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Abstract

The troposphere and the stratosphere are two separate layers of the atmosphere
whose dynamics, composition, and chemistry are fundamentally different. This leads
to the upper troposphere and lower stratosphere (UTLS) being a complex region of
the atmosphere that is critically important to both weather and climate. The upper
troposphere is separated from the lower stratosphere by an identified ‘tropopause’,
and any transfer of air across this interface is therefore considered to be stratosphere-
troposphere exchange (STE). The difference in composition between the troposphere
and the stratosphere makes processes that facilitate STE essential to the climate sys-
tem. Specifically, the transport of water vapor from the relatively moist troposphere
to the much drier lower stratosphere, where water vapor functions as a powerful green-
house gas, can contribute substantially to the warming climate at the surface. The
sources of stratospheric water vapor are still a topic of debate in the scientific com-
munity, where the specific contributions of larger-scale processes like the global atmo-
spheric circulation and smaller-scale processes like tropopause-overshooting convection
remain unclear, though recent evidence has demonstrated the latter to be more im-
portant than was previously thought. This dissertation seeks to clarify the role that
tropopause-overshooting convection has in modulating the lower stratospheric water
vapor budget in both the present and in the future.

The first component of this dissertation is the creation of a climatology of extreme
water vapor concentrations within the lowermost stratosphere, with a complementary
analysis exploring the sources and transport pathways of these extreme concentra-
tions. Stratospheric water vapor is a substantial component of the global radiation
budget, and therefore important to variability of the climate system. Efforts to un-
derstand the distribution, transport, and sources of stratospheric water vapor have
increased in recent years, with many studies utilizing long-term satellite observations.
Previous work to examine stratospheric water vapor extrema has typically focused on
the stratospheric overworld (pressures < 100 hPa) to ensure the observations used
are truly stratospheric. However, this leads to the broad exclusion of the lowermost

stratosphere, which can extend over depths more than 5 km below the 100 hPa level in
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the midlatitudes and polar regions and has been shown to be the largest contributing
layer to the stratospheric water vapor feedback. Moreover, focusing on the overworld
only can lead to a large underestimation of stratospheric water vapor extrema occur-
rence. Therefore, this dissertation expands on previous work by examining 16 years
of Microwave Limb Sounder (MLS) observations of water vapor extrema (> 8 ppmv)
in both the stratospheric overworld and the lowermost stratosphere to create a new
lower stratosphere climatology. The resulting frequency of HyO extrema increases by
more than 300% globally compared to extrema frequencies within stratospheric over-
world observations only, though the percentage increase varies substantially by region
and season. Additional context is provided to this climatology through a backward
isentropic trajectory analysis to identify potential sources of the extrema. It is shown
that, in general, tropopause-overshooting convection presents as a likely source of HyO
extrema in much of the world, while meridional isentropic transport of air from the
tropical upper troposphere to the extratropical lower stratosphere is also possible.
The second dissertation component takes a step back to examine challenges related
to definition of the tropopause. Any study which examines cross-tropopause trans-
port, like the first component of this dissertation, is reliant on an accurately identified
tropopause in order to correctly assess STE. Thus, proper definition of the tropopause
has far reaching implications for our understanding of Earth’s radiation budget and
climate. Definition of the tropopause has remained a focus of atmospheric science since
its discovery near the beginning of the 20th century. Few universal definitions (those
that can be reliably applied globally and to both common observations and numerical
model output) exist and many definitions with unique limitations have been developed
over the years. The most commonly used universal definition of the tropopause is
the temperature lapse-rate definition established by the World Meteorological Orga-
nization (WMO) in 1957 (the LRT). Despite its widespread use, there are recurrent
situations where the LRT definition fails to reliably identify the tropopause. Motivated
by increased availability of coincident observations of stability and composition, this
study seeks to re-examine the relationship between stability and composition change
in the tropopause transition layer and identify areas for improvement in stability-based
definition of the tropopause. In particular, long-term (404 years) balloon observations

of temperature, ozone, and water vapor from six locations across the globe are used
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to identify co-variability between several metrics of atmospheric stability and compo-
sition. The results demonstrate that the vertical gradient of potential temperature is a
superior stability metric to identify the greatest composition change in the tropopause
transition layer, which is used to propose a new universally applicable potential tem-
perature gradient tropopause (PTGT) definition. Application of the new definition to
both observations and reanalysis output reveals that the PTGT largely agrees with the
LRT, but more reliably identifies tropopause-level composition change when the two
definitions differ greatly.

The final component of this dissertation examines the response of tropopause-
overshooting convection to a warming climate. Recent field campaigns, observational
studies, and modeling work, in addition to the first component of this dissertation, have
demonstrated that extratropical tropopause-overshooting convection has a substan-
tial, and previously underestimated impact on UTLS composition, especially strato-
spheric water vapor. This necessitates improved understanding of how tropopause-
overshooting convection may change in a warming climate. A growing body of research
indicates that environments conducive to severe thunderstorms will occur more often
and be increasingly unstable in the future, but no study has examined how this may
be related to increased overshooting. To rectify this, this study leverages an exist-
ing pseudo-global warming (PGW) experiment to evaluate potential future changes in
tropopause-overshooting convection over North America. The PGW technique applies
monthly, three-dimensional projected climate changes in state variables (temperature,
humidity, wind, etc.) from global climate models to a weather and research forecasting
(WRF) convection-allowing model simulation with a 4-km grid. Specifically, I examine
two 10-year simulations consisting of (1) a retrospective period (2003 — 2012) forced
by ERA-interim initial and boundary conditions (the control simulation), and (2) the
same retrospective period with CMIP5 ensemble-mean high-end emission scenario cli-
mate changes added to the initial and boundary conditions (the PGW simulation).
Tropopause-overshooting convection is identified as model cloud tops exceeding the
potential temperature gradient tropopause, with overshooting in the control simu-
lation validated against observed overshoots from both ground-based radar observa-
tions in the United States and GOES satellite observations over North America. The
model is shown to effectively simulate the observed regional distribution, annual cycle,

and diurnal cycle of tropopause-overshooting convection. The projected response of
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tropopause-overshooting convection in the PGW simulation is found to be a more than
250% increase across the model domain, and the projected seasonal period of frequent
tropopause-overshooting convection was shown to extend into late-summer. Addition-
ally, tropopause-overshooting convection with extreme tropopause-relative heights (>
4 km) are more frequent in a warmed climate scenario.

In summary, this dissertation (1) examines extreme water vapor concentrations in
the lowermost stratosphere and how they relate to tropopause-overshooting convection,
(2) introduces an improved stability-based tropopause definition to improve future
studies of stratosphere-troposphere exchange, and (3) investigates for the first time

how tropopause-overshooting convection will respond to climate change.
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Chapter 1

Introduction

1.1 The Upper Troposphere and Lower Stratosphere

1.1.1 The Tropopause

The complex transition layer that separates the upper troposphere and the lower strato-
sphere is known as the tropopause. Since its discovery in the early 20" century (see
Hoinka (1997) for a review), various approaches to define the tropopause transition
layer have been proposed. Most proposed definitions, for convenience or simplicity,
define the tropopause as a boundary, despite increasing recognition that it is best
characterized as a layer of depth ranging from tens of meters to several kilometers
(e.g., Hoinka 1997; Hegglin et al. 2009; Homeyer et al. 2010; Tilmes et al. 2010; Pan
et al. 2014). Some notable findings of global tropopause characteristics since its dis-
covery include: i) tropopause altitudes are uniformly high in the tropics and uniformly
low in the extratropics, with a discontinuity in altitude occurring near the subtropical
jet that is known as the “tropopause break” (Palmén 1948; Danielsen 1959; Randel
et al. 2007a), ii) the tropopause can become significantly deformed and difficult to
identify in highly dynamic situations (and, often, stratosphere—troposphere exchange
events) such as within tropopause folds driven by ageostrophic circulations near upper
tropospheric jets and in regions impacted by Rossby wave breaking that contain wide-

spread vertical lamination of tropical upper troposphere air and extatropical lower



stratosphere air (Reed 1955; Danielsen 1968; Shapiro 1980; Browell et al. 1987; New-
man and Schoeberl 1995; Vaughan and Timmis 1998; Olsen et al. 2008; Pan et al.
2009), iii) the extratropical tropopause is characterized by a strong temperature in-
version ~2-3 km in depth, referred to as the “tropopause inversion layer” or TIL,
which is driven by radiative processes and dynamic processes such as downwelling and
column stretching/shrinking (Birner 2006; Randel et al. 2007b; Son and Polvani 2007;
Peevey et al. 2014), and iv) long-term changes in tropopause altitude can be used as
an indicator of global climate change (Seidel et al. 2001; Shepherd 2002; Santer et al.
2003; Seidel and Randel 2006; Xian and Homeyer 2019; Meng et al. 2021; Thompson
et al. 2021). While dozens of tropopause definitions have been proposed over the years,
they can be separated into three main categories: stability-based, dynamics-based, and

composition-based definitions.

1.1.2 Composition

The troposphere and stratosphere are fundamentally different in their composition of
atmospheric trace gases. For example, while abundant in the troposphere, water vapor
in the stratosphere is uniformly low and can therefore be considered a ‘tropospheric
tracer’. Similarly, carbon monoxide is a primarily human-generated pollutant that is
rare in the stratosphere and can therefore be considered both a tropospheric and a
boundary-layer tracer. Alternatively, the stratosphere is rich in ozone — making ozone
a common tracer of stratospheric air. Given these sharp composition gradients across
the tropopause, stratosphere-troposphere exchange (STE), or transport between these
airmasses, can significantly and rapidly alter the composition and therefore radiative
forcing of the upper troposphere and lower stratosphere (UTLS).

The LS can be categorized into two separate regions: the extratropical lowermost

stratosphere (LMS) and the stratospheric overworld. The stratospheric overworld is



conventionally defined where potential temperature, 6, is at least 380 K, such that
isentropes of the stratospheric overworld remain above the tropopause globally (e.g.,
Hoskins 1991; Holton et al. 1995; Stohl et al. 2003). The remaