 2016).

The amount of STE from overshooting convection also appears to depend on the

height of the tropopause and, more generally, UTLS temperature (Phoenix and Home-

yer, 2021). A lower UTLS temperature is an important constraint for stratospheric

hydration, while a higher tropopause also impacts air mass transport as it is harder

to reach and allows for greater cumulative diluting effects on air within the convective

updraft that result from entrainment of environmental (free troposphere) air. Within

these known sensitivities, multiple simulations have shown that H2O enhancements

have appeared to reach higher altitudes than passive tropospheric tracers (Homeyer,

2015; Phoenix and Homeyer, 2021). Furthermore, recent numerical modeling studies
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have identified the unique influence of AACP-producing storms on UTLS composi-

tion (O’Neill et al., 2021). Many of these modeling results have yet to be verified by

observations, including H2O enhancements routinely reaching greater altitudes.

Of all impacts to UTLS composition from tropopause-overshooting convection,

troposphere-to-stratosphere transport (TST) has received the most attention in pre-

vious work (including both the upward transport of boundary layer air and strato-

spheric hydration via ice). There is comparatively limited understanding of the extent

of stratosphere-to-troposphere transport (STT) occurring within these storms and its

sensitivity to storm and environment characteristics. One known mechanism for STT

is anvil-wrapping in MCSs, where stratospheric air (high in O3) is transported down-

ward to the upper troposphere around the anvil edge (Poulida et al., 1996; Pan et al.,

2014; Phoenix et al., 2020). Apart from this mechanism, however, the extent of STT in

tropopause-overshooting convection is not well understood. AACPs are known to de-

velop due to unique dynamics (a hydraulic jump and strong storm relative winds in the

UTLS conducive to gravity wave breaking; O’Neill et al., 2021; Homeyer et al., 2017),

but it is unknown if AACP-producing storms facilitate STT differently than a non-

AACP overshooting storm. Environmental attributes in the UTLS, such as tropopause

height and temperature, have been recognized to impact transport, but their influence

on AACP-producing storms and accompanying transport is not well understood. Al-

though AACP-producing storms have been suggested to facilitate unique impacts on

the UTLS, this has not been robustly verified with observations as past observations

of overshooting convection have been sparse.

Motivated by this limited understanding and perceived outsized importance of

AACP-producing storms, idealized simulations and novel in situ airborne observations

are utilized to explore the unique impact of AACPs on two-way transport and result-

ing UTLS composition change. The simulations also explore how AACP-producing
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storm impacts are sensitive to characteristics of the lower stratospheric environment.

Specifically, this dissertation aims to address the following questions:

1. How is the UTLS composition altered near/during active overshooting convection

and AACPs?

2. What dynamical/physical processes could contribute to these changes in UTLS

composition, including whether a storm produces an AACP?

3. How is two-way STE sensitive to the dynamic and thermodynamic characteristics

of the lower stratosphere environment?

All questions are addressed at varying depth using idealized simulations in Chapter

2 and novel in situ airborne observations in Chapter 3. Work included in Chapter 2 is

published in Gordon and Homeyer (2022) and work included in Chapter 3 is published

in Gordon et al. (2024).

1.2 Tropical Cyclones

TCs are commonly recognized for their damaging hazards when they make landfall,

including severe winds, excessive rainfall, and storm surge flooding, and have an expan-

sive range of impacts on the climate system. TCs and their potential climate feedbacks

have received increasing attention over the past several decades (Walsh et al., 2019;

Knutson et al., 2019; Evans et al., 2017). One probable, but under-investigated, climate

impact of TCs is UTLS composition change facilitated by STE. A warming climate is

expected to result in an increase in TC intensity, due primarily to increasing atmo-

spheric and sea surface temperatures (SSTs; Walsh et al., 2019). As TC intensity

increases, the primary and secondary circulations of the TC accelerate and may sub-

sequently impact the distribution and significance of STE processes. The intensity of
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convective elements embedded within TC as revealed by observed radar echo strength

and echo top height are also known to increase as TC intensity increases (Hence and

Houze, 2011). More broadly, specific structural characteristics that are likely to change

include the strength of the warm core and subsidence within the eye, and the extent

of eyewall convection (Holland and Merrill, 1984; Houze, 2010).

Environmental deep-layer vertical wind shear (VWS), the vector difference between

horizontal winds at 200 and 850 hPa, has been studied for its influence on TCs using

idealized simulations and observations, such as airborne Doppler radar and dropsondes

(Reasor et al., 2013; Hence and Houze, 2011; Nguyen et al., 2019; Frank and Ritchie,

2001; Rios-Berrios et al., 2024). VWS has been recognized to weaken TC intensity and

alter TC structure by creating azimuthal asymmetries in convection (Corbosiero and

Molinari, 2002; Rios-Berrios and Torn, 2017). Namely, VWS is recognized to tilt the

vortex from its upright position (Jones, 1995) and facilitate stronger convection in the

downshear half of the TC (Corbosiero and Molinari, 2002; Reasor et al., 2013). Specif-

ically, the downshear left quadrant has been shown to have a maximum in vertical

velocity within buoyant updrafts, resulting in the most intense convection and a pre-

cipitation maximum (Corbosiero and Molinari, 2002; Nugent and Rios-Berrios, 2018).

Meanwhile, deep convection and precipitation are greatly reduced in the upshear quad-

rants (Corbosiero and Molinari, 2002; Hence and Houze, 2011). VWS is recognized as

one of the most influential external factors on TC structure (Rios-Berrios et al., 2024),

however its impacts on STE processes in TCs is unknown.

Previous studies have explored UTLS composition impacts within TCs using air-

craft (Danielsen, 1993; Baray et al., 1999; Roux et al., 2020), satellite observations

(Ray and Rosenlof, 2007; Jiang et al., 2020; Fagan and Homeyer, 2025), and model

simulations (Allison et al., 2018; Preston et al., 2019; De Bellevue et al., 2006). UTLS

composition change is sensitive to TC intensity, with stronger storms facilitating greater
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change (Fagan and Homeyer, 2025), but it is unknown how STE processes facilitating

this transport may change with varying intensities. O3 can be transported down to

the upper troposphere in the eye and near TC outflow (De Bellevue et al., 2006; Baray

et al., 1999). TCs have been shown to hydrate the upper troposphere by up to 50%

above mean H2O mixing ratios using satellite measurements from the Atlantic and Pa-

cific Ocean basins (Ray and Rosenlof, 2007). Enhanced H2O has also been observed to

reach the lower stratosphere (82 hPa) near TCs in the Indian Ocean using satellite ob-

servations (Ratnam et al., 2016). UTLS change in H2O has been shown to be sensitive

to deep layer VSW, as Fagan and Homeyer (2025) saw greater hydration downshear

(upshear) when shear was strong (weak) in global satellite observations. TCs can

also result in dehydration near the tropopause, as seen in satellite observations and

convection-resolving simulations (Jiang et al., 2020; Allison et al., 2018; Fagan and

Homeyer, 2025). This is likely due to TC-driven tropopause temperature decreases

and the layer being supersaturated with respect to ice. A portion of these ice particles

will be injected into the lower stratosphere and sublimate, which hydrates the layer

(Jiang et al., 2020). However, the typical extent of near-tropopause and stratospheric

hydration and dehydration processes in TCs is not well understood. Previous studies

have been limited to specific ocean basins or short time periods, few observations at

altitudes of interest, and coarse spatial resolution which makes it difficult to capture

fine-scale processes impacting hydration and dehydration.

Multiple STE processes within TCs identified in past case studies are shown in

Fig. 1.1, and include: i) isentropic transport and mixing of cloud and tropospheric air

from the inner TC core into the surrounding lower stratosphere (Danielsen, 1993), ii)

downward transport of stratospheric air near and below the edge of tropopause-level

TC outflow (Baray et al., 1999; De Bellevue et al., 2006), iii) two-way exchange in

and near overshooting tops (cloud tops exceeding the tropopause; Allison et al., 2018;
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Figure 1.1: Illustration of (left) top-down view of a tropical cyclone and (right) verti-
cal cross section of a tropical cyclone with known stratosphere troposphere exchange
processes. These processes include: isentropic mixing, subsidence, two exchange facil-
itated by overshooting tops, and apparent stratospheric air wrapping at outflow edge.
The tropopause is annotated in blue and near-tropopause isentrope is annotated in
red.

Preston et al., 2019), and iv) subsidence of stratospheric air within the eye of the TC

(Newell et al., 1996; Zou and Wu, 2005; Ratnam et al., 2016). Isentropic transport of

troposphere air to the stratosphere is suggested to occur due to a combination of TC-

driven UTLS temperature change (cross-tropopause “bending” of isentropes) and the

prevailing TC secondary circulation, based on in situ airborne observations from the

Stratosphere-Troposphere Exchange Project (STEP) field campaign (Danielsen, 1993).

For the downward transport of stratospheric air near tropopause-level TC outflow

process, Baray et al. (1999) suggested measurements of O3 by Airbus In-Service Aircraft

(MOZAIC) data near TC Marlene showed O3 rich stratospheric air is transported

downward around and below the tropopause-level TC outflow and into the troposphere

(Baray et al., 1999; De Bellevue et al., 2006). Specifically, measurements showed a peak

O3 concentration of 300 ppbv at 300 hPa, which exceeds typical observations in the

upper troposphere by ∼200% and suggests the presence of stratospheric air, especially

given its coincidence with low relative humidity (Baray et al., 1999).

12



Transport from overshooting convection leads to enhanced H2O and CO in the

stratosphere, based on simulated TC eyewall convection and outer rainbands (Allison

et al., 2018; Preston et al., 2019), with the greatest contributions to STE near the

eyewall (Preston et al., 2019). Preston et al. (2019) also found that overshooting

convection contributes more to H2O transport than CO (per area) using a simulation

and airborne observations of Typhoon Mireille. It has also been found that ∼15% of

overshooting convection in the tropics occurs in TCs (Jiang and Tao, 2014; Romps

and Kuang, 2009). Subsidence within the TC eye has been explored with satellite

observations in the north Indian Ocean, as enhanced O3 (+∼200 ppbv) in the upper

troposphere reached as low as 146 hPa (13–14 km; Ratnam et al., 2016).

Despite its recognized importance for STE of H2O, historically few observations

exist at fine resolution and in close proximity to a TC throughout its lifecycle over

the open ocean to enable detailed evaluation of UTLS temperature structure. Global

navigation satellite system radio occultation (RO) data offer a modern observational

approach for examining TC impacts on UTLS temperature at high vertical resolution

(<500 m). TC temperature structure is well recognized to be distinguished by a warm

core in the mid-to-upper troposphere and a narrow cold layer near the tropopause.

This cooling results in a temperature structure that resembles a double tropopause

(Biondi et al., 2015). Near-tropopause cooling in TCs has been explored using RO

measurements and shown to increase in magnitude with TC intensity and vary by ocean

basin (Rivoire et al., 2016; Biondi et al., 2013, 2015). The near-tropopause cold layer is

linked to dynamically-balanced circulations and convective ascent (Rivoire et al., 2020);

cloud radiative effects reinforce the cooling but are not the primary mechanism. An

important limitation of prior work examining UTLS temperature change in TCs is that

analyses have focused on altitudes below 20 km. However, modern RO observations

allow for robust examination of impacts to altitudes as high as 40 km.
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TCs have received comparatively less attention for their impacts on the UTLS than

other STE pathways, such as overshooting convection. Given that TCs have longer

lifetimes and are a larger system with multiple convective elements, it is important to

increase understanding of STE processes within TCs and their sensitivity to varying

environmental factors. Previous work has examined UTLS composition change from

TCs (Ray and Rosenlof, 2007; Fagan and Homeyer, 2025), but there has been limited

focus on STE mechanisms leading to this composition change. Multiple distinct STE

processes that can occur have been identified in prior case studies, but the importance

of each to STE in TCs and relationship to important TC environmental factors, such

as sea surface temperature (SST) and VWS, is unknown. Although it is common to

use convection-resolving simulations to study TCs, these are rarely used to explore

STE and transport in TCs. Prior simulations have explored TCs and transport in the

UTLS, but most are too coarse to resolve convection (10 km, e. g. Das et al. (2016))

apart from a couple based on real events (Allison et al., 2018; Preston et al., 2019).

Idealized simulations are a preferred method to increase process-level understanding of

STE in TCs and explore how STE is sensitive to varying environmental factors with

fixed complexity.

To improve upon the limitations of prior work and deepen understanding of TC

impacts on the UTLS, this dissertation utilizes idealized simulations and a special col-

lection of RO observations to increase process-level understanding of STE in TCs, TC

impacts on the UTLS, and accompanying sensitivities to TC environmental character-

istics. Specifically, this dissertation aims to address the following questions:

1. How do individual processes in TCs contribute to STE?,

2. How do intensity and deep-layer wind shear impact STE in TCs?

3. What do high-resolution observations reveal about TC impacts on UTLS tem-
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perature?

Questions 1 and 2 are addressed using idealized simulations in Chapter 4, while

question 3 is addressed using a special collection of RO observations in Chapter 5.

A majority of the work included in Chapter 4 is published in Gordon and Homeyer

(2025). Chapter 5 initially sought to validate TC UTLS temperature changes produced

in the simulations, but these high-resolution observations revealed deeper stratospheric

impacts than previous literature has reported, and thus altered its direction. The

discovery outcome of this work has led to the ongoing pursuit of its publication in

Science.
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Chapter 2

Sensitivities of Cross-Tropopause

Transport in Midlatitude

Overshooting Convection to the

Lower Stratosphere Environment

Motivated by the limited understanding of two-way STE in midlatitude overshooting

convection, this chapter analyzes both TST and STT in such storms using a suite of

idealized modeling experiments. Specifically, four idealized simulations of tropopause-

overshooting supercells are completed using the Bryan Cloud Model 1 (CM1) and vary

the thermodynamic and dynamic characteristics of the lower stratosphere environ-

ment to represent common regimes found in the midlatitudes. These characteristics

include evaluating two lower stratosphere stability environments (single versus dou-

ble tropopause) and two storm-relative stratospheric wind environments (resulting in

storms with and without AACPs). For each simulation, a set of passive tracers is

used to quantify transport within the stratosphere and troposphere, as well as the ex-

change of air between these layers. Spatially integrated time-height analyses of H2O,

the passive tracers, indicators of gravity wave breaking, and vertical motion are used

to examine the bulk changes in the UTLS in each simulation, and to guide exploration
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of potential mechanisms driving these changes.

2.1 Model Design

For idealized simulations of tropopause-overshooting supercell thunderstorms, release

20.2 of the Cloud Model 1 (CM1) is used (Bryan and Fritsch, 2000). CM1 is a non-

linear, non-hydrostatic, three dimensional, time-dependent numerical model that is

commonly used for mesoscale storm studies. Here, four unique idealized supercell sim-

ulations are designed and carried out by varying the thermodynamic and dynamic

environment of the lower stratosphere. The domain for each simulation is a 400 x 333

x 25 km grid box, with 500-m horizontal and 100-m vertical grid spacing. Parameteri-

zation choices in the model follow those employed in O’Neill et al. (2021). Convection

is initialized with a warm bubble, including a maximum potential temperature pertur-

bation of 1 K. The Morrison double-moment microphysics scheme is employed with

hail as the dense rimed ice class (Morrison et al., 2009). The Smagorinsky scheme is

used for subgrid-scale turbulence (Stevens et al., 1998). Free-slip winds are applied at

the top of the model and a free-slip ocean is applied at the surface. An upper level

sponge layer is included within the top 5 km of the grid (20-25 km). No surface model

or radiative effects are included.

Each simulation is initialized with a modified version of the conventional Weisman

and Klemp (1982) supercell environment. Profiles of initial conditions for these simu-

lations include an equivalent tropospheric environment from the ground to ∼9 km (3

km below the tropopause). Thermodynamic environments were varied above the pri-

mary tropopause inversion layer (above ∼12 km) to include a typical midlatitude single

tropopause environment for two simulations, and a double tropopause environment for

the other two simulations. The secondary tropopause altitude is 17 km. Stratospheric
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Figure 2.1: Initial conditions (profiles) of idealized simulations including (left) tem-
perature for (blue) single tropopause and (red) double tropopause environments, and
(middle) wind speed and (right) wind direction for (solid line) AACP-producing storms
and (dashed line) non-AACP storms.

winds were varied to be strong relative to storm motion in two simulations in order

to support frequent gravity wave breaking and AACP development, and weak in the

remaining two simulations to suppress frequent gravity wave breaking and discourage

AACP development (as originally found in observations and tested in Homeyer et al.

(2017)). The resulting combination of these thermodynamic and dynamic variations

within the lower stratosphere (shown in Fig. 2.1) give four idealized simulations - two

single tropopause and two double tropopause simulations, with one AACP and one

non-AACP simulation within each tropopause environment.

A set of four custom tropospheric and stratospheric passive tracers are implemented

in the CM1 simulations for cross-tropopause transport analysis. The first passive tracer

(PT1) is initialized in boundary layer air, set to 100% of the air mass at altitudes less

than 1200 m (the boundary layer top in the idealized environment). The second passive

tracer (PT2) is initialized as 100% of the air mass at all altitudes at and above the

primary tropopause (i.e., 12-25 km). The third passive tracer (PT3) is initialized as
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100% of the air mass at all altitudes above a potential temperature of 380 K (the

conventional boundary separating the lowermost and overworld stratosphere in the

midlatitudes), which occurs at an altitude of 14.2 km. The fourth tracer (PT4) is

initialized as 100% of the air mass at altitudes at and above the secondary tropopause

altitude (i.e., above 17 km). Following Homeyer et al. (2017), all simulations restrict

the initial stratospheric H2O mass mixing ratio to 5 ppm at all altitudes above the first

altitude the mixing ratio is reached near the primary tropopause. Note that this aims to

approximate the typical “background” midlatitude stratospheric H2O concentration of

5 ppmv (e.g., Tilmes et al., 2010), but given the mass-to-volume mixing ratio conversion

it is ∼8 ppmv in reality. This constant mass mixing ratio approach differs from keeping

relative humidity constant, which is common in idealized supercell simulations but leads

to spurious formation of cirrus clouds in the stratosphere.

2.2 Results

The evolution of the storm structure based on cloud top altitudes is comparable in all of

the simulations (Fig. 2.2), which is expected since the simulations have equivalent tro-

pospheric environments (the primary supporting conditions for supercell development

and evolution). The most notable differences are found from contrasting maximum

overshooting and AACP depth and anvil shape. The ACCP-producing storms have an

elongated anvil due to stronger upper level winds, while the non-AACP storms feature

a more circular anvil as a result of weaker UTLS winds (as similarly diagnosed and

discussed in Wang et al. (2016)). Evaluating differences in overshoot (cloud tops that

extend above the tropopause altitude and are associated with the strong convective up-

draft) and AACP depth reveals more expansive and deeper overshooting in the double

tropopause simulations compared to single tropopuase simulations. Overshooting ma-
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terial peaks in altitude near 80 minutes and thereafter plateaus in the AACP-producing

storm simulations. This occurs near 60 minutes in the non-AACP storm simulations.

For both AACP-producing and non-AACP storms, overshoots reach ∼0.5 km higher in

altitude in the double tropopause environment. AACPs reach up to ∼1 km higher in

altitude and cover a broader area in the double tropopause environment. AACPs reach

heights of 17-18 km with overshoots reaching 15-16 km, indicating that the height of

an AACP is not limited by its parent overshoot.

The near-surface simulated radar reflectivity of both AACP-producing and non-

AACP storm simulations demonstrates a clear supercellular evolution (Fig. 2.3). Storm

structure and evolution are similar for single and double tropopause simulations within

AACP-producing and non-AACP storms. There are some slight differences in AACP-

producing vs non-AACP storm structure primarily attributed to differences in the

UTLS wind profile, and there is a slightly more pronounced hook echo in non-AACP

storms. The more pronounced hook echo is expected to be the result of differing

UTLS winds, but it is ultimately unknown if the subtle differences are meaningful to or

indicative of the differing hazard potential of AACP producing and non-AACP storms.

At 60 minutes the storm splits, which eventually leads to a secondary tropopause-

overshooting storm by the end of the simulation (i.e., the non-super cellular storm

north of the primary storm), consistent with the occurrence of secondary convection

in cloud top altitude.

2.2.1 UTLS Hydration and Cross-Tropopause Transport

To evaluate the degree to which UTLS hydration in tropopause-overshooting convec-

tion is sensitive to the environment, the change in domain-integrated H2O mass relative

to the total initial domain-integrated H2O mass at each altitude as a function of time

is shown (Fig. 2.4). This and subsequent time-height analysis aggregates mass within
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a specified storm-centered subdomain with an area of 28,000 km2, which fully encom-

passes each simulated storm at all times. The analysis focuses on the first 120 minutes

of each simulation as secondary convection becomes more prominent beyond that time,

making it challenging to distinguish transport from the primary overshoots and AACPs

versus the secondary convection. All four idealized simulations result in enhanced H2O

in the UTLS from both air mass transport and ice injection and sublimation. Strato-

spheric hydration is greatest and extends to higher altitudes in the AACP-producing

storms, with enhancements up to 16 km (∼1.5 km higher than that in non-AACP

storms). H2O enhancements also extend 0.25-0.5 km higher within double tropopause

environments. H2O enhancement in the UTLS begins shortly after the time of initial

overshooting, is centered near an altitude of 12.5 km for all simulations, and gradually

encompasses a deeper tropopause-relative layer over time. By 120 minutes (after more

than an hour of continuous overshooting), the H2O mass increases by about 50% of the

original domain air mass over altitudes from 11-14 km for both AACP-producing and

non-AACP storm simulations, and by more than 100% in the 1-2 km layer immedi-

ately above the tropopause (i.e., more than a doubling of lower stratospheric H2O over

the domain of the storm). The mass increase and depth of elevated H2O above the

tropopause is more substantial in AACP-producing storms, while the below-tropopause

H2O mass increases slightly more in non-AACP storms. To provide clear quantitative

assessment of H2O mass change in these simulations, domain-integrated mass profiles

taken at 120 minutes (Fig. 2.8a) are included, which further reveal the aforementioned

H2O mass increases.

Boundary layer air often contains the greatest concentrations of pollutants in the

troposphere as it is adjacent to ground sources and convection is uniquely capable

of transporting boundary layer air to the UTLS in a short time period. Therefore,

assessing the vertical transport of boundary layer air in each simulation is of high
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Figure 2.4: Time-height curtains of the domain-integrated mass change in H2O relative
to the initial H2O mass at each altitude for (left) AACP-producing storms, (right) non-
AACP storms, (top) single tropopause environments, and (bottom) double tropopause
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of overshooting (that when the cloud top height first exceeds the primary tropopause
altitude of 12 km). Thick solid and long-dashed horizontal lines represent the initial
primary and secondary tropopause altitudes, respectively, while additional dotted lines
at 10 km and 14.2 km (380 K) are for visual reference only.
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importance. Thus, similar to the time-height diagnosis of H2O mass change in the

previous paragraph, the same for the passive boundary layer tracer is examined here

(Fig. 2.5; relative to the initial domain-integrated dry air mass as a function of altitude

within the analysis subdomain). Boundary layer air reaches altitudes above 14 km

in all simulations, lower than that found for H2O, which reaches ∼1-2 km higher in

altitude than the transported boundary layer air. Boundary layer transport to the

UTLS in all simulations increases shortly after the time of initial overshooting. There

are two distinct layers of enhanced delivery of boundary layer air centered at ∼10 and

∼12.5 km that emerge after 60 minutes. The increase near 10 km is more pronounced

in the non-AACP storms, while the increase found near 12.5 km is more pronounced

for the AACP-producing storms. At 120 minutes, both AACP-producing and non-

AACP storms result in a >5% increase of PT1 mass (again, relative to the total

initial dry air mass) near 14 km. Single and double tropopause environments within

AACP-producing or non-AACP storms show slight differences, with boundary layer

air reaching ∼0.25 km higher in a double tropopause environment (especially for the

AACP-producing storms). Profiles of boundary layer air mass at 120 minutes (Fig.

2.8b) again provide more quantitative understanding of the aforementioned differences

and demonstrate that very little boundary layer air reaches altitudes above 15 km (i.e.,

well into the overworld).

To estimate the total transport of stratospheric air to altitudes below the initial

tropopause level, time-height diagnosis of PT2 are included here (Fig. 2.6). Evaluating

the change of PT2 mass throughout time reveals there is more downward transport of

stratospheric air in the non-AACP storms. Substantial downward transport of strato-

spheric air begins near the time of initial overshooting for both AACP-producing and

non-AACP storms, but the amount of air mass change is far lower than that for up-

ward transport of boundary layer air largely because of the exponential decrease in
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Figure 2.5: As in Fig. 4, but for passive tracer 1 (PT1; boundary layer air) mass
change relative to the initial domain-integrated dry air mass.

dry air mass with height (and thus, more difficult task of substantial mass change from

downward transport). However, there is a sharper increase in downward transport that

extends over a deeper layer in non-AACP storms with PT2 mass increasing to ≥1% of

the initial dry air mass at altitudes as low as 11 km by 120 minutes. AACP-producing

storms feature a more gradual increase of downward transport confined mostly to al-

titudes above 11 km. At 120 minutes, PT2 is substantially transported down to 11.5

km (500 m below the initial tropopause altitude) with a ≥5% increase in mass for

both AACP-producing and non-AACP storms. Mass profiles of PT2, taken at 120

minutes (Fig. 2.8c), further demonstrate that non-AACP storms have more downward

transport of stratospheric air mass below 11 km. There are no discernible differences

in simulated PT2 mass transport between double and single tropopause environments;

this is likely attributed to the fact that the tropospheric thermodynamic environments

are equivalent.

Since overworld air contains higher concentrations of inorganic chlorine which can

become activated in sufficiently cold environments by enhanced H2O delivered by con-
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Figure 2.6: As in Fig. 2.5, but for passive tracer 2 (PT2; stratospheric air).

vection to destroy O3 (Anderson et al., 2012, 2017), it is important to assess the vertical

transport of overworld air in the UTLS in these simulations. PT3 is used to represent

the downward transport of overworld stratospheric air (that at an initial potential tem-

perature ≥ 380 K), which is examined using the same time-height diagnosis here (Fig.

2.7). Greater downward transport of overworld air to the lowermost stratosphere is

found in AACP-producing storms, but greater cross-tropopause transport (below 12

km) of overworld air is found in non-AACP storms. Increases of PT3 below the altitude

where potential temperature initially exceeds 380 K (∼14 km) begin shortly after the

time of initial overshooting for AACP-producing storms, and approximately 15 minutes

later for non-AACP storms. AACP-producing storms result in a gradual increase in

the depth of downward transport of overworld air, which is mostly confined to altitudes

above 12 km and reaches no lower than 11 km by 120 minutes. AACP-producing storms

also contain a ≥2% increase of PT3 mass at altitudes down to ∼13 km, and a ≥1%

increase down to ∼12 km. Non-AACP storms result in a substantially different char-

acter of downward transport of overworld air, with a local maximum of ∼1% increase
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Figure 2.7: As in Fig 2.5, but for passive tracer 3 (PT3; stratospheric overworld air).

between 12 and 13 km. This may indicate a narrow transport pathway for overworld

air with little mixing between 13 and 14 km in non-AACP storms. Lastly, double

tropopause environments in both AACP-producing and non-AACP storm simulations

result in more downward transport of overworld air to the lowermost stratosphere than

their respective single tropopause environments, and these differences are more promi-

nent in AACP-producing storms. Specifically, in AACP-producing storms, a double

tropopause results in ∼0.5% more downward transport of overworld air between 12

and 13 km, and in non-AACP storms results in an increase of ∼0.25% more down-

ward transport than that in single tropopause environments. Profiles of PT3 mass at

120 minutes (Fig. 2.8d) further emphasize these differences in downward transport of

overworld air between simulations, which are more prominent than most of the other

transport differences.

PT4 was used to evaluate any downward transport of air from 17 km or higher

(above the second tropopause level in the double tropopause environment). Changes

in PT4 mass transport over time were minimal at all altitudes and, as such, are not
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Figure 2.8: Domain-integrated mass profiles at the final simulation time of 120 minutes
of a) water vapor (H2O), b) passive tracer 1 (PT1; boundary layer air), c) passive tracer
2 (PT2; stratospheric air), and d) passive tracer 3 (PT3; stratospheric overworld air).
Initial domain-integrated mass profiles of H2O and dry air are given in panels a and
b-d, respectively, for reference.

shown.

2.2.2 Potential Mechanisms Impacting Transport

Examining UTLS hydration and cross-tropopause transport for AACP-producing and

non-AACP storms within single and double tropopause environments revealed sev-

eral important differences in stratospheric hydration, cross-tropopause transport, and

downward transport of overworld air to the lowermost stratosphere. To identify poten-

tial mechanisms responsible for these bulk differences, vertical cross-sections through

each storm were taken at several times throughout each simulated storm’s evolution.

Here, the analysis of potential mechanisms is restricted to show to single tropopause

simulations only, since differences in transport behavior were found to be dominated
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by AACP versus non-AACP simulations and no additional insights were gained for the

varying tropopause environments.

Since AACP development is associated with strong storm-relative stratospheric

winds that support frequent gravity wave breaking, this chapter examines wave break-

ing behavior via the vertical gradient of potential temperature (Fig. 2.9). It is expected

that the AACP-producing storm would have a deep layer of gravity wave breaking

above the tropopause (evidenced by frequently negative – i.e., unstable – potential

temperature gradients), and the non-AACP storm would have little stratospheric wave

breaking. There are indeed differences in the minimum potential temperature gradient

found in AACP-producing and non-AACP storm simulations, with a greater reduction

in stability present in AACP-producing storms at altitudes above 14 km. In particular,

after the time of initial overshooting, unstable layers are pervasive in the 14-17 km alti-

tude layer in AACP-producing storms, signifying frequent gravity wave breaking (and

irreversible mixing), which is not found in this layer in non-AACP storms (see r.h.s.

of Fig. 2.9). Thus, it is no surprise that maps and vertical cross-sections reveal the

AACP is present from 14-17 km (c.f. Figs. 2.2 & 2.11) in the simulations, coinciding

with the layer of unstable air.

While the AACPs are well-demonstrated to be driven by sustained gravity wave

breaking near the overshooting top in such storms (for which the behavior is consistent

with a hydraulic jump), examining time-height curtains of the minimum and maxi-

mum vertical velocity (Fig. 2.10) suggests that overshooting in the non-AACP storms

behaves more strongly as a mechanical oscillator. An overshooting cloud and air mass

is near its maximum vertical velocity when it reaches its level of neutral buoyancy near

the tropopause, so it overshoots the tropopause and decelerates as it becomes colder

than the environment and negatively buoyant. When vertical velocity reaches zero,

the overshooting cloud and air mass is much colder than its environment and begins
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Figure 2.9: Time-height curtains of (left) domain-minimum potential temperature gra-
dient and (right) areal extent of instability (potential temperature gradient less than
0 K km−1) for (top) AACP-producing and (bottom) non-AACP storms.

to accelerate downward until it once again crosses its level of neutral buoyancy and

undershoots the tropopause, once again becoming warmer than the environment and

positively buoyant. This process repeats itself until vertical momentum is destroyed

by mixing and additional processes, demonstrating an oscillatory behavior. The over-

shooting cloud and air mass thus have sinusoidal oscillations about the tropopause,

with amplitudes decreasing as distance from the overshoot increases. This overshoot-

driven mechanical oscillation has been a focus of prior work and is a well-recognized

source of convective gravity waves (Fovell et al., 1992; Lane et al., 2001).

The present analysis (Fig. 2.10) demonstrates that non-AACP storms have a stronger

and longer-lived mechanical oscillation than AACP-producing storms, in part due to

differences in gravity wave breaking. Namely, AACP-producing storms have more

gravity wave breaking, which destroys vertical momentum as it mixes overshoot ma-

terial into the stratosphere, thereby preventing subsequent oscillatory behavior of the

overshoot. In particular, while there is comparably strong upward motion present

in both AACP-producing and non-AACP simulations, there is substantially stronger
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downward motion in non-AACP cases spanning altitudes ±2–3 km from the initial

tropopause. The time-height curtains also reveal a periodic occurrence of vertical ve-

locity extrema in the lower stratosphere (12-14 km altitude) that represent successive

overshooting thermals (based on the 1-min output available for analysis). In AACP-

producing storms, these extrema occur every 5 minutes and begin at the time of initial

overshooting, becoming less apparent at ∼80 minutes (perhaps due to interaction with

the hydraulic jump that becomes established near this time, as evidenced by the layer

of enhanced upward motion from 14 to 17 km that is not found in the non-plume simu-

lations). Upward vertical velocity maxima are apparently more frequent in non-AACP

storms, occurring every ∼3.5 minutes. As in the AACP-producing storms, these ex-

trema begin at the time of initial overshooting and continue for the remainder of the

simulation. Downward vertical velocity extrema for non-AACP storms are stronger,

more frequent, and deeper than those in AACP-producing storms. Consistent with

a mechanical oscillation of overshoot air, downward vertical velocity extrema begin

shortly after upward vertical velocity extrema and remain out of phase throughout

the simulation. The depth of downward vertical velocity extrema is typically ∼2 km

deeper in non-AACP storms.

Vertical cross-sections of H2O and PT1-PT3 are also analyzed to help identify

mechanisms responsible for bulk transport differences found in Section 3.1. While

cross-sections were taken at 1-min intervals for simulation times spanning 60 to 120

minutes, a single time is shown in Figure 2.11 to illustrate key sustained features

identified from this analysis. Namely, vertical motion patterns near and surround-

ing the storm updraft support the inference that overshooting in each storm behaves

as a mechanical oscillator, as seen by the couplet of upward and downward motion

occurring downstream of the overshoot in each case. This oscillation is found to be co-

incident with pronounced cross-tropopause transport of air in the passive tracer fields
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Figure 2.10: As in Fig. 2.9, but for the (left) maximum and (right) minimum vertical
velocity. Dashed orange lines coincide with subjectively identified ascending (descend-
ing) maxima (minima) in vertical velocity with time.

throughout the simulation time. The oscillation is slightly stronger and ∼1 km deeper

in the non-AACP producing storms, which is likely why there is more downward cross-

tropopause transport in these storms. Additionally, the oscillation is more symmetric

in the non-AACP storms, which leads to both upstream and downstream impacts, but

the downstream oscillation remains stronger and deeper nonetheless (Fig. 2.12). The

AACP-producing storm has a comparably strong oscillation initially, which becomes

less deep after 80 minutes due to its coupling with the apparent hydraulic jump near 15

km altitude that persists throughout the remainder of each AACP storm simulation (as

diagnosed in Fig. 2.10). Likening this feature to a hydraulic jump, as argued recently

in much higher-resolution idealized simulations by O’Neill et al. (2021), is motivated by

its stability and persistence in our simulations after 80 minutes, rather than a simpler

alternative such as periodic gravity wave breaking.

Cross-sections (Fig. 2.11) of H2O demonstrate that H2O enhancements at altitudes

above 15 km in the AACP-producing storm are associated with the AACP. Little to
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Figure 2.11: Vertical cross-sections at a simulation time of 90 minutes for (left) single
tropopause AACP-producing and (right) single tropopause non-AACP storms. From
top to bottom: water vapor (H2O; in ppmv), passive tracer 1 (PT1; boundary layer
air), passive tracer 2 (PT2; stratospheric air), and passive tracer 3 (PT3; stratospheric
overworld air). Vertical velocity contours are shown in gray in each panel, with intervals
of 5 m/s (upward motion is solid and downward is dashed). Black contours in each
panel represent potential temperature at 10-K intervals (with solid contours for 380
K and above, and dashed below). The potential temperature of the environmental
tropopause (345 K) is shown in magenta in each panel. The blue arrows and blue
ellipse atop the PT1 sections identify the mechanical oscillation and hydraulic jump
features, respectively.
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no boundary layer air (PT1) reaches such high altitudes within the AACP, but the

cross sections reveal that more of this air reaches altitudes above 12 km in the AACP

storm (as found in the time-height analysis). While these cross sections show the

boundary layer air concentrations are highest in the updraft, such is true throughout

time in the simulations, implying that the increases of PT1 identified in the time-height

analysis are primarily driven by differences outside of the updraft, where air has been

irreversibly mixed into the UTLS. Additionally, the enhanced layers of boundary layer

air at ∼10 and ∼12 km are consistent with those identified in Figure 2.5. Based on

its evolution over time (not shown), the 10 km layer is likely a preferred anvil level

detrainment layer early in the storm’s evolution, which deepens faster in the AACP

simulation and is driven (in part) by the frequent gravity wave breaking that occurs.

Cross-sections of PT2 support the finding that there is more STT in non-AACP storms.

This is apparently facilitated by the stronger and deeper downward motion within

the mechanical oscillation, and the increased area of the oscillation (i.e., occurring

both upstream and downstream of the overshoot) in the non-AACP storm (Fig. 2.12).

Finally, cross-sections of PT3 reveal that greater downward transport of overworld air

to the lowermost stratosphere in AACP-producing storms occurs within the region

of the coupled hydraulic jump and mechanical oscillation, but more cross-tropopause

transport (to altitudes below 12 km) in non-AACP producing storms appears to be

the result of the deeper and stronger mechanical oscillation. Moreover, while cross-

sections reveal that the mechanical oscillation feature is an important mechanism for

facilitating STT, there is no evidence of anvil wrapping in these simulations.
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Figure 2.12: Vertical velocity at 12 km for (left) AACP-producing and (right) non-
AACP storms at 90 minutes. The black contour outlines the cloud boundary (where
the sum of ice and cloud mixing ratios is greater than 1.0E-6 kg/kg).

2.3 Summary

This chapter used four idealized simulations of tropopause-overshooting supercells to

examine how varying thermodynamic and dynamic characteristics of the lower strato-

sphere environment impacts overshooting, the development of AACPs, and cross-

tropopause transport. These varying characteristics included two common lower strato-

sphere stability environments (single versus double tropopause) and two storm-relative

stratospheric wind environments (resulting in storms with and without AACPs). In

each simulation, spatially integrated time-height analyses of H2O, passive tracers, in-

dicators of gravity wave breaking, and vertical velocity were used to examine changes

within the UTLS and the factors responsible. In agreement with previous studies,

AACP-producing storms were found to have a greater impact on the stratospheric

overworld than non-AACP storms (O’Neill et al., 2021; Homeyer et al., 2017). The

lowermost stratosphere was more hydrated by impacts from AACP-producing storms

than non-AACP storms, which differs from that found in O’Neill et al. (2021) and
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Homeyer et al. (2017). The difference in hydration of the lowermost stratosphere could

be driven by the differences in environmental wind profile used here, for which the

wind change with altitude is smoother than that used in previous studies. It was found

that using a wind profile with an abrupt decrease of ∼30 m s−1 near the tropopause

for non-AACP storms (like the 20 m s−1 decrease employed in O’Neill et al. (2021)

and Homeyer et al. (2017)) led to a domain-wide Kelvin-Hemholtz instability at the

tropopause which enhanced cross-tropopause mixing (not shown). Thus, these results

are likely more indicative of cross tropopause-transport in real-world storms since the

shape of the UTLS wind profile is more consistent with observed storm environments.

It was additionally found that more expansive AACPs, more TST, and deeper

overshoots occurred in double tropopause environments. Finally, while impacts to the

lower stratosphere were relatively limited in non-AACP storms, greater STT occurred

in those storm simulations. However, greater downward transport of overworld air

to the lowermost stratosphere was found in the AACP-producing storm simulations,

which was further enhanced in a double tropopause environment (by 0.5%). Downward

transport led to less substantial changes overall, likely reflecting constraints of the

relative mass differential for such transport (i.e., it is more difficult to have substantial

composition change from STT since a unit volume of lower stratosphere air has far less

mass than that in the upper troposphere).

Based on these differences in AACP-producing and non-AACP storms, this chap-

ter analyzed vertical cross sections for each storm throughout its evolution to identify

potential mechanisms responsible for these differences. One mechanism involved in

STE in all four simulations is the mechanical oscillation driven by the overshoot. The

oscillation was found to be deeper, stronger, and more symmetric in the non-AACP pro-

ducing storms, which is likely why there is more downward cross-tropopause transport

in these simulations. The mechanical oscillation in AACP-producing storms becomes
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coupled with the apparent hydraulic jump that is critical to AACP formation, which

appears to be responsible for the enhanced downward transport of overworld air to the

lowermost stratosphere found in those storms.
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Chapter 3

Airborne observations of upper

troposphere and lower stratosphere

composition change in active

convection producing above-anvil

cirrus plumes

The recently completed NASA Dynamics and Chemistry of the Summer Stratosphere

(DCOTSS) field campaign provides unprecedented observations of tropopause-overshooting

convection that have exceeded all prior records of stratospheric depth (Homeyer et al.,

2023). The primary goal of the DCOTSS mission was to improve understanding of the

dynamical and chemical processes that influence the composition of the extratropical

summertime stratosphere, with several core science questions including: (a) How much

tropospheric air and water is irreversibly injected into the stratosphere by convection?,

and (b) What dynamical mechanisms lead to the irreversible injection of material into

the stratosphere by convective storms? DCOTSS completed at least 18 flights sam-

pling material from overshooting convection, but it is currently uncertain how many

of these flights sampled material from AACP-producing storms (versus non-AACP
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storms). Multiple active convection flights were completed, but only one flight (on 31

May 2022) specifically targeted and repeatedly sampled an actively-generated AACP

as it was deemed safe to do so. In this chapter, in situ airborne observations of this

event are presented. The measurements obtained throughout this flight by the versatile

DCOTSS instrument payload provide unique insight into UTLS composition changes

associated with the storm. This analysis in this chapter utilizes these observations to

assess how the composition of the UTLS is altered by an AACP-producing storm and

compare these observations with results from recent modeling studies.

3.1 Data and Methods

3.1.1 DCOTSS Overview

The DCOTSS field campaign used the National Aeronautics and Space Administration

(NASA) ER-2 high-altitude research aircraft to investigate the impact of intense con-

vection on the summertime stratosphere over North America from June to August 2021

and May to July 2022. The focus was on sampling air from active, recent, and aged

overshooting events over the United States, but science flights also sampled pyrocumu-

lonimbus smoke, outflow from storms occurring over the Sierra Madre Occidental in

Mexico, and surveyed the large-scale structure of the North American Monsoon Anti-

cyclone. DCOTSS was based primarily in Salina, Kansas (38.84◦N, 97.61◦W) and the

ER-2 flew 29 science flights with research-quality data (depending on the instrument)

during the campaign: 14 in 2021 and 15 in 2022. Active convection was sampled during

three flights (31 May 2022, 08 June 2022, and 24 June 2022), with the most extensive

sampling of active convection during the 31 May 2022 flight. The 31 May 2022 flight

sampled multiple convective enhancements (both inside and outside of cloud material)
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throughout the flight, featuring a bisect and profile of an AACP. The DCOTSS instru-

ment payload consists of twelve instruments and was designed to provide myriad in situ

measurements of trace species and meteorological parameters in the UTLS necessary

to evaluate transport, mixing, and the net chemical impact of summertime convection

on the UTLS.

3.1.2 DCOTSS Observations

In this analysis the multiple select trace constituents selected are those that are useful

for diagnosing convective transport within the UTLS. These include H2O, O3, CO,

methane (CH4), total water (vapor + ice), and several additional trace species with

anthropogenic sources at the surface. Harvard Water Vapor (HWV) measures ambient

H2O mixing ratios at 1 Hz. The HWV instrument is composed of the Harvard Lyman-

α photo-fragment fluorescence instrument (LyA) and the Harvard Herriot Hygrometer

(HHH), a tunable diode laser direct absorption instrument. Only the HHH observa-

tions are used in this chapter. The measurements have an accuracy of 5-10% and a

precision better than 0.1 ppmv (Sargent et al., 2013). The Rapid OZone Experiment

(ROZE) is a cavity-enhanced ultraviolet absorption instrument that measures in situ

O3 by direct absorption, obtaining measurements at 1 Hz with a precision of 1 ppbv in

the stratosphere and an accuracy of 6% (Hannun et al., 2020). The Harvard University

Picarro Cavity Ringdown Spectrometer (HUPCRS) is a modified G-2401m Picarro gas

analyzer (Crosson, 2008) that measures CO2, CH4, and CO every ∼2.2 secs; CH4 data

are reported at 1 Hz with 0.2 ppbv uncertainty and CO data are reported at 0.1 Hz

with 3.2 ppbv uncertainty. The Water Isotopologues – Integrated Cavity-Output Spec-

trometer (WI-ICOS) measures total water (vapor + ice) and its major isotopologues

at 1 Hz. WI-ICOS uses cavity enhanced absorption, and an isokinetic inlet and heaters

are used to measure total water, which is the only measurement used in this chapter.
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WI-ICOS total water measurements have an accuracy of 0.1 ppmv and an uncertainty

of 10% (Sayres et al., 2009).

The Advanced Whole Air Sampler (AWAS) consists of 32 stainless-steel canisters

mounted in the center belly pod of the ER-2. The canisters were typically filled on-

demand to target samples from specific features during a research flight. The time

for AWAS to collect a sample varies depending on altitude, between 20-200 s (with

shorter times at lower altitudes). After each flight, canisters were analyzed using gas

chromatography with mass spectrometry, a flame ionization detector, and an electron

capture detector to determine the mixing ratio of a variety of tracers. AWAS measures

more than 20 constituents with varying lifetimes and provides valuable measurements

of short-lived and very short-lived tracers (Flocke et al., 1999; Schauffler et al., 1999).

AWAS constituents of interest for the 31 May 2022 flight include ethane, ethyne, and

propane. Ethane (C2H6) has a tropospheric lifetime of 52 days (Chelpon et al., 2021),

and is primarily sourced from crude oil and natural gas production, with additional

sources from biomass and fossil fuel burning. Propane (C3H8) is also primarily a

product of crude oil and natural gas production, with additional sources from biomass

and fossil fuel burning, and has a tropospheric lifetime of 9.4 days (Chelpon et al.,

2021). Ethyne (C2H2) has a tropospheric lifetime of 9.8 days (Chelpon et al., 2021),

and is primarily sourced from biomass and biofuel burning, but can also result from

crude oil and natural gas production.

Meteorological parameters including temperature, potential temperature, horizon-

tal winds, and vertical winds are examined to gain further insight regarding STE

processes throughout the flight. The Meteorological Measurement System (MMS) pro-

vides calibrated, high resolution measurements of ambient meteorological parameters,

including temperature, pressure, the 3-dimensional wind vector, and turbulent energy

dissipation rate (TEDR), at 20 samples per second. The MMS potential temperature
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has an accuracy of 0.5-1.5 K, temperature has an accuracy of ±0.3 K, horizontal and

vertical winds have a combined accuracy of ±1 m s−1, and the GPS altitudes have

an accuracy of 15 m (Scott et al., 1990). For contextual campaign-wide analysis, this

chapter leverages feature identifications outlined in Homeyer et al. (2023). Namely,

convective versus non-convective observations are based on manual identification of

H2O enhancements above prevailing background conditions within the stratosphere

that have been linked to overshooting convection (identified with radar and satellite

observations) via trajectory matching.

3.1.3 ERA5 Reanalysis

Version 5 of the European Centre for Medium-range Weather Forecasts (ECMWF)

reanalysis, ERA5, is used for tropopause identification within this chapter (Hersbach

et al., 2020). The ERA5 used here consists of hourly global assimilations of the atmo-

spheric state on 37 pressure levels and a 0.25◦ latitude-longitude grid. These ERA5

vertical profiles are linearly interpolated to a regular 200-m grid before the lapse-rate

tropopause (LRT) definition (World Meteorological Organization, 1957) is applied,

which allows finer localization of the tropopause than that possible on the coarse grid

and increased agreement with finer-resolution data. Resulting LRT altitudes are in-

terpolated linearly in time and space to aircraft location as well as radar and satellite

grids for analysis. ERA5 LRT altitudes calculated on the native model grid have been

demonstrated to have minimal bias with uncertainties ≤250 m (e.g., Hoffmann and

Spang, 2022). Although ERA5 output is available on the full 137 model grid, those

data yield minor refinement. Specifically, global comparison of our LRT altitudes

based on the 37-level pressure grid and the native model grid demonstrate that they

commonly agree to within ±500 m (not shown). This minimal refinement led to the

decision to use the coarser 37 pressure level data to minimize storage and computa-
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tional cost. Moreover, a tropopause altitude uncertainty of ±500 m for global model

output such as ERA5 is a long-demonstrated standard and tolerable for the analyses

and interpretations presented in this chapter.

3.1.4 Radar Observations

Gridded NEXRADWSR-88D Radar (GridRad) data version 4.2 is used for high resolu-

tion analyses of overshooting convection in the contiguous United States (Homeyer and

Bowman, 2022). GridRad merges individual NEXRAD WSR-88D data onto a com-

mon three-dimensional grid, and is available at 10-minute intervals for this chapter.

The grid has ∼0.02◦ latitude-longitude (∼2-km) resolution, with a domain spanning

24-50◦N latitude and 235-294◦E longitude. Altitude spacing of the GridRad data is 0.5-

km at altitudes below 7 km above mean sea level (AMSL) and 1-km otherwise up to 22

km AMSL. The sole variable from the GridRad volumes used for analysis in this chap-

ter is the radar reflectivity at horizontal polarization (ZH). Tropopause-overshooting

convection is identified as ZH = 15 dBz echo-top altitudes above the ERA5 LRT. Qual-

ity control metrics consistent with previous radar climatologies (Solomon et al., 2016;

Cooney et al., 2018; Homeyer and Bowman, 2021) are applied, and GridRad echo-top

altitudes are unbiased with an uncertainty of 1 km.

3.1.5 Satellite Observations

Imagery from the Geostationary Observing Earth Satellite (GOES) platform over

North America is used to enable AACP identification and to complement radar ob-

servations for analysis of the 31 May 2022 flight. Here, only GOES-16 (GOES-East)

imagery is used at 1-minute intervals over the domain of the flight. Namely, visible

(VIS; channel 2 with a central wavelength of ∼0.64 µm) and infrared (IR; channel 13
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with a central wavelength of ∼10.3 µm) satellite imagery from the GOES Advanced

Baseline Imager (ABI) are used (Schmit et al., 2017). AACPs are commonly identi-

fiable in VIS as an area with relatively smooth texture that casts a shadow on the

underlying anvil, especially at times approaching sunset when the solar inclination an-

gle is high. In IR, AACPs representing stratospheric injection of cloud material can be

identified by anomalously warm brightness temperatures compared to the storm anvil

(Murillo and Homeyer, 2022).

3.2 Results

3.2.1 Storm Characteristics and Flight Overview

The 31 May 2022 flight was designed to target active and ongoing overshooting con-

vection in western Oklahoma. On 31 May 2022, a cluster of storms formed in western

Oklahoma and the adjacent northern portion of Texas near 21:00 UTC. Overshoot-

ing convection began near 22:00 UTC on 31 May 2022 and dissipated near 6:30 UTC

on 1 June 2022, leading to ∼8.5 hours of sustained overshooting within this cluster

of storms. Overshoots reached a maximum echo-top height of 19 km at 22:00 UTC,

with persistent echo-top heights near 17-18 km for the majority of the storms’ life-

times (including the sampling timespan of the 31 May 2022 flight). Figure 3.1 shows

radar reflectivity, echo-top heights, and IR & VIS satellite imagery of the storms for

select times, including throughout the sampling time period (00:20 UTC through 02:10

UTC). Material from the overshoot and accompanying AACP in western Oklahoma

(indicated by the yellow and cyan circles in Fig. 3.1, respectively) was targeted. This

specific cell had sustained overshooting from 22:00 UTC on 31 May until it decayed

near 01:00 UTC on 1 June (3 consecutive hours of overshooting), while the AACP
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Figure 3.1: From top to bottom, GridRad radar reflectivity (ZH; panels a–c), GridRad
ZH = 15.0 dBZ tropopause-relative echo top heights (km; panels d–f), GOES-16 in-
frared imagery (panels g–i), and GOES-16 visible imagery (panels j–l) at: (left) 23:00
UTC on 31 May 2022 (takeoff), (middle) 00:20 UTC on 01 June 2022 (convective sam-
pling begins), and (right) 02:10 UTC on 01 June 2022 (start of the AACP bisects). The
latitude and longitude domain span 33.3-37.5◦N, 94.0-103.5◦W. The targeted overshoot
is annotated with a yellow circle, while the targeted AACP is annotated with a cyan
oval.

remained until at least ∼03:00 UTC on 1 June. The convectively influenced air from

the overshooting storm was advected to the east, while the storm that produced the

AACP moved eastward more slowly. As a result, the ER-2 could safely sample the

overshoot material downstream of the storm for an extended period of time. The 31

May 2022 flight was the first active convection flight of DCOTSS and the only flight

to target an AACP.

Figure 3.2 shows the entire flight track of the 31 May 2022 flight colored by altitude

and H2O measurements, with points of interest labeled. The flight began with takeoff

at 22:59 UTC on 31 May 2022 and the ER-2 ascended to an altitude of 20 km while
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Figure 3.2: ER-2 aircraft flight track for the 31 May 2022 flight shaded by (a) altitude
in km, and (b) HHH H2O in ppmv, spanning a domain of 33.0-39.5◦N, 96.0-100.5◦W.
The star symbol indicates the location of Salina, KS, the base of the DCOTSS field
campaign. The plane symbols labeled A, B, C, and D coincide with ER-2 camera
imagery shown in Fig. 3.3. Point 1 (P1) is the starting point of the racetrack sampling,
point 2 (P2) is the endpoint of the racetrack sampling, and point 3 (P3) was the
endpoint of the AACP bisect sampling.
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approaching the targeted storms in western Oklahoma, approximately 1-2 hours after

their initial overshooting. The aircraft descended to the first level leg at an altitude

of 14.5 km near point A at 00:20 UTC (Figs. 3.2 & 3.3a), and completed a series of

stacked level legs between points P1 and P2, at altitudes of 14.5, 15, 14.75, 15.5, and

16.5 km (Fig. 3.2). The AACP of the targeted storm can be seen in ER-2 camera

imagery from the level legs in Figs. 3.3a (facing forward) and 3.3b (facing right of

the aircraft, towards the west). Beginning at 02:07 UTC (∼3:10 hours of flight time),

following the radar-indicated collapse of the target cell near point P3 at approximately

01:00 UTC (seen in Fig. 3.1d, e, & f), the ER-2 was able to sample between points

P1 and P3 at an altitude of 15.75 km, bisecting the AACP. The ER-2 image midway

through the AACP bisect shows a layer of light distinguishing the AACP from the

broader anvil below (Fig. 3.3c; facing right of the aircraft). The pilot encountered

turbulence near point P3 and briefly ascended to 16.75 km before turning northeast

and returning to 15.75 km, resulting in a fortuitous vertical profile through the AACP.

Fig. 3.3d shows the AACP as the ER-2 ascends above it during the vertical profile

near P3. The camera was again facing to the right. As the ER-2 approached point

P1 following the AACP bisect, it was routed back to Salina, KS at 02:48 UTC due

to convection near the airport that could impact landing. The ER-2 ascended to an

altitude of 20 km and returned to Salina, KS at 04:07 UTC, completing the 5 hour, 8

minute flight.

3.2.2 UTLS Composition Changes

Multiple segments of convectively influenced air at different altitudes were sampled dur-

ing the 31 May 2022 flight. Figure 3.4a shows a timeseries from 00:17-02:44 UTC on 1

June of WI-ICOS total water (vapor + ice), aircraft altitude, ERA5 tropopause geopo-

tential height, and HHH H2O, with subjectively-identified convective enhancements in
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Figure 3.3: Visible imagery from the rotatable camera aboard the NASA ER-2 aircraft
taken at (a) 00:09 UTC where the camera is facing forward toward the northwest, (b)
00:34 UTC where the camera is facing right of the aircraft towards the west, (c) 02:19
UTC where the camera is facing right of the aircraft towards the northwest, and (d)
02:24 UTC on 01 June 2022 where the camera is facing to the right of the aircraft
toward the northwest. These images correspond to the plane symbols labeled A, B, C,
and D in Fig. 3.2.
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Figure 3.4: The convective sampling period (in UTC) of the DCOTSS 31 May 2022
flight shown as timeseries. All timeseries include the MMS GPS aircraft altitude (thick
black line) and illustrations of the convective sampling segments (light blue shading,
labeled 1–6 in timeseries (a)). The top timeseries (a) includes WI-ICOS total water
(gray), ERA5 LRT altitude (dashed black line), and H2O mixing ratio (blue). Points
P1, P2, and P3 from Fig. 3.2 are labeled (gray) atop timeseries (a). The middle time-
series (b) includes HUPCRS CO (red), MMS potential temperature (purple), ROZE
O3 mixing ratio (yellow), and HUPCRS CH4 (green). The lower timeseries (c) includes
AWAS ethyne (magenta), ethane (blue), propane (orange), and canister fill time (ver-
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H2O (mixing ratios that greatly exceed background at that altitude for several minutes)

shaded in blue. Background H2O mixing ratios in the lower stratosphere range from 4

to 6 ppmv during this flight. The first two H2O enhancements (convective segments 1

and 2) occur mostly below the tropopause at altitudes of 14.75 km and 15.25 km, with

H2O reaching near ∼30 ppmv. Convective segment 1 contains enhanced H2O at two

altitudes and includes the ascent between them. For both segments 1 & 2, the ER-2 is

sampling near or within the tropopause-reaching anvil cloud, as revealed by total water

exceeding H2O periodically during these segments, indicating that ice was present in

addition to vapor. Measurements where the difference between H2O and total water is

greater than the combined variability of the two measurements are indicative that the

aircraft is within cloud material. The next two convective H2O enhancements (con-

vective segments 3 and 4) are at higher, stratospheric altitudes of ∼15.75 and ∼16.25

km (0.5-1.5 km above the tropopause), with H2O reaching up to 20 ppmv (an approx-

imate quadrupling of the background mixing ratio). Enhancement 4 occurs outside

of cloud material, as seen by total water being approximately equivalent to H2O. The

final two H2O enhancements (convective segments 5 and 6) occur within the AACP

bisect while the ER-2 is broadly within cloud as total water substantially exceeds H2O.

Elevated H2O is observed within the AACP before and during the vertical profile, with

enhancements spanning 10–20 ppmv that maximize during the vertical profile.

Figure 3.4b is a time series including HUPCRS CO, MMS potential temperature,

ROZE O3, and HUPCRS CH4. Potential temperature and O3, stratospheric tracers,

follow similar trends to one another throughout the flight, and will be discussed in

greater detail in subsequent analysis. CO and CH4, tracers of tropospheric origin,

are substantially elevated above adjacent measurements within the H2O convective

enhancements 5 and 6. CO is also elevated in segments 1 and 2. These four convective

segments are when the ER-2 was within cloud, skimming the anvil (convective segments
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1 & 2) and bisecting the AACP on either side of the vertical profile (convective segments

5 & 6). The AACP feature will be highlighted further in subsequent analyses. It is

worth noting that while H2O is enhanced at the beginning of the vertical profile (near

the end of convective segment 5), tropospheric tracers are not. This leaves segments 3

and 4, when the ER-2 is sampling predominantly outside of cloud and at stratospheric

altitudes, as primarily a H2O signal. Tropospheric tracers, such as CO and CH4,

experience greatest convective enhancement within cloud material (convective segments

2, 5, and 6), especially within the AACP, and at closer proximity to the tropopause

altitude (convective segment 1). CO reaches near 90 ppbv at an altitude of 14.75 km

while the ER-2 is skimming the anvil beneath the tropopause, and is enhanced to

∼87 ppbv within the AACP bisect (∼1.2 km above the tropopause, where the typical

background mixing ratio is ∼40 ppbv). These results show that CO and CH4 reach

similar enhancement within the AACP compared to the anvil, even though the AACP

is above the tropopause and occurs at a higher altitude and potential temperature. The

maximum altitude of elevated H2O for the 31 May 2022 flight occurred out of cloud

material and was linked to the target storm at an altitude of ∼17 km (∼2 km above

the LRT) during the final ascent to return home (at ∼02:42 UTC, which is not shaded

in Fig. 3.4a), while the maximum altitude of elevated tropospheric tracers was 15.75

km (∼1.2 km above the LRT) and occurred within the AACP (convective segment 6).

The maximum altitude of enhanced H2O relative to the ERA5 tropopause was 2.3 km

and occurred out of cloud material but within the vertical profile of the AACP (near

the end of convective segment 5 in Fig. 3.4a). Thus, it is abundantly clear from these

measurements that H2O enhancements reached higher absolute and tropopause-relative

altitudes than tropospheric tracers, which is consistent with a common yet unexplained

result from previous modeling work (Homeyer, 2015; Phoenix and Homeyer, 2021,

Chapter 2). Specifically, both previous modeling work and these observational results
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indicate that elevated H2O can reach stratospheric altitudes at least 1 km higher than

enhanced passive tracers.

Since longer-lived tropospheric tracers (CO and CH4) appear to be most enhanced

within cloud material, shorter-lived tracers from AWAS samples are examined as well.

Figure 3.4c is a timeseries of AWAS ethane, ethyne, and propane. Overall, these short

lived tracers exhibit similar characteristics to the CO and CH4 measurements as they

are most enhanced when the ER-2 is within cloud material (predominantly convec-

tive segments 2, 5, and 6). In particular, ethane and propane maximize within the

AACP bisect (convective segments 5 and 6), reaching 1145 ppt and 501.4 ppt, respec-

tively. Ethyne also exhibits enhancements throughout the 31 May 2022 flight, with a

maximum of 54.6 ppt occurring within the anvil segment (convective segment 2), and

additional enhancements within the AACP peaking at 48.4 ppt (convective segments

5 and 6). Enhancements in ethyne, ethane, and propane demonstrate a clear signal for

stratospheric delivery of short-lived tropospheric trace gases from oil and natural gas

sources when sampling within cloud for the 31 May 2022 flight, with limited enhance-

ment outside of cloud material. Furthermore, nearly all tropospheric gases measured

during DCOTSS were enhanced within the AACP and anvil, including maximum values

of multiple tropospheric gases measured during the AACP (e.g., ethane and propane

shown here) rather than the anvil (e.g., ethyne, CO, and CH4). This supports the dis-

tinct impact of AACP-producing storms on UTLS composition, as suggested in prior

model simulations (Homeyer et al., 2017; O’Neill et al., 2021, Chapter 2).

Given the demonstrated unique impact of the AACP on tropospheric tracer and

H2O enhancements in the lower stratosphere, this chapter focuses on the AACP sam-

ples and vertical profile to further examine these composition changes and gain insight

into what processes could be occurring. To provide context for the detailed evaluation

of AACP sampling that follows, Fig. 3.5 illustrates how the storm was sampled by the
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Figure 3.5: An illustration of AACP sampling during the 31 May 2022 flight. Dynamic
processes which would be expected to encounter (based on prior modeling work) and
their feature-relative locations are indicated, including the decayed overshoot (gray),
the AACP (blue), mixing associated with the coupling of the hydraulic jump and
mechanical oscillation (purple), and the expected location of maximum turbulence
(red). The ER-2 is shown in black, and an outline of the flight track along the AACP
bisects is denoted in gray in the top-down view panel.

ER-2 and what dynamic features one would expect to encounter throughout the AACP

bisect based on insights from prior modeling work. The ER-2 bisected the AACP while

traveling towards the decayed overshoot where it encountered a region with increasing

turbulence, eventually resulting in a turbulence-avoidance vertical profile near the lo-

cation of the decayed overshoot. The co-location of the most turbulent area with the

overshoot is a common result in all modeling work focused on AACP-producing storms,

owing to the establishment of a hydraulic jump that leads to gravity wave breaking

and AACP formation (as outlined in the Introduction). This is also the location where

a coupling of the hydraulic jump and overshoot-driven mechanical oscillation lead to

increased vertical mixing and enhanced downward transport of overworld air to the

lowermost stratosphere (Chapter 2). Simulations show the mechanical oscillation de-

creases in magnitude as distance from the overshoot increases, further contributing to
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Figure 3.6: AACP sampling during the 31 May 2022 flight (in UTC) shown as time-
series. Both timeseries include the MMS GPS aircraft altitude (thick black line) and
potential temperature (purple line). The top timeseries (a) uniquely includes HUPCRS
CO (red), ROZE O3 mixing ratio (yellow), and HHH H2O mixing ratio (blue). The
lower timeseries (b) uniquely includes MMS measurements of the vertical wind speed
(m s−1; yellow), the log10 of the Turbulent Eddy Dissipation Rate (TEDR; red), and
the vertical-to-horizontal TKE ratio (green). The dark blue box in each timeseries
denotes the time period of the ’stratospheric signal’ near the end of the first AACP
bisect, and gray horizontal lines with arrows at each end denote times when the ER-2
is within the AACP and in the turbulence-avoidance vertical profile.
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the area near the overshoot being the most turbulent. It is through this model-informed

lens of transport and mixing processes and the known storm-relative sampling during

this flight that is used to interpret the in situ data collected during the AACP sampling.

To examine composition changes within the AACP bisect and vertical profile com-

ponents of the 31 May 2022 flight, Fig. 3.6a is a timeseries from 1:59–2:44 UTC

and includes HUPCRS CO, MMS GPS Altitude, MMS Potential Temperature, ROZE

O3, and HHH H2O. The AACP bisect begins at ∼02:07 UTC and continues until the

turbulence-avoidance vertical profile occurs from 02:23–02:28 UTC, and resumes there-

after until 2:39 UTC when the ER-2 begins to ascend to maximum altitude and return

to Salina. Tropospheric tracers, such as CO, are elevated within both passes through

the AACP, with an exception near the ends of the horizontal segments bounding the

vertical profile. Note that CO data from 02:00–02:06 UTC are missing due to a routine

in-flight calibration of the HUPCRS instrument. Potential temperature and O3 begin

to increase at 02:20 UTC, shortly before the vertical profile begins and when altitude

is constant. The increase in stratospheric tracers and decrease in tropospheric tracers

(except for H2O) at constant altitude suggests a reduction in the amount of tropo-

spheric air transport to the stratosphere (i.e., a H2O-dominant convective signature

with no or minimal impacts to other trace gases). This apparent “stratospheric signal”

at constant altitude (annotated in Fig. 3.6a) implies a change in the physical/dynamic

process leading to convectively influenced air above the tropopause. A change in con-

trolling processes is also likely present within the second AACP bisect, as potential

temperature and O3 are elevated and then decrease while at constant altitude. Note

that inspection of ERA5 output suggests there are no alternative large-scale explana-

tions for an increase in potential temperature from a pre-existing isentropic gradient

in this region. Therefore, the stratospheric signal, evident as a unique signature in

trace species concentrations distinct from those in the broader AACP feature, suggests
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different mixing processes are occurring near the end of the first AACP bisect and

the beginning of the second AACP bisect (02:28–02:33 UTC) closest to the decayed

overshoot.

To identify what processes are primarily driving the stratospheric signal (corre-

sponding with the time that substantial turbulence was encountered, resulting in the

eventual ascent of the ER-2 out of the AACP), this chapter examines the turbulent

energy dissipation rate (TEDR), turbulence kinetic energy (TKE), and vertical wind

speed measured by MMS (w; Fig. 3.6b). TEDR combines both vertical and horizontal

components of turbulent motion in one metric, and was smoothed with a 90-second

centered average to show turbulent bursts throughout the flight. Horizontal and verti-

cal TKE was calculated using MMS wind speeds after application of a high-pass filter

(removing power at time scales greater than 4 seconds to isolate turbulent motions)

followed by calculating the 20-second variance of these filtered winds. A 90-second

centered average was then applied to the horizontal and vertical TKE components be-

fore calculating the ratio (vertical:horizontal) shown in Fig. 3.6b. These time intervals

were chosen to best capture the spatial and temporal differences throughout the flight.

The absolute vertical winds are also shown to provide additional context, which were

calculated using a low pass filter (removing power at time scales less than 4 seconds,

thus emphasizing the broader scales of motion including those at the scale of gravity

waves and the hydraulic jump) and applying a 20-second average to be consistent with

the 20-second variance used for TKE calculations.

Converting displayed log10(TEDR) values to TEDR dissipation rates throughout

this portion of the flight shows an increase in turbulent motion within the stratospheric

signal prior to the vertical profile (near 10−2 W/kg at 02:23 UTC), and within the

AACP following the vertical profile (near 3.2*10−3 W/kg at 02:31 UTC). This suggests

that peak turbulence is occurring within the stratospheric signal and near the decayed
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overshoot, coinciding with the turbulence-avoidance vertical profile. This is consistent

with what is expected based on Fig. 3.5, where the most turbulent region within the

AACP is located near the overshoot. Examining the TKE ratio within these areas of

elevated TEDR provides additional insight towards the contributions of vertical and

horizontal mixing to the increasing turbulence. For the majority of the 31 May 2022

flight, horizontal TKE exceeds vertical TKE, as indicated by the TKE ratio being

consistently well below a value of 1. However, there is a rapid increase in TKE ratio

to a value near 1 shortly prior to and within the stratospheric signal during the first

(02:17–02:23 UTC) and second (02:31–02:35 UTC) AACP bisects. This suggests that

increased vertical mixing is associated with the emergence of the stratospheric signal. It

is worth noting that the TKE ratio also increases to a value near 1 (suggesting increased

vertical mixing) within elevated TEDR at a flight time of approximately 02:31 UTC.

This coincides with sampling the AACP cloud boundary following descent from the

short vertical profile, which resides within the most turbulent area of the AACP near

the decayed overshoot (as seen in Fig. 3.5dcotss). Similar trace gas changes, including

decreasing O3 with increasing H2O and CO, are seen near these vertical TKE peaks

in Fig. 3.6a. Low-pass filtered vertical wind speed (w) provides additional context

towards the contributions of vertical mixing with turbulent regions. Throughout the

majority of the sampling period shown in Fig. 3.6b, w oscillates between -0.5 and 0.5

m s−1. However, the oscillation increases in magnitude throughout the first AACP

bisect, and reaches a range of near -1 to 1 m s−1 at the onset of the stratospheric signal

(when the ER-2 is near the decayed overshoot). Similarly, w shows a strong oscillation

within the second AACP bisect following the descent from the vertical profile ranging

from -1.5 to 2 m s−1, when the ER-2 is near the decayed overshoot. A stronger

oscillation and vertical mixing near the decayed overshoot is in agreement with the

key dynamic mechanisms illustrated in Fig. 3.5, where vertical mixing associated with
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Figure 3.7: As in Fig. 3.6, but with top timeseries (a) of MMS GPS altitude (black),
MMS potential temperature (purple), ROZE O3 mixing ratio (yellow), HHH H2O mix-
ing ratio (blue), positive O3-H2O correlations (blue shading), and negative O3-H2O
correlations (pink shading). The lower timeseries (b) includes MMS GPS altitude
(black), MMS saturation mixing ratio (dark blue), MMS temperature (brown), H2O
mixing ratio (light blue), and WI-ICOS total water (gray).

the coupling of the hydraulic jump from the AACP and overshoot-induced mechanical

oscillation is strongest near the overshoot and decreases in strength as distance from

the overshoot increases. Given this close coupling between prior simulations and the

DCOTSS measurements, it is therefore believed that the stratospheric signal represents

the downward mixing of stratospheric air from higher altitudes in the vicinity of the

coupled hydraulic jump and mechanical oscillation.

Next, this chapter examines relationships between O3 and H2O during the AACP
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bisect and in the segment with the stratospheric signal where the O3 mixing ratio

increases. O3-H2O correlations for the AACP bisect and profile components of the 31

May 2022 flight are shown in Fig. 3.7a. Strong linear correlations were identified via the

Pearson correlation coefficient, which was calculated over an observation-centered time

window of ±10 seconds. A strong positive correlation is considered to be ≥ 0.5 and,

similarly, a strong negative correlation is ≤ −0.5. There are many strong negative

and positive O3-H2O correlations throughout the AACP bisect. These correlations

can change frequently as the ±10-second time window captures fine scale changes

within the dynamic environment being sampled and helps mitigate potential biases

that result from pre-existing large-scale gradients in the trace gases. Correlations are

least informative during vertical profiling since they can arise directly from the pre-

existing vertical gradients in these trace gases, especially the rapid increase in O3 with

altitude in the stratosphere. The variety of positive and negative correlations seen in

constant-altitude segments suggests that varied physical and dynamic constraints may

be important to the composition impacts and resulting correlation, with some processes

dominating over others. Generally, with overshooting convection it is expected that air

of high H2O, cloud ice, and low O3 composition will mix with stratospheric air of high

O3 and low H2O composition, resulting in a negative O3-H2O correlation (Fig. 3.8).

Therefore, it is not surprising to see the frequency of negative O3-H2O correlations

associated with STE. The occurrence and frequency of positive O3-H2O correlations

was unexpected. There are multiple positive correlations coinciding with the AACP

bisect and at the onset of stratospheric signal. To better understand the potential

factors leading to positive O3-H2O correlation, this chapter further examines multiple

tracers and meteorological variables.

Figure 3.7b shows a time series for the AACP bisect and profile components of the

31 May 2022 flight including MMS temperature, the saturation mixing ratio (SMR),
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overshoot and hypothesized process resulting in a positive O3-H2O correlation (bottom
panels).
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HHH H2O, and WI-ICOS total water (vapor + ice). During the first AACP bisect

(flight time of 02:07-02:22 UTC), temperature broadly decreases to ∼199 K, followed

by a sharp increase to∼206 K during the stratospheric signal (beginning at 02:20 UTC),

consistent with sampling a warmer stratospheric environment. Total water also drops

at the onset of the stratospheric signal from 30-40 ppmv to 10-20 ppmv, while H2O

remains elevated between 10 and 20 ppmv. Such changes in total water and H2O at this

time suggest that mixing of AACP air with the warmer stratospheric environment is

significant, which is in agreement with prior analyses and with the broad occurrences

of negative O3-H2O correlations at the beginning and end of this time segment. In

contrast, when the temperature is low throughout the remainder of the first AACP

bisect, H2O is nearly equal to the SMR, demonstrating that the air is saturated and

H2O within the convectively lofted air is constrained to the SMR. Notably, the O3-

H2O correlations observed during this saturation-limited period of sampling are almost

entirely positive. When the temperature increases at the onset of the stratospheric

signal, the SMR exceeds H2O and the air becomes subsaturated while the O3-H2O

correlation sign flips to negative. When the temperature rapidly decreases following

the vertical profile and near the start of the second AACP bisect, total water rapidly

increases to values exceeding H2O and the AACP air is once again saturated. Similar

patterns in the O3-H2O correlations are also observed within the second AACP bisect.

Given these relationships, a plausible explanation for the occurrence of positive O3-

H2O correlations is that H2O within the overshoot and AACP air is saturation-limited

due to the low temperature within the overshoot. In the absence of a saturation-

limited condition at low temperatures, there is significantly more H2O in the overshoot

than the stratospheric environment. However, with these particular overshoots, the

temperature decreases to a point where the SMR is less than the maximum possible

H2O concentration in the environmental stratospheric air, resulting in less water in
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the vapor phase and more in the ice phase within the overshoot. To account for

this H2O imbalance, the cloud ice along the periphery could preferentially sublimate

into the warm stratospheric environment (rather than remaining in the overshoot),

while subsequent mixing between this hydrated stratosphere air and the relatively dry

overshoot leads to a positive O3-H2O correlation, as illustrated in Figure 3.8.

While the preceding analyses have been focused on understanding the dynamic

and physical processes constraining stratospheric hydration and STE, one question

that remains is whether the 31 May 2022 AACP observations differ from the typical

range of lower stratosphere composition impacts from overshooting convection (AACP-

producing or otherwise). Therefore, to assess the uniqueness of these active convection

observations, measurements of H2O and CO from the 31 May 2022 flight are compared

to samples of overshooting convection from all other DCOTSS research flights. Figure

3.9 shows the density of convective observations as a function of trace gas concen-

tration and ERA5 LRT-relative altitude, with the convective observations (red) and

AACP observations (yellow) from the 31 May 2022 flight overlaid. For additional con-

text, the density of background (i.e., non-convective) observations from all DCOTSS

flights except for the 31 May 2022 flight are shown in additional panels. Background

DCOTSS observations of CO range from 28-70 ppbv near the tropopause and 10-

50 ppbv throughout much of the stratosphere. Convective samples from remaining

DCOTSS flights span approximately 40-95 ppbv near the tropopause and 20-60 ppbv

throughout much of the lower stratosphere (up to ∼3 km above the tropopause). Most

of the enhanced CO (>40 ppbv) in convective samples at an LRT-relative altitude of 2-3

km originate from the 08 June 2022 and 10 June 2022 flights that targeted recent/ac-

tive convection (not shown). Measurements from the 31 May 2022 active convection

flight show an above-average mixing ratio of CO in overshoot material, and exceptional

values within the AACP at a LRT-relative altitude of 0.5-1.2 km. The majority of H2O
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Figure 3.9: Density of CO (left) and H2O (right) in LRT-relative altitude of convective
segments (blue; a and b) and background segments (gray; c and d) from all DCOTSS
2021 and 2022 flights except for the 31 May 2022 flight. Convective sampling from 31
May 2022 flight (red) and AACP sampling from 31 May 2022 flight (yellow) are shown
atop the respective convective sampling densities. Density is determined using a 10.0
ppbv x 0.5 km bin resolution for CO and a 1.0 ppmv x 0.5 km bin resolution for H2O.
For the 31 May 2022 convective samples, every 5th H2O measurement is shown to be
more consistent with the frequency of CO, which results in no loss of qualitative detail.
Measurements obtained when skimming the anvil near the tropopause and during the
vertical profile are annotated.
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convective sampling for all DCOTSS flights ranges from 3-15 ppmv, while the density of

background observations is 3-5 ppmv throughout much of the stratosphere, especially

at LRT-relative altitudes >1 km. The 31 May 2022 active convection flight sampling

of H2O is largely consistent with convective measurements from other DCOTSS flights,

with greater extremes than those commonly measured at altitudes near the tropopause

and >1.5 km above the tropopause. The most prominent example of exceptional H2O

observed during the 31 May 2022 flight is near a LRT-relative altitude of ∼2.1 km

where H2O reaches ∼23 ppmv. This H2O enhancement occurs within the vertical pro-

file as the ER-2 emerged from the first AACP bisect and stratospheric signal, which

was primarily a H2O convective signal (as tropospheric tracers were not strongly en-

hanced). H2O sampled within the AACP bisects is near or slightly above the typical

range of H2O mixing ratios for all DCOTSS convective sampling at the LRT-relative

altitudes spanned by the AACP. As demonstrated in Fig. 3.8, H2O concentrations in

the AACP are limited by the SMR set by the low temperatures in the AACP air,

making these enhancements less exceptional than those seen with CO compared to

remaining DCOTSS flights.

3.3 Summary

This chapter analyzes observations from the DCOTSS 31 May 2022 flight obtained

within convective outflow and an actively-generated AACP from a storm over Ok-

lahoma. UTLS composition changes from the storm are evaluated and discussed in

comparison with results from recent model simulations. Multiple segments of convec-

tively influenced air with pronounced changes in stratospheric hydration and air mass

composition were sampled throughout the flight. Consistent with previous modeling

studies, observations showed that H2O enhancements reached higher altitudes than
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passive tropospheric tracer enhancements (Figs. 3.4 & 3.6a). Convective enhance-

ments of short-lived tracers including CO, ethyne, ethane, and propane were found to

be most enhanced when sampling within cloud material, specifically when bisecting the

storm anvil and AACP (Figs. 3.4 & 3.6a). This suggests that AACP-producing storms

have a unique impact on UTLS composition, especially with respect to TST of tropo-

spheric air. In addition to enhanced tropospheric tracers within the AACP, there was

an apparent “stratospheric signal” at constant altitude near the end of the first AACP

bisect and beginning of the second AACP bisect, where O3 and potential temperature

increased while CO, CH4 and total water decreased and H2O remained elevated (or

vice versa). This stratospheric signal seems to be associated with enhanced vertical

mixing, based on both composition changes and turbulence analyses (Fig. 3.6b). Ob-

servations of vertical mixing and downward transport of deeper stratospheric air near

the AACP edge (in close proximity to the once-active overshooting top) supports the

novel finding in recent modeling work (Chapter 2). O3-H2O correlations were exam-

ined throughout the flight, and multiple fine-scale positive and negative correlations

were observed. There are notable positive O3-H2O correlations throughout the AACP

bisects that appear to be the result of preferential sublimation of cloud ice into the

warm stratospheric environment and subsequent mixing between overshoot/AACP and

hydrated stratosphere air (illustrated in Fig. 3.8). Tropospheric tracer enhancements

including CO and H2O observed from the 31 May 2022 flight are unique compared to

remaining DCOTSS flights. While H2O enhancements observed during the AACP bi-

sect were not extraordinary in comparison to remaining observations during the flight

due to the aforementioned saturation-limited condition, CO measurements within the

AACP are exceptional when compared to remaining DCOTSS observations (Fig. 3.9).

These comparisons support the perceived impactful nature of AACPs on air mass

composition within the UTLS inferred from model simulations, in addition to their
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increasingly-appreciated impact on stratospheric hydration.
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Chapter 4

Examining

Stratosphere-Troposphere

Exchange in Idealized Simulations

of Tropical Cyclones

Previous studies exploring STE in TCs have revealed contributing processes, however

there is limited understanding regarding which STE processes are most influential on

overall STE and how much total STE occurs in a TC. One contributing factor towards

this limited knowledge is that previously identified processes were studied or revealed

predominantly in case studies and have not been comprehensively or complementarily

tested from modeling systems or multiple observational platforms, of which the for-

mer will be addressed in this chapter. It also remains unknown how TC intensity and

environmental deep-layer VWS impacts the amount and role of STE processes. Mo-

tivated by these limitations, this chapter seeks greater understanding of the influence

of various STE processes within TCs and their impact on UTLS composition change.

Three idealized simulations of tropical cyclones are carried out using the 3-D TC setup

of the Bryan Cloud Model 1 (CM1) to address these questions. A suite of customized

passive tracers and H2O are used to quantify transport between the stratosphere and
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troposphere. The first two questions are addressed using a simulation with maximum

SST and no deep-layer VWS (TCnoshear), the analysis of which is published in Gordon

and Homeyer (2025). The third question is addressed using a simulation with reduced

SST (TClowSST ) and a simulation including moderate deep-layer VWS (TCshear).

4.1 Model Setup and Design

4.1.1 Model Configuration

Release 21.0 of the Cloud Model 1 (CM1) is used in this chapter (Bryan and Fritsch,

2002). CM1 is a three dimensional, non-linear, non-hydrostatic, time-dependent nu-

merical model that is commonly used for convective studies. Here, three idealized TC

simulations using the CM1 3D TC set-up are designed and carried out, which by de-

fault includes a modified Rankine vortex on an f plane. No background wind speed is

included in the initial conditions for the first simulation (TCnoshear), which has a base

SST of 29◦C and serves as the “control” simulation. The second simulation has no

background wind speed and a base SST of 27◦C, to generate a weaker “steady-state”

TC. The third simulation, as in TCnoshear, has a base SST of 29◦C, but incorporates

moderate deep-layer (850–200 hPa) westerly VWS (TCshear), which is gradually intro-

duced during the first 12 hours of integration and reaches a maximum magnitude of 6

m s−1 thereafter (Rios-Berrios et al., 2018).

A reference latitude of 20◦N is used for all three simulations, which corresponds to a

domain-wide Coriolis parameter (f) of 0.00005 s−1. The horizontal grid spacing is 2 km

within 1000 km of the domain center, beyond which the grid stretches incrementally

from 2 km to 60 km at the outermost extent of the domain. The total size of the do-

main is 10,052 km × 10,052 km. Open lateral boundary conditions are employed. The
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vertical grid spacing stretches from 20 m at the surface to 200 m by an altitude of 5060

m, above which the vertical grid spacing remains constant at 200 m up to the model top

of 25060 m. The horizontal grid tracks with the TC center over time, ensuring that the

TC core remains at grid center. The model is initialized using the (Dunion, 2011) moist

tropical temperature profile with adjustments to stratospheric H2O mixing ratio to be

uniformly low (4–4.5 ppmv) at all altitudes above the tropopause and thus more com-

parable to observed background concentrations (e.g., Tilmes et al., 2010). The Yonsei

University (YSU) planetary boundary layer parametrization (Hong et al., 2006) is em-

ployed. Additional parametrization schemes employed in the model include Morrison

double-moment microphysics (Morrison et al., 2009) and horizontal Smagorinsky tur-

bulence (Bryan and Rotunno, 2009). No radiative effects are included, as the domain

size is too large for idealized implementation.

4.1.2 Passive Tracer Design

A set of custom passive tracers in the CM1 simulations is implemented that includes

tropospheric, stratospheric, and convective tracers, which are used in combination

with H2O to evaluate cross-tropopause transport. A boundary layer tracer (PTbl) is

initialized as 100% of the air mass at altitudes less than 1000 m (the approximate top

of the boundary layer in the idealized environment). The stratospheric passive tracer

(PTstrat) is set to 100% at altitudes above the initial tropopause height of 16.6 km. The

initial tropopause was calculated using the lapse-rate tropopause (LRT; World Meteo-

rological Organization, 1957) and potential temperature gradient tropopause (PTGT;

Tinney et al., 2022) definitions. The LRT and PTGT tropopause definitions were

evaluated throughout the simulation and both yielded similar results but, due to the

complex changes within convection, neither produce reliable definitions of the tran-

sition between the troposphere and stratosphere beyond initialization. Therefore, an
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Figure 4.1: Maximum azimuth-averaged 10-m horizontal wind speed within 500 km
of TC center throughout the model run time of 192 hours for all simulations, with
hurricane categories 1-5 shaded and annotated based on the Saffir-Simpson Hurricane
Wind Scale.

isentrope of 383 K is used to approximately represent the tropopause altitude, which

remains broadly coincident with trustworthy LRT and PTGT definitions throughout

the simulation. The convective passive tracer (PTconv) is designed specifically to track

convectively-influenced air over time. This tracer is initialized as 0 everywhere and

re-initialized as 100% at each model time step in volumes where vertical wind speed

is greater than or equal to 2 m s−1 and cloud is present (sum of cloud droplet and ice

mixing ratios is greater than 1.0×10−6 kg kg−1), following similar implementation in

the Weather Research and Forecasting (WRF) model by Phoenix and Homeyer (2021).

4.2 Results

The TC simulations are run for 8 days (192 hours) and reach a peak intensity consistent

with a Category 5 hurricane (TCnoshear) or a Category 4 hurricane (TClowSST and

TCshear), based on the Saffir-Simpson Hurricane Wind Scale. The evolution of the
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maximum 10-meter azimuthally averaged horizontal wind of the TC simulations are

shown in Fig. 4.1.

To explore bulk composition change for each simulation, average profiles of H2O,

PTbl, and PTstrat within the inner TC (≤300 km), outer TC (300–1000 km), and total

TC (0-1000 km) at the end of each simulation (hour 192) are shown in Fig. 4.2. Strato-

spheric hydration is greatest overall in TCnoshear, followed by TCshear and TClowSST ,

respectively (Fig. 4.2a,b,c). Within the TC, stratospheric hydration is greatest within

the inner core. Similarly, TST of boundary layer air is greatest in TCnoshear, followed

by TCshear and TClowSST (Fig. 4.2d,e,f). Although TCshear and TClowSST have less

transport to the stratosphere, TClowSST has the greatest transport to the upper tropo-

sphere at the maximum outflow altitude. Overall, the inner and outer TC have similar

contributions to TST of boundary layer air. Focusing on the stratospheric tracer re-

veals that STT overall (Fig. 4.2g) and in the TC inner core (Fig. 4.2i) is greatest in

TCshear, while the outer TC has the most STT in TCshear and TClowSST depending on

altitude (Fig. 4.2h). However, overall differences between the simulations for STT are

slight. This analysis suggests that STE processes contributing to stratospheric hydra-

tion and TST may be more influenced by changes in intensity and VWS than those

affecting STT.

As previously discussed, overshooting tops are a known process by which STE oc-

curs, within and outside of TCs. Thus, the frequency of overshooting tops is examined

throughout our TC simulations (Fig. 4.3). To explore overshoot frequency within the

TC, pronounced overshoots (cloud tops reaching or exceeding an altitude of 17.56 km

- approximately 1 km above the initial tropopause) are counted within each grid box.

The resulting spatial distribution of overshoots (Fig. 4.3a) in TCnoshear shows that they

are most frequent in the inner TC (within 150 km of TC center), where the southern

half experiences the greatest amount of overshoots. This suggests that overshoots pri-
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Figure 4.2: Average profiles of (top-to-bottom) H2O, boundary layer passive tracer:
PTbl, and stratospheric passive tracer: PTstrat from (left-to-right) 0-300 km, 300-1000
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by the dashed black line, initial model profiles are shown by the thick gray line, and
remaining colored lines represent end-of-simulation averages for TCnoshear (yellow),
TCshear (orange), and TClowSST (blue).
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marily occur within intense eyewall convection in the simulation. Timeseries of the

total number of overshoots within the domain and within 150 km of TC center are also

examined (Fig. 4.3b). Overshoot frequency sharply increases starting near hour 90

of the simulation, when TCnoshear reaches major hurricane status. The inner portion

of the TC contains nearly all overshoots throughout the simulation, until the plateau

stage beyond hour 160 (when the TC is a category 5), where overshoots are also found

in the outer portion of the TC and generally decrease in frequency thereafter. It is not

known whether the large variability in overshoot count (especially in the latter stages of

the TCnoshear simulation) is a reasonable depiction of a real TC, as prior observational

work has not evaluated time evolution of overshooting in such detail.

Overshoot frequency is also examined in the TCshear and TClowSST simulations.

In TCshear, overshoots are most common in the inner TC core (Fig. 4.3c), similar to

TCnoshear. Specifically, overshoots are most frequent in the downshear left (northeast)

quadrant. This TC-relative shift maxima in the TCshear simulation is expected, as

prior work has shown that convection in hurricanes exposed to deep-layer VWS matures

downshear (Corbosiero and Molinari, 2002; Nugent and Rios-Berrios, 2018). Overshoot

frequency sharply increases as the simulated TCs intensify. Accordingly, periods of

rapid intensification (RI) for each simulation were identified and compared to overshoot

frequency throughout time (Fig. 4.3b,d,f). For TCshear, the number of overshoots

peaks during RI, and then decreases when the TC is at its maximum intensity and

approximately steady-state. This suggests that RI is important for overshoots in the

TCshear simulation. Meanwhile, overshooting in TCnoshear appears to be less related to

RI, as peak overshoots occur once major hurricane status is attained, and beyond.
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Figure 4.3: Overshoot count (cloud tops reaching or exceeding 17.56 km) (left) spatial
distribution, and (right) timeseries for the total TC domain (solid line) and inner 150
km from TC center (dashed line) for TCnoshear (a,b), TCshear (c,d), and TClowSST (e,f).
The inner 150 km of the TC is indicated by the cyan circle (a,c,e).
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4.2.1 Processes Contributing to Exchange in Tropical Cyclones

The evolution of TC structure, TST (at an altitude of 17.56 km; ∼1 km above

tropopause), and STT (at an altitude of 15.56 km; ∼1 km below tropopause) in

TCnoshear are examined with H2O, PTbl, PTstrat, and PTconv in Fig. 4.4. Above the

tropopause, several overshoots are seen with enhanced H2O (Fig. 4.4a,e,i), PTbl (Fig.

4.4b,f,j), and PTconv (Fig. 4.4d,h,l) at each hour, suggesting that overshoots are con-

tributing to TST within TCnoshear. The area of enhanced H2O at 17.56 km is confined

to the TC core and reaches approximately 18 ppmv (>3× background). PTbl is less

enhanced - maximizing at approximately 10% near overshoots and covering a greater

area from TC center compared to H2O (Figs. 4.4i and j). The increasing potential

temperature of the maximum PTbl enhancement over time suggests that the TC out-

flow altitude steadily increases. The evolution of PTconv (Figs. 4.4d,h,l) shows similar

character to H2O at earlier times and to PTbl at later times, well exceeding the spatial

extent of H2O enhancement.

In contrast, the evolution of TCnoshear structure and cross tropopause transport

of PTstrat ∼1 km below the tropopause shows that stratospheric air is transported

downwards throughout the TC outflow, maximally (up to 10% enhancement) just

outside of the TC core and within the eye and expanding radially outward over time

(Fig. 4.4c,g,k). Subsidence within the eye is evidenced by extreme PTstrat values within

a narrow distance from TC center (∼50 km) at all times. As the TC intensifies (Fig.

4.4c and g), there appears to be locally enhanced stratospheric air up to 4% near

the TC outflow edge and overall downward transport extending to distances ∼1000

km from TC center. This suggests multiple processes are contributing to STT in for

TCnoshear, including overshoots and subsidence within the eye, which will be discussed

in greater detail in subsequent analysis.
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Figure 4.4: Constant-altitude TC-centered plots of TCnoshear of (left-to-right) H2O
at 17.56 km, boundary layer passive tracer (PTbl) at 17.56 km, stratospheric passive
tracer (PTstrat) at 15.56 km, and convective passive tracer (PTconv) at 17.56 km for
(top-to-bottom) hours 83, 126, and 152 of simulation time. The black contour outlines
the cloud boundary (sum of cloud and ice mixing ratios is greater than 1.0×10−6 kg
kg−1).
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4.2.1.1 Troposphere-to-Stratosphere Transport

To determine the extent and evolution of UTLS hydration in TCnoshear, varied exam-

ination of H2O in space and time is provided (Fig. 4.5). A space-time diagram (Fig.

4.5a) shows that H2O enhancements at 17.50 km (approximately 1 km above the initial

tropopause) emerge early and become more prominent when the TC can be classified

as a major hurricane. The spatial extent of H2O enhancement exceeding 6 ppmv re-

mains ≤220 km from TC center throughout the simulation, with the strongest H2O

enhancements located ≤100 km from TC center, especially after hour 120. Periodic

fluctuations in the spatial extent of H2O and magnitude of H2O enhancement are seen

about every 12 hours during TC intensification periods as a major hurricane, which

is likely a result of convective development cycles within the TC. The extreme H2O

enhancements become further confined to ∼50 km from TC center near and following

when the TC intensity begins to plateau. The H2O curtains in Figs. 4.5b-d show H2O

enhancement up to 17 ppmv at an altitude of 18 km. By hour 106, the H2O enhance-

ment begins to reach altitudes higher than 18 km and distances 50-150 km from TC

center, and the shape of the stratospheric H2O enhancement resembles a “bottleneck”

with enhancement confined to smaller distances from TC center near the tropopause.

A seemingly drier layer emerges between 15 and 16 km by the end of the simulation.

Vertical cross-sections through TC center in TCnoshear demonstrate that overshoot-

ing convection contributes substantially to stratospheric enhancements in H2O, as Figs.

4.6a and b show coincident overshooting tops and H2O extremes as high as ∼20 ppmv

extending to altitudes near 19 km. Weaker overshoots are seen at later times (Figs.

4.6c and d). This analysis suggests that overshoots in eyewall convection are a dom-

inant stratospheric hydration process within TCs. Figure 4.6 also reveals prevalent

gravity waves near/within the overshoots that likely contribute to STE, as indicated
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respectively. Storm averaging occurs in 4-km radial bins over all 360 degrees of the
TC.
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Figure 4.6: Vertical cross-sections of water vapor (H2O; ppmv) in TCnoshear at hour 106
(a), 115 (b), 144 (c) and 167 (d). Potential temperature contours are shown in black
in each panel in 10 K intervals (with solid contours for 380 K and above, and dashed
below). The orange contour shown in each panel is the potential temperature of the
environmental tropopause (383 K).The cross-section is taken through the meridional
center of the TC, going from west to east.

by the altitude variability of stratospheric isentropes near TC center in for TCnoshear.

In all times shown in Fig. 4.6, the enhanced H2O remains near the inner TC, as seen

previously in the space-time diagrams. The previously-diagnosed less-hydrated 15-16

km altitude layer becomes increasingly evident throughout the simulation, spanning

distances of ∼100–300 km from TC center. Due to the lack of enhanced H2O present

within the cloud boundary and near cloud top, there is likely a high concentration of ice

present there. These less hydrated portions of the TC agree with previous work, where

the upper troposphere and tropopause become dehydrated compared to its surrounding

environment (Jiang et al., 2020; Allison et al., 2018).

To consider physical constraints on the limited spatial extent and bottleneck shape
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of enhanced H2O along with the drier layer that emerges within the TC outflow in

TCnoshear, temperature anomalies throughout the TC simulation are explored (Fig.

4.7). Temperature anomalies are calculated as the difference between the temperature

at each simulation time and the initial temperature at each altitude. A space-time

diagram (Fig. 4.7a) of temperature anomalies at 17.00 km (∼0.5 km above tropopause)

shows that the inner ∼50 km of the TC exhibits increasingly positive values, which is

expected due to its warm core. Beyond 50 km, temperatures at 17 km decrease with

time. Looking at temperature anomaly structure with altitude (Figs. 4.7b-d), a cool

layer exists early near 16 km altitude, becomes more pronounced over time, and rises

to a central altitude of ∼17 km. This layer coincides with the dry layer occurring near

cloud top across the TC outflow seen in Figs. 4.5 and 4.6 and is coincident with the

narrow TC-relative element of the stratospheric bottleneck feature. At later times, a

secondary, weaker cool layer emerges near 19-20 km altitude and a third weak cool

layer emerges near 15-16 km. This third layer coincides with the dry layer seen in

Figs. 4.5 and 4.6 and is seemingly connected with the convective outflow of the TC,

specifically its deepening and intensification with time.

Temperature profiles 50 km, 100 km, and 200 km from TC center similarly reveal the

emergence of the three cold layers in (Fig. 4.8). By the end of the TCnoshear simulation

(Fig. 4.8d), all 3 cold layers are distinguishable. The structure of these temperature

profiles is similar to those seen with RO data in TCs (Rivoire et al., 2016; Biondi et al.,

2015, 2013). The cold anomalies seen in Figs. 4.7 and 4.8 suggest a saturation-limited

environment, where the low temperatures restrict the amount of H2O that can exist in

air at equilibrium. This environment effectively acts as a “cold trap” and would prevent

H2O from being transported to the stratosphere at greater distances from TC center,

thus reinforcing spatially-confined H2O enhancements throughout the TC simulation.

This characteristic also provides a possible explanation for the bottleneck H2O shape
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Figure 4.7: As in Figure 4.5, but for temperature anomalies in TCnoshear.

seen in Fig. 4.5 and the differences in spatial extent of H2O and PTbl seen in Fig. 4.4.

As no radiation effects are included in the TC simulation, these temperature anomalies

must arise due to TC dynamics, such as adiabatic cooling from convective ascent, rather

than TC cloud-top cooling by radiation. The contribution to cooling from convective

ascent supports similar arguments in previous work that cloud-top radiative effects are

unable to account for such rapidly introduced low temperatures near the tropopause.

To understand why convective air within the TC in TCnoshear is not as spatially

limited as H2O, vertical cross-sections of convectively influenced air (PTconv; Fig. 4.9)

and its spatial extent at an altitude of 17.56 km (Figs. 4.4d,h,l) are examined. The

cross sections show that convectively influenced air exists within and in proximity to

overshoots near the TC core, similar to that seen for H2O (Fig. 4.6). However, while

stratospheric H2O enhancements are largely confined to the inner 220 km of the TC

(Fig. 4.4a, e, i), convective air reaches 20% near 300 km from TC center at altitudes
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Figure 4.9: As in Fig. 4.6, but for the percentage of convective passive tracer (PTconv)
in TCnoshear.

up to 1 km above tropopause (Fig. 4.4d, h, l). These differences in the spatial extent

of PTconv and H2O reinforce that the limited spatial extent of H2O in the stratosphere

is due to a saturation-limited environment, rather than a lack of convective influence.

Figure 4.10 includes a space-time diagram of boundary layer air (PTbl) at an altitude

of 17 km (∼0.5 km above the initial tropopause; Fig. 4.10a) and radius-altitude curtains

at several times (Figs. 4.10b-d) in TCnoshear. There seems to be minimal TST until

the TC develops into a major hurricane, where PTbl enhancement reaches ∼10% at 17

km and further increases in magnitude and spatial extent during the remainder of the

simulation. PTbl experiences the greatest enhancement in magnitude and depth near

the TC core, and the maximum outflow altitude increases in an absolute sense about

1 km over time. The maximum altitude of PTbl enhancement overall reaches about 18

km (≥1% enhancement), which is a lower maximum altitude than H2O. This indicates
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Figure 4.10: As in Figure 4.5, but for the percentage of boundary layer passive tracer
(PTbl) in TCnoshear.

that H2O reaches higher altitudes than boundary layer air as seen in Fig. 4.14, which

has been similarly found in simulations of mid-latitude convection (Homeyer, 2015;

Phoenix and Homeyer, 2021; Gordon and Homeyer, 2022) and is likely due to the fact

that H2O can be transported both through air mass transport and the lofting and

sublimation of cloud ice (Chapter 3).

Cross-sections of PTbl (Fig. ??) in TCnoshear show that overshoots facilitate cross-

tropopause transport of boundary layer air, but again not as prevalent as that for

H2O and PTconv. It is likely that PTbl is more efficiently transported isentropically

since it is not constrained by temperature. This is supported by the distribution of

enhanced PTbl near the inner TC core throughout the evolution in the cross sections of

Fig. 4.11, as it appears to accumulate and expand radially outward in the stratosphere

along near-tropopause isentropes.
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Figure 4.11: As in Figure 4.6, but for the percentage of boundary layer passive tracer
(PTbl) in TCnoshear.

4.2.1.2 Stratosphere-to-Troposphere Transport

STT in TCnoshear is assessed using PTstrat. Figure 4.12 shows a space-time diagram of

PTstrat at an altitude of 15.5 km (∼1.1 km below the initial tropopause) and PTstrat

radius-altitude curtains. The space-time diagram (Fig. 4.12a) shows that downward

transport of PTstrat begins early in the simulation, and becomes more prominent near

and following becoming a Category 2 hurricane. STT is largest within the eye (inner

∼50 km) of the TC throughout the simulation with PTstrat increasing by 10% at al-

titudes as low as 7 km, and deepening over time. Beyond the deep subsidence within

the eye, the spatial extent of STT increases with time, reaching outwards of 700 km.

From hours 90–130, there are enhanced features of PTstrat spanning 100–400 km from

TC center, suggesting the importance of additional transport processes. Outside of the

eye, PTstrat reaches altitudes as low as ∼14.75 km, with the largest below-tropopause
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Figure 4.12: As in Figure 4.5, but for the percentage of stratosphere passive tracer
(PTstrat; stratospheric air) in TCnoshear.

enhancements in PTstrat near the inner TC and weakening as distance from TC center

increases (Figs. 4.12b, c). By the end of the simulation, this below-tropopause en-

hancement of PTstrat is broadly reduced, with merely a slight, shallow enhancement at

distances greater than 500 km from TC center (Fig. 4.12d).

Cross-sections of PTstrat (Fig. 4.13) help reveal the multiple processes influenc-

ing STT in TCnoshear. Specifically, it is again clear that STT primarily occurs via

subsidence in the eye and throughout tropopause-level outflow. Subsidence within

the eye has the greatest vertical extent. Downward transport of PTstrat throughout

the tropopause-level outflow of the TC appears to result primarily from overshooting

eyewall convection and subsequent mixing and mostly isentropic advection to greater

distances from TC center. Figure 4.4 shows transverse banding-like cloud and PTstrat

structures (panel g) which has been previously linked to turbulence in TCs (Lenz et al.,
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Figure 4.13: As in Figure 4.6, but for the percentage of stratosphere passive tracer
(PTstrat) in TCnoshear. Blue arrows indicate the local maxima of stratospheric air
advected radially outward from the TC.

2009). Examining eddy viscosity (not shown) suggests that turbulence is associated

with the filaments of enhanced PTstrat air in these features, although it does not seem

to be the sole contributor. Transport throughout the tropopause-level outflow reaches

a maximum of 10% PTstrat air at 15 km. This suggests that subsidence within the eye

leads to deeper STT within a TC, but STT throughout the tropopause-level outflow

has a greater spatial extent.

The snapshots in Fig. 4.13 show a filament of enhanced PTstrat at the TC outflow

edge in TCnoshear which propagates radially outward from TC center over time. This

outward propagation and emergence from the TC cloud boundary is also seen in the

maps of Figs. 4.4g and 4.4k. This is further supported by the temperature profiles

shown in Fig. 4.8, as the cool layer and PTbl maximum that develop near 15 km increase

in altitude over time, suggesting they are associated with deepening and strengthening
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(a) Intensifying Hurricane (b) Mature Major Hurricane

Figure 4.14: Illustration of the evolution of TC convective outflow in TCnoshear from
(a) an intensifying hurricane and to (b) a mature major hurricane, and its impact
on downward transport of stratospheric air. Notable aspects of the outflow evolution
include the secondary circulation deepening and strengthening as the storm intensifies,
resulting in the eyewall convection and outflow impinging upon the tropopause.

convective outflow, which is summarized in the schematic shown in Fig. 4.14. Earlier

development (Fig. 4.14a) as a weaker but intensifying hurricane is characterized by

near-tropopause PTstrat enhancement from stirring by frequent overshooting. As the

storm intensifies and deepens to become a mature major hurricane (Fig. 4.14b), the

secondary circulation deepens and strengthens, eyewall convection and outflow impinge

upon the tropopause, and PTstrat enhancement from previous STT is advected radially

outward and replaced by lofted lower troposphere air. The presence of stratospheric

air near the outflow edge after being advected radially outward results in an apparent

O3 wrapping feature, due to the stratospheric air location coinciding with where one

would expect it to be after wrapping. Thus, rather than local downward transport,

the radial outward advection of stratospheric air outside the TC outflow in the upper

troposphere may be the cause behind previously documented “wrapping” cases, such

as those discussed in Baray et al. (1999) and De Bellevue et al. (2006).
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4.2.2 Transport Sensitivity to Intensity

STE sensitivity to TC intensity is investigated using TClowSST and comparing to the

preceding analysis of TCnoshear. Given that TClowSST has a lower initial SST than

TCnoshear (27
oC versus 29oC) it will have a weaker maximum intensity (as demonstrated

in Fig. 4.1). To examine TST and STT in TClowSST , cross sections of H2O, PTbl,

PTstrat, and PTconv at a Category 2 and 4 hurricane intensity are shown in Figure

4.15. Enhanced H2O reaches an altitude of approximately 17.5 km, extending up to

100 km away from TC center during the simulation. There are overshooting tops

(relative to the broader TC cloud top) present in both the inner TC core and outer

TC (Fig. 4.15a) that lead to enhanced H2O. However, since the outflow is about 2

km below the tropopause, these overshoots do not penetrate the tropopause, are not

counted as overshoots in Fig. 2.3, and therefore lead to less stratospheric hydration.

Increased H2O near the inner TC core resulting from overshoots is similar to the

result in TCnoshear. However, the limited radial extent of enhanced H2O in TCnoshear

is due to low temperatures and a saturation-limited environment that acts as a “cold

trap”, as shown in Figs. 4.5 and 4.7, and H2O, PTbl, and PTconv spatial differences

in Fig. 4.4. In TClowSST , there is minimal transport to the stratosphere of PTbl, as

it is maximized at the primary outflow level where it reaches near 1000 km from TC

center (Figs. 4.15c,d). Comparing H2O and PTconv for TClowSST reveals that they

have similar spatial extents, and that H2O reaches a higher altitude than PTconv (Figs.

4.15a,b,g,h). This suggests the limited spatial extent of H2O is not due to temperature

constraints, but rather the convectively influenced air simply does that reach that high

of an altitude in this case.

For STT, there is minimal transport of PTstrat when TClowSST is a Category 2

hurricane, which is not surprising given that the TC outflow does not impinge upon
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the tropopause (Fig. 4.15e). When TClowSST reaches a Category 4 hurricane intensity,

there is downward transport in the eye and along the TC outflow (Fig. 4.15f), similar

to TCnoshear. One notable difference is the filament-like shape of the stratospheric air

along the outflow in TClowSST . This is likely a result of TClowSST not impinging on the

tropopause, and therefore the stratospheric air is not getting replaced by outflow air as

it does in TCnoshear (Figs. 4.13 and 4.14). The radially-outward extending filamentary

structure of stratospheric air below the tropopause results from mixing and stirring by

tropopause-nearing eyewall convection and subsequent advection by the outflow rather

than wrapping. However, it does resemble the two-layer stratospheric air signatures

identified in previous balloon profiles, outlined in Baray et al. (1999) and De Bellevue

et al. (2006), which sample from storms with Category 4 hurricane intensity. Overall,

this suggests that the proximity of outflow to the tropopause altitude is critical to

determining the impact of overshooting tops on transport, and therefore stratospheric

hydration, and STT associated with TCs.

4.2.3 Transport Sensitivity to Deep-Layer Shear

Deep-layer environmental VWS is known to impact the distribution of convection in a

TC, but it is unknown if these asymmetries persist in the stratosphere and how they

impact STE. Thus STE sensitivity to VWS is investigated using TCshear and comparing

to TCnoshear. Cross-sections of H2O for TCnoshear and TCshear at Category 4 hurricane

intensity are shown in Fig. 4.16–similar wind speeds are chosen to provide an accurate

comparison between the simulations. Stratospheric hydration in TCshear reaches ≈10

ppmv at an altitude of 18.5 km, and extends outwards of 800 km downshear of the TC

(Fig. 4.16b). Overshooting tops in the inner TC are the primary source of enhanced

H2O in TCshear, similar to TCnoshear. The altitude and magnitude of enhanced H2O is

greater in TCnoshear, but the spatial extent (at least on the downstream side) is greater
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Figure 4.15: Vertical cross-sections of TClowSST taken from west to east through the
meridional center of the TC. These include (H2O; ppmv, (a,b)), percentage of boundary
layer passive tracer (PTbl (c,d)), percentage of stratospheric passive tracer (PTstrat

(e,f)), and percentage of convective passive tracer (PTconv (g,h)) at Category 2 (left)
and 4 (right) hurricane intensity, respectively. Potential temperature contours are
shown in black in each panel in 10-K intervals (with solid contours for 380 K and
above, and dashed below). The orange, yellow, or pink contour shown in each panel is
the potential temperature of the environmental tropopause (383 K).
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for TCnoshear.

To explore differences in the spatial extent of stratospheric hydration, temperature

anomalies for TCnoshear and TCshear are shown in Fig. 4.17, once again at Category 4

hurricane intensity. Low temperatures were shown to be an important constraint for

the spatial extent of enhanced H2O in the TCnoshear (Figs. 4.5, 4.7), but the cooling

near the tropopause for TCshear is not as strong and does not extend as close to TC

center. The differences in near tropopause cooling and asymmetries in storm structure

for TCshear likely contribute to the stratospheric H2O enhancement having a greater

spatial extent downshear.

To further explore asymmetries in STE resulting from VWS, space-time diagrams

of H2O at 17.5 km (∼1 km above tropopause) within each shear-relative quadrant

of TCshear are shown in Fig. 4.18. Overall, this further demonstrates stratospheric

hydration is greatest downshear of the TC, especially in the downshear left quadrant

of the TC. Overshooting tops were also most frequent in the downshear left quadrant

(Fig. 4.18). The asymmetries of transported boundary layer air at 17.0 km (∼0.5 km

above the tropopause) are shown in Fig. 2.4. PTbl is increased downshear of the TC,

and the maximum enhancement of PTbl occurs in the downshear right quadrant (Fig.

2.4d). The TST of H2O and PTbl in TCshear reveals that the asymmetries in a sheared

TC, where convection is recognized to be most intense downshear, persist into the

stratosphere and impact STE.

The evolution of downward transport of PTstrat for TCnoshear (Category 3 and

5 hurricane) and TCshear (Category 2 and 4 hurricane) at 15.56 km (∼1 km above

tropopause) is shown in Fig. 4.20. STT in TCshear occurs via subsidence in the eye

and through mixing and stirring across the outflow near the tropopause, similar to

TCnoshear. There is also no apparent wrapping in TCshear. Rather, filaments of strato-

spheric air are transported down to the troposphere (Fig. 4.20c) and then become
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Figure 4.16: Vertical cross-sections of water vapor (H2O; ppmv) category 4 hurricane
intensity for TCnoshear (a; hour 115) and TCshear (b; hour 155). Potential temperature
contours are shown in black in each panel in 10-K intervals (with solid contours for
380 K and above, and dashed below). The orange contour shown in each panel is the
potential temperature of the environmental tropopause (383 K).The cross-section is
taken from west to east through the meridional center of the TC.
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Figure 4.19: As in Figure 4.19, but for the percentage of boundary layer passive tracer
(PTbl; boundary layer air) at 17.0 km.
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caught in the broader primary circulation of the TC, resulting in maxima of strato-

spheric air outside of the TC outflow (Fig. 4.20d). This differs slightly from TCnoshear,

where the strengthening of the secondary circulation pushes the transported strato-

spheric air away from TC center (Fig. 4.20a,b) and transport is symmetric around

the TC. The asymmetries introduced by incorporating VWS likely contribute to these

differences, as the majority of transported PTstrat in TCshear is downshear.

Downward transport in the TC eye for TCshear is visible in all four quadrants and

spans a greater area than that in TCnoshear. The transport of PTstrat across the outflow

differs by quadrant, as there is greater transport overall in the downshear half of the TC.

The upshear quadrants see less of an increase in PTstrat until the later in the simulation

(hour 160), when the TCshear reaches its maximum intensity and wind speeds begin

to decrease (Fig. 4.1). Transport of PTstrat increases in the downshear quadrants

throughout the simulation, with the downshear left quadrant featuring filaments of

high PTstrat along the outflow in hours 60-130. These filaments occur when TCshear

is intensifying, and is likely associated with the increase of overshoots downshear and

subsequent mixing and stirring across the outflow (Fig. 4.3).

4.3 Summary

This chapter used three idealized simulations to examine STE processes and UTLS

composition change associated with TCs and their sensitivity to TC intensity and deep-

layer environmental wind shear. Within the simulations, H2O and a suite of passive

tracers were evaluated to determine which STE processes were present and influential.

For TCnoshear, overshooting tops were most frequent within the intense eyewall con-

vection of the inner TC rather than the outer rainbands, which agrees with Preston

et al. (2019) and differs from Allison et al. (2018), though the choice of model hori-
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zontal grid spacing could influence overshoot location. Furthermore, overshooting tops

were the dominant process associated with H2O transport to the stratosphere. H2O

reached nearly 20 ppmv at 18.5 km and exhibited enhancements above background

at altitudes up to 20 km. The stratospheric H2O enhancement structure exhibited a

“bottleneck” shape with the spatial extent limited to approximately 250 km from TC

center and minimized near the tropopause. This shape and spatial confinement is likely

due to a saturation-limited environment driven by anomalously low temperatures near

tropopause level and at distances outside the inner TC. Cold layers emerge at three

central altitudes throughout the simulation, and appear to be related to adiabatic cool-

ing associated with convection. The H2O bottleneck feature and overall confinement

of stratospheric H2O enhancements to distances within 300 km of TC center are trans-

port outcomes diagnosed for the first time in this chapter. By the time the simulated

TC had reached major hurricane intensity, H2O concentrations in the inner core (≤150

km from TC center) had more than doubled throughout the lower stratosphere and

remained as high throughout the remainder of the simulation.

Based on subjective evaluation and comparison of cross-sections like that in Figs.

4.6 and 4.11, TST of boundary layer air (PTbl) appears to be impacted more by isen-

tropic mixing rather than overshooting convection alone. H2O reaches higher altitudes

than boundary layer air, which is consistent with previous modeling work of myriad

convective systems (Phoenix and Homeyer, 2021; Gordon and Homeyer, 2022; Preston

et al., 2019). Differences in the spatial extent of TST of tropospheric air and H2O in

TCs were identified for the first time in this chapter, with substantial tropospheric air

enhancements up to ∼1 km above tropopause at distances out to 1000 km from TC

center. STT (evidenced by PTstrat) primarily occurs via subsidence in the eye, and via

overshooting tops and subsequent mixing and advection throughout the tropopause-

level outflow. Subsidence in the eye extends deeper into the troposphere and reaches
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greater magnitudes but is generally confined to distances <50 km from TC center, while

the transport associated with tropopause-level outflow affects a greater area. STT is

impacted by changes to TC outflow from intensification, which can lead to features of

stratospheric air in the upper troposphere outside the TC outflow that are reminiscent

of a stratospheric wrapping signature at later simulation times. The clear evidence of

STT in the eye helps resolve some conflicting observational results in the established

literature (e.g., Rodgers et al., 1990; Joiner et al., 2006), while the potential nuance in

the dynamical explanation of the emergence of a stratospheric wrapping-type feature

motivates deeper exploration into STT outside of the eye.

The weaker TC in TClowSST resulted in the storm outflow remaining ∼2 km below

the tropopause in throughout the simulation, rather than impinging upon it as occurred

in TCnoshear. Thus, although eyewall convection exhibited overshooting tops relative

to the broader cloud top, they did not penetrate the tropopause in TClowSST and

consequently there was limited TST of H2O and PTbl. Although the storm largely

remained below the tropopause, frequent STT still occurred and there was a filament

of PTstrat along the top of the TC outflow. Although not a result of wrapping, this

filament exhibits the two-layered stratospheric air signature that was observed and

discussed in Baray et al. (1999) and De Bellevue et al. (2006). These difference in

UTLS composition change suggest that the height of the TC outflow relative to the

tropopause is important for the amount and character of STE in TCs, regardless of

TC intensity.

The impacts of deep-layer environmental VWS on TC STE were explored with

TCshear. Introducing VWS has been recognized to result in convective asymmetries

in the TC in the troposphere, but it was unknown if these asymmetries persisted into

the stratosphere and impacted STE. The TCshear simulation revealed that overshoots

were most common in the downshear half of the TC, specifically in the downshear left
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quadrant, where convection is commonly observed to be strongest. As overshoots are a

dominant process for stratospheric hydration, enhanced H2O was greatest downshear

of the TC. H2O reached greater altitudes and magnitudes in TCnoshear, but spanned

greater distances from TC center in TCshear. This was associated with both higher

temperatures near the tropopause and shear-induced differential advection of lower

stratosphere air in TCshear. Similar to TCnoshear, there was no apparent wrapping

in TCshear. Rather, PTstrat was transported down along the outflow via mixing and

stirring by overshooting convection, and subsequently carried by the primary and sec-

ondary circulations of the TC. Similar to H2O and PTbl, the greatest transport of

PTstrat occurred in the downshear half of TCshear. This demonstrates that convective

asymmetries in the troposphere resulting from VWS persist through the top of the TC

and impact STE processes and UTLS composition change.
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Chapter 5

Discovery of Tropical

Cyclone-Driven Stratospheric

Temperature Anomalies using

Radio Occultation Observations

As demonstrated in Chapter 4, the idealized TC simulations in this dissertation demon-

strated that tropopause level cooling is an important constraint for TC impacts on

UTLS H2O. Given that these simulations are unable to incorporate radiation and the

impacts vary across the few cases explored, examining TC-induced UTLS temperature

change from observations is warranted. However, historically few observations exist in

close proximity to a TC throughout its lifecycle over the open ocean to enable detailed

evaluation. Satellite-based radio occultation (RO) data offer a modern observational

pathway for fine-scale evaluation of TC impacts on UTLS temperature structure.

The Radio Occultation Modeling Experiment (ROMEX; Anthes et al., 2024) con-

ducted during September-November 2022 is a transformative effort to quantify the

impact of dense RO observations on weather forecasting, during which all data from

the rapidly growing fleet of operational private and public satellites were made publicly

available, resulting in nearly 5 times more profiles per day than previous constellations
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(∼35,000 daily profiles). Thus, ROMEX provides an unprecedented number of global

RO observations of the stratosphere during the NH peak in TC activity and enables

fine-scale examination of TC impacts on UTLS temperature. By leveraging ROMEX

data in combination with TC tracks from the International Best Track Archive for

Climate Stewardship (IBTrACS; Knapp et al., 2010), over 55,000 RO measurements

co-located with 31 TCs are analyzed to reveal robust stratosphere temperature per-

turbations from TCs at altitudes up to 40 km for the first time. Sensitivities to TC

intensity, location, and timing are explored and potential dynamic, chemical, and ra-

diative influences are considered and discussed.

5.1 Data and Methods

5.1.1 ROMEX Temperature

In this chapter, RO dry atmospheric temperature retrieval profiles from ROMEX are

extracted along Northern Hemisphere TC tracks in the Atlantic, East Pacific, and West

Pacific Ocean basins, using the IBTrACs TC positions at 3-hour temporal resolution.

ROMEX temperature profiles have a vertical resolution of 100 m. ROMEX profiles

that occur within 2000 km and ± 1.5 hours of a given TC track point are retained for

analysis. These distance and time thresholds assure that no RO profiles are double

counted. TCs must also have a minimum wind speed of 35 kts to trigger ROMEX

extraction, as this equates to a Tropical Storm classification on the Saffir-Simpson

Hurricane wind speed scale.

To ensure analyzed profiles are consistent with that of the prevailing tropical envi-

ronment, only profiles with a latitude equatorward of 30◦N and a tropopause altitude

(using the WMO lapse-rate tropopause definition; World Meteorological Organization,
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1957) exceeding 14.5 km are included. To test our calculations, sample non-TC tracks

are evaluated which are calculated for comparison following this same methodology,

but simply substituting latitudes in the Southern Hemisphere rather than the North-

ern Hemisphere, where no TCs were present. Additional Southern Hemisphere samples

were computed by shifting longitudes in either direction to account for different land

and sea combinations, which produced similar results. All ROMEX profiles are ag-

gregated in 100 km bins (total profiles per bin shown in Figure 5.1) of radial distance

from TC center out to 1800 km, with temperature anomalies calculated relative to the

far-field average temperature from 1900-2000 km. Anomalies calculated for individual

TCs are aggregated in 200 km bins from TC center to ensure sufficient sampling per

bin. Example tracks and included ROMEX profile locations are shown in Figure 5.2

for Hurricane Fiona (Atlantic basin), Tropical Storm Madeline (East Pacific basin),

and Very Strong Typhoon Noru (West Pacific basin). Any profiles in which a tem-

perature at any altitude exceeded three times the standard deviation of the mean at

that altitude were considered erroneous and therefore omitted. Overall, approximately

55,000 profiles from 31 TCs are included in the analysis.

5.1.2 ERA5 Reanalysis Temperature and Wind

To provide additional context to ROMEX data analysis, temperature and winds for

September – November 2022 are obtained from the version 5 reanalysis produced by

the European Centre for Medium-Range Weather Forecasts (ERA5; Hersbach et al.,

2020). Temperature profile extractions and the calculation of temperature anomalies

follow the same process as those identified for ROMEX data above. ERA5 u and v

wind components were additionally extracted and converted to azimuthal (tangential)

and radial components relative to TC center. For additional insight into the validity

of wind, 1-D gradient wind balance was calculated using ERA5 temperatures and
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Figure 5.1: Number of ROMEX profiles included in each 100 km bin from TC center
for all extracted TC profiles (black), hurricane (red), and tropical storm (blue) profiles.

Figure 5.2: Extracted ROMEX profiles for three example storms included in ROMEX
data: Tropical Storm Madeline (orange), Hurricane Fiona (cyan) and Very Strong
Typhoon Noru (red). TC track points are indicated by black X’s. Selected profiles are
only equatorward of 30 deg. N, as indicated by the gray box.

following the process described in Rivoire et al. (2016) and Demuth et al. (2004). An

alternative approach to calculate anomalies relative to the background climatology was

also explored using ERA5, which yields similar results.
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5.2 Results

Ubiquitous stratosphere imprints of tropical cyclones

To comprehensively evaluate TC impacts on UTLS temperature structure, tempera-

ture anomalies relative to the far-field mean are calculated in 100 km bins from TC

center and shown in Figure 5.3a. The mid-to-upper troposphere warm core and near-

tropopause cooling explored in prior studies are evident. The warm core anomaly

reaches 3 K near TC center and decreases in magnitude as distance from TC center

increases, extending outwards of 1400 km from TC center. The near-tropopause cool-

ing extends to ∼1200 km from TC center, and the cooling is greater in magnitude at

radii where the warm core anomalies are larger (closer to TC center).

Robust temperature anomalies are also observed at higher stratospheric altitudes in

Figure 5.3a. Namely, there is a secondary cold layer in the lower stratosphere (distinct

from the tropopause layer) centered at an altitude of 21 km, as large as -1 K near TC

center and extends out to∼1400 km from TC center. Additionally, there is a deep warm

layer in the middle stratosphere centered at an altitude of 33 km, as large as 1.75 K near

TC center and extends out ∼1600 km from TC center. These stratospheric cold and

warm layers have not been previously identified, as previous work has been limited to

a vertical extent of 20 km. These stratospheric temperature anomalies are statistically

significant based on the numerous ROMEX observations (Fig. S2), exceeding 3x the

standard error of the observations for all color-filled areas in Figure 5.3. TCs are

a potent source of stratospheric gravity waves (Nolan, 2020; Pahlavan et al., 2023),

but such related temperature perturbations are transient features that exhibit “cone-

shaped” structure in TC-relative coordinates (as seen in Fig. 11 of Pahlavan et al.

(2023)), sloping upward in altitude as distance from TC center increases. This behavior
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is very different to the observed quasi-stationary, horizontal ‘pancake-like’ structures

that suggest links to large-scale TC circulations or radiative effects.

Examining anomalies by TC intensity through separating tropical storm and hurri-

cane profiles (Figure 5.3b,c) shows the tropospheric warm-core and near-tropopause

cooling are of greater magnitude in hurricanes, in agreement with prior literature

(Rivoire et al., 2016). However, the lower stratosphere anomalous cooling and middle

stratosphere warming layers aloft are consistently greater in magnitude within tropical

storms (Figs. 5.3b,c & 5.4). These differences between tropical storm and hurricane in-

tensity are statistically significant, exceeding 3x the standard error of the observations.

These anomalies are present from the onset of tropical storm intensity (Figure 5.3c)),

indicating they appear early on and last throughout the TC lifecycle. Additionally,

these anomalies are present regardless of ocean basin or latitude (within 0-30◦N) and

no notable influence from the diurnal cycle is seen. Due to the high density of ROMEX

data, there is a sufficient number of profiles to examine individual storms which was

not feasible with prior RO capabilities. Focusing on single storms across varying ocean

basins and intensities (Figure 5.5) further reveals that the stratospheric temperature

anomalies are ubiquitous in TCs. There is some variability in the altitude, magnitude,

and radial extent of the layers; however, the general temperature structure is consistent

in all cases.

All TC temperature anomalies were alternatively evaluated in tropopause-relative

and pressure coordinates and the anomaly structure remains nearly identical, demon-

strating vertical coordinate choice does not influence the result. To test the sampling

methodology, a similar analysis for ROMEX profiles not co-located with TCs showed

no similar layered temperature anomaly structure, providing confidence that these are

TC-driven perturbations (Fig. 5.4a). Moreover, these temperature anomalies seem to

be unique to TCs as they do not appear in similar studies focusing on deep convection
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(Kim et al., 2018).

Possible Mechanisms Contributing to Stratospheric Features

Given the discovery of ubiquitous TC stratospheric temperature anomalies, this chap-

ter explores possible contributing atmospheric processes. These include dynamical

influences of TC circulations extending deep into the stratosphere, effects of gravity

waves, and radiative impacts of TC tropospheric temperatures, composition changes

and clouds. Each process is considered because they have been demonstrated to impact

UTLS temperatures in prior work. For further evaluation of these anomalous struc-

tures, ERA5 is used to create comparable TC-centered temperature anomalies for all

ROMEX TCs (figure 5.6), as well as case studies of individual TCs (Figure 5.5). ERA5

reanalysis temperature anomalies show good agreement with ROMEX, including cap-

turing the stratospheric cold and warm layers. These similarities are not necessarily

surprising, as ERA5 assimilates RO data, although with much less data density than

is available from ROMEX. Balanced azimuthal wind calculations computed from 1-D
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Figure 5.5: Anomaly structure present for individual storms. As in Figure 5.3,
but for individual storms with ROMEX(left) and ERA5 (right) for Hurricane Fiona
(a,b), Tropical Storm Madeline (c,d) and Very Strong Typhoon Noru (e,f).

gradient wind balance (Figure 5.6) show that the lower stratospheric cold layer acts to

reduce anticyclonic circulation between the upper troposphere and ∼25 km, reinforcing

impacts of the near-tropopause cold layer. The middle stratosphere warm layer is tied

to a secondary anticyclonic jet centered near 35 km. This upper-level jet is another

TC feature not observed previously.

Mean TC circulations are explored using ERA5 reanalysis radial and azimuth winds

and vertical motion in TC-relative coordinates. The analyzed azimuthal winds in the

stratosphere are in reasonable agreement with the balanced wind estimates shown in

(Figure 5.6). Mean radial winds and vertical motions (i.e., overturning circulations
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in the radius-altitude plane) in TCs are weaker and more difficult to evaluate from

observations, and results from ERA5 show no systemic structures in the stratosphere

linked to the layered temperature anomalies (not shown). This result is not surprising

as no related stratospheric wind observations are assimilated in ERA5. Hence, mean

circulations derived from ERA5 do not reveal a likely cause for these cold and warm

stratospheric layers.

The rectified effects of dissipating or breaking gravity waves are known to force

large-scale stratospheric circulations; for example, gravity waves are part of the forcing

for the QBO (Pahlavan et al., 2024; Yu et al., 2025). The presence of propagating

or breaking gravity waves tied to TCs can be identified in the RO observations by

regions of enhanced temperature variance. Results from ROMEX data organized in

TC coordinates (Fig. 5.7a,b) show high variance spanning two distinct layers at all

distances from TC center, with maxima near and above the tropopause (16-18 km) and

atop the middle stratosphere (33-40 km). These maxima atop the middle stratosphere
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are characteristic of stratospheric background conditions over low latitudes (Fritts and

Alexander, 2003; Pahlavan et al., 2023), where gravity waves are amplified by enhanced

stability in the tropopause region, and also amplify with height in the stratosphere due

to decreasing atmospheric density. Compared to non-TC samples, the variance in the

upper troposphere within the TC core and broadly throughout the lower stratosphere

is enhanced relative to non-TC samples. The maxima near and above the tropopause

is greater in TCs for both tropical storms and hurricanes than non-TC profiles, likely

a result of increased gravity waves associated with convection (Figure 5.4b). Rectified

effects of the enhanced tropopause-level gravity waves may be largely responsible for

the existence of a two-layered cold anomaly structure, since the enhanced variance

broadly coincides with the relatively weak cooling between the near-tropopause and

lower stratosphere layers.

The layered stratospheric temperature anomalies are probably not driven by ra-

diative processes linked to TC temperatures, clouds, and composition changes in the

troposphere. TC structure includes dense clouds, increased H2O, and decreased O3 in

the upper troposphere primarily over radii out to ∼600 km from TC center (Fagan

and Homeyer, 2025; Gordon and Homeyer, 2025; Xu and Takemi, 2022), while the

observed stratospheric temperature anomalies extend to far greater distances of ∼1500

km. Cloud radiative effects are known to be a minor influence near the tropopause cold

layer (Rivoire et al., 2020), and given the lack of a strong diurnal signal observed for

the stratospheric temperature anomalies it seems unlikely that cloud radiative influence

would be the sole or main contributing factor. Preliminary calculations using a fixed

dynamical heating model (Peter Hitchcock, personal communication) furthermore sug-

gest a significant time lag for stratospheric radiative response to imposed tropospheric

temperature and composition effects (∼10 days), which is inconsistent with the ap-

pearance of the layered stratospheric temperature anomalies at all stages of the TC
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lifecycle observed in the RO data and the larger anomalies seen in weaker storms.

5.3 Summary

In this chapter, a special collection of radio occultation data, ROMEX, was leveraged

during the 2022 Northern Hemisphere tropical cyclone season to reveal that tropical

cyclones perturb their environments deeper than previously recognized, driving ubiq-

uitous cold and warm layers in the low-to-middle stratosphere. In addition to the well

recognized TC mid-to-upper troposphere warm core and near-tropopause cooling, there

is a secondary cold layer in the lower stratosphere (centered near an altitude of 21 km;

distinct from the tropopause layer) and a deep warm layer in the middle stratosphere

(centered at an altitude of 33 km) that have not been identified in previous work.

These stratospheric temperature anomalies have anomalies as large as -1 K and 1.75

K, and extend outwards of ∼1400 km and ∼1600 km, respectively. The stratospheric

temperature anomalies are statistically significant and do not change based on vertical

coordinate choice. These temperature patterns are present regardless of latitude or

basin, show no strong diurnal signal, and are present in individual storms. While the

mid-to-upper troposphere warm core and near-tropopause cooling is stronger in hurri-

canes compared to tropical storms, the stratospheric cooling and warming are stronger

in tropical storms. These anomalies are similarly captured in ERA5 reanalysis data.

Dynamical and radiative influences on these stratospheric temperature anomalies

are considered. Radiation being the driving process seems less likely due to the much

longer timescale required to see similar anomalies. The rectified effects of dissipating

gravity waves could contribute towards the anomalies, given the increased variance

present above the tropopause for TC profiles. These temperature anomalies are bal-

anced with circulations in the stratosphere. The inferred deep stratospheric circulations
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may have impacts on TC evolution and forecasting that are not captured in current

simulations.
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Chapter 6

Summary and Conclusions

6.1 Lessons Learned

This dissertation has shown that environmental factors, such as varying dynamic and

thermodynamic characteristics, influence convectively-driven STE in the midlatitudes

and tropics. One example of such for midlatitude convection is the strength of storm-

relative winds in the UTLS, as strong winds drive gravity wave breaking and a hydraulic

jump that results in the formation of AACPs atop the storm anvil (as also shown in

several independent studies). This dissertation has further demonstrated using sim-

ulations and observations in Chapters 2 and 3 that these AACP-producing storms

have greater TST of H2O and boundary layer constituents than non AACP-producing

storms, and can uniquely transport air from the stratospheric overworld down to the

lower stratosphere (and potentially, the upper troposphere). The vertical wind pro-

file is also important for STE facilitated by TCs, as incorporating deep-layer VWS

increases the spatial extent of enhanced stratospheric H2O relative to TC center.

This dissertation has also emphasized that UTLS temperature is an important

constraint for transporting H2O in convective phenomena. In AACP-producing storms,

observations in Chapter 3 revealed that low near-tropopause temperatures result in

a saturation-limited environment and a different character of STE, where H2O will

preferentially sublimate into the warmer lower stratosphere air and result in a positive
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H2O-O3 correlation during mixing. Previously, a process resulting in a positive H2O-O3

relationship was unknown, as it was widely thought to be a solely negative or neutral

relationship. In TCs, simulations in Chapter 4 revealed spatially limited H2O near

the tropopause and in the stratosphere, due to near-tropopause cooling that increased

with TC strength. The magnitude of cooling near the tropopause varied depending

on TC intensity and shear, the former of which was similarly identified in GNSS-RO

observations in Chapter 5, with additional cooling and warming in the stratosphere

extending upwards of 40 km that had not been identified in prior literature.

The tropopause altitude and structure itself has been shown to impact STE in

overshooting convection. For example, a lower tropopause is easier to reach and al-

lows less diluting effects on air within the updraft (and concomitantly, greater UTLS

composition change). Here, it was shown in simulations of midlatitude overshooting

convection in Chapter 2 that a double tropopause allows for more expansive AACPs

and more TST. For TCs, the altitude of the outflow relative to the tropopause (regard-

less of TC intensity) was revealed to be important to the resulting STE in Chapter 4.

Specifically, a TC that does not impinge upon the tropopause will have less tropopause-

overshooting convection and TST, while STT takes on different characteristics. One

factor influencing the outflow versus tropopause height in a TC is the base-state SST,

revealing that environmental factors near the surface indirectly influence STT in TCs.

This dissertation has shown that there is generally good agreement between the

models and observations used for convective STE in the midlatitudes and tropics,

especially in the UTLS. For midlatitude AACP-producing storms, airborne observa-

tions validated a novel modeling result that AACP-producing storms can transport

stratospheric overworld air down to the troposphere through the hydraulic jump and

accompanying mixing and stirring.
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6.2 Midlatitude Overshooting Convection

While the idealized simulations demonstrated that double tropopause environments

enhanced overshooting depth (as in prior observational studies; e.g., Homeyer et al.,

2014b; Solomon et al., 2016), such reduction in stratospheric stability was found to have

minor impacts on storm dynamics and, ultimately, STE relative to the AACP/non-

AACP outcome from the storm-relative wind environment. The increased stratospheric

overworld air transport to the lowermost stratosphere in simulated AACP-producing

storms suggests such storms could lead to high O3 and inorganic chlorine being drawn

down, which the DCOTSS observations indicated might have been ongoing in the 31

May 2022 flight. As a result, the resulting mixing with enhanced stratospheric H2O in

the lowermost stratosphere can potentially lead to O3 depletion, so long as the temper-

ature is sufficiently low (Anderson et al., 2012, 2017), which was not the case for the

DCOTSS flight, nor for the entire field campaign (Howar et al., 2025). The midlatitude

storm simulations in this dissertation also have a lower stratosphere environment that

is too warm (characteristic of the midlatitudes) for such chemistry, but similar storms

in a higher (tropical) tropopause environment with a colder tropopause would be more

conducive. The added sensitivity of increased overworld to lowermost stratosphere

transport in double tropopause environments is also less relevant to O3 depletion since

those environments are midlatitude by definition, but the resultant O3 increase from

transport would have radiative implications nonetheless.

Greater STT in simulated non-AACP overshooting storms found here suggests such

storms are most important to the upper troposphere O3 budget, which has an impor-

tant radiative impact on climate. Moreover, this work draws attention to STT in the

vicinity of the overshoot, which accomplishes nearly all of the STT in these simu-

lations. This result is in contrast to significant processes such as anvil wrapping of
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stratospheric air found in MCSs that have been the focus of several recent studies

(e.g., Pan et al., 2014; Phoenix et al., 2020); no evidence of anvil wrapping was found

in the supercell simulations here. Varying lower stratospheric stability (single versus

double tropopause) had no discernible impact on STT, which is not surprising since

STT impacts are likely more dependent on upper troposphere characteristics.

While Chapter 2 has contributed valuable insights towards the sensitivities of over-

shooting and cross-tropopause transport to the lower stratospheric environment, there

are several sources of variability in tropopause-overshooting convection that can be ex-

plored in future work. For example, a much wider range of tropospheric environments

are conducive to overshooting convection than the specific midlatitude environment

used here. The biggest difference that could be explored is overshooting convection

within a tropical, high tropopause environment. Additionally, an environment sup-

porting only discrete supercells was examined here. Supercells are dynamically unique,

so exploring other storm modes (such as MCSs) could help to better quantify the range

of potential UTLS impacts. While the use of idealized simulations can help to under-

stand some of the fundamental processes, storm characteristics, and sensitivities to

storm environments, they are not always indicative or representative of reality.

The results in Chapters 2 & 3 emphasize that determining how often overshooting

storms produce AACPs is important for assessing both H2O and non-H2O composition

impacts to the UTLS. While some insight into stratospheric hydration can be gained

from existing overshoot climatologies (Homeyer and Bowman, 2021; Cooney et al.,

2018; Solomon et al., 2016; Liu and Liu, 2016; Liu et al., 2020), an AACP climatology

is needed to provide sufficient knowledge towards H2O and non-H2O UTLS composition

change. Machine learning efforts are underway to help facilitate an objective AACP

climatology (Cooney et al., 2025).

While Chapter 3 is the first to analyze targeted observations of an AACP, it is
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important to note that this was the only DCOTSS flight to do so. Thus, these obser-

vations from an AACP-producing storm are representative of only one storm within

one environment. Observed UTLS composition changes may vary substantially in other

scenarios based on the known sensitivities of STE to the stratospheric environment, as

further emphasized by the modeling work in this dissertation. The DCOTSS observa-

tions from this flight also have a limited spatial extent, with observations not spanning

the entirety of the storm throughout its lifetime. It is also worth noting that it is

possible some of the overshoot-influenced air measured could have been sourced from

the overshooting storm to the southwest of the target storm. However, the premise of

this analysis would not change as the analyzed observations are from active overshoot-

ing convection and an AACP regardless of the responsible storm cell. Future modeling

work could also simulate this event to supplement the observational analysis conducted

here, providing additional perspective on the UTLS composition changes, sources, and

constraining mechanisms.

Observations from the 31 May 2022 flight also uniquely showed that H2O within the

overshoot and AACP was saturation-limited due to the constraint of the low temper-

ature, and that stratospheric hydration was occurring via sublimation and subsequent

mixing of cool, high-ice cloud material into the warm stratospheric environment. Thus,

consideration of saturation-limited H2O transport in midlatitude overshooting convec-

tion is important for future work. Specifically, it is important to determine how fre-

quently a H2O-limiting temperature constraint occurs and its impact on stratospheric

hydration. It is currently unclear whether the temperature constraint is driven by

environmental characteristics alone, or if the storms themselves can facilitate it. Ex-

ploring the microphysics occurring in overshoots and AACPs could provide increased

understanding of these processes. The saturation-limited condition was also associated

with a uniquely positive correlation between O3 and H2O. Recent efforts evaluating
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O3-H2O correlations from all DCOTSS flights may provide indirect evidence for the

importance of this temperature constraint on a broader scale (Homeyer et al., 2024;

Shepherd et al., 2026).

6.3 Tropical Cyclones

While the simulations in Chapter 4 have contributed beneficial insight towards the

importance of several STE processes in TCs and their cumulative impacts on UTLS

composition, there are multiple sources of variability that could be explored in future

work, especially those impacting STT outside of the TC eye. Namely, rather than

the previously hypothesized STE process of downward transport of stratospheric air

around the edge of tropopause-level TC outflow (i.e., wrapping), similar layered STT

features were produced by a variety of mechanisms. In TCnoshear, the deepening of the

TC and strengthening of the secondary circulation over time was responsible for the

feature. In TClowSST , the outflow remained about 2 km below the tropopause, allowing

for a filament of stratospheric air to reside above and extend outwards of TC center

which results in a vertical profile consistent with what one would expect for wrapping.

In TCshear, complex advection of STT near TC center by the primary and secondary

circulations resulted in such a feature which was most prominent downshear and right

of shear. These results and the broader TST variability revealed by CM1 simulation

motivate additional studies with greater variability in environmental characteristics to

further resolve the outstanding science questions addressed in this work. Priorities

for future work should include determining the persistence of UTLS composition im-

pacts from TCs and the sensitivity of STE in TCs as it encounters a wide variety of

environments during its lifecycle (e.g., during extratropical transition).

The near-tropopause dehydration found in the simulated TCs of this dissertation
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is also consistent with previous work (Jiang et al., 2020; Allison et al., 2018). Near-

tropopause cooling was present in all simulations, but the temperature minimum and

corresponding saturation limit was not as low when including VWS or in a weaker/shal-

lower TC. However, it remains unknown if this saturation limit operates similarly across

a broader range of UTLS environments, such as those at a higher latitudes. As this sim-

ulation does not incorporate radiation, it is also unknown how much radiative processes

would modify the cold layers produced in this simulation. Radiation could enhance

or lessen the temperature anomalies diagnosed. If radiation were to enhance the cold

layers (i.e., reduce cloud-top temperature) then H2O transport may be more limited,

whereas if the cold layers were weakened then H2O transport may increase.

Similar near-tropopause cooling that increased in magnitude with TC intensity was

found in RO observations, and additional significant perturbations to stratospheric

temperature structure at higher altitudes were discovered. The discovery of ubiquitous

stratospheric TC thermal structures (and corresponding stratospheric circulations)

using ROMEX RO observations and outlined in Chapter 5 suggests a much deeper

stratospheric impact of TCs than previously appreciated. While the mechanisms re-

sponsible for the stratospheric thermal anomalies are not well understood, they are

suggestive of mean circulations that could impact TC structural evolution and fore-

casting, along with influencing background stratospheric dynamics, composition, and

transport. Thus, additional work is warranted to identify responsible mechanisms

for the existence of these layers and their downstream impacts. Convection-resolving

numerical experiments using a high-top model would be ideal to explore responsible

mechanisms, as most current simulations typically incorporate a low model top of

≤25 km (as employed in the idealized simulations of this dissertation), coarse vertical

grid spacing, and a sponge layer to dampen circulations above the lower stratosphere.

Similarly, if the observed layers can be independently reproduced by a model, high-
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top global simulations could be executed to assess their impact on large scale wave

dynamics, the MJO, QBO, and, ultimately, teleconnections.

6.4 Recommended Directions of Future Research

Overall, this dissertation highlights the importance of the stratospheric environment

when studying high-impact convective phenomena such as AACP-producing storms

and TCs, however, future work is warranted towards increasing understanding and

representation of how both convective phenomena interact with the stratosphere.

The unique impact of AACP-producing storms in the midlatitude convection stud-

ies of this dissertation has also been recognized in recent follow-on studies (Home-

yer et al., 2024; Shepherd et al., 2026). As this dissertation focuses on supercells,

additional focus on different storm modes in future simulations would be beneficial.

Shepherd et al. (2026) has shown using DCOTSS observations that AACP-producing

storms and MCSs are of the most impactful on UTLS composition change. MCSs are

the only storm mode thus far recognized to facilitate ozone wrapping (Phoenix et al.,

2020). Further exploration of transport mechanisms in MCSs would increase under-

standing of their prevailing differences from other storm modes. Additionally, exploring

overshoots, AACPs, and STE associated with a high-impact subset of MCSs–derechos–

could provide valuable insight since derechos have a greater lifetime and spatial extent

than other storms and have been documented to contain significant overshooting (Bell

et al., 2022). Prior global simulations to explore the contributions of overshooting

convection towards stratospheric H2O only span across the tropics (e.g., Dauhut and

Hohenegger, 2022). More expansive global simulations that additionally include the

midlatitudes would provide greater insight towards stratospheric H2O from convec-

tion, as it allows for consideration of the impact and persistence of transport from
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midlatitude overshooting convection.

For TCs, additional work is warranted in several areas to better understand their

interactions with the stratosphere. TCs often migrate to high latitudes and encounter

low-tropopause, midlatitude environments (e.g., prior to and during extratropical tran-

sition). Tropopause height is a known constraint for STE in overshooting convection

(Phoenix and Homeyer, 2021), though its impact on STE in TCs has not yet been ex-

plored. Specifically, when encountering midlatitude environments, TCs interact with

the tropopause break. The tropopause break is a sharp discontinuity in tropopause al-

titude near the subtropical jet, typically considered as a boundary between the tropics

(tropospheric air) and extratropics (stratospheric air; Homeyer and Bowman, 2013). It

is unknown how the dynamics and transport of TCs vary in proximity to the tropopause

break, but considerable variations are likely given the sensitivities of TC STE to the

environment documented in this dissertation. Nearly 40% percent of TCs undergo

extratropical transition, however, STE in TCs undergoing ET has not been explored

(Evans et al., 2017). Given that TCs lose their warm-core and undergo several struc-

tural and environmental changes, exploring TC STE and dynamics is warranted to

increase understanding of TCs and STE overall. Furthermore, it is unknown if the

stratospheric temperature anomalies identified in Chapter 5 persist during extratropi-

cal transition and how they may vary and thus impact H2O transport.

TC STE has also not been explored using a global convection-resolving model.

Global simulations would allow the exploration of multiple poorly understood aspects

of TC STE (e.g., persistence of UTLS impacts, variation throughout lifecycle, extra-

tropical transition) and provide a more wholistic assessment of TC impacts on the

UTLS. Lastly, TC intensity is expected to intensify as the climate warms (Walsh et al.,

2019), but it is unknown how TC STE may change in future climate scenarios. Re-

gardless of TC intensity, the depth of a TC was found to be critical in this study and
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sensitive to the base-state SST. As SSTs are anticipated to be increasing in a warming

climate and a major driver of increasing TC intensity, it stands to reason that STE in

TCs would increase more dramatically even if the number of TCs did not. Future work

could thus explore TCs and UTLS composition change using a pseudo–global warming

experiment, as Tinney et al. (2024) utilized for midlatitude tropopause-overshooting

convection.
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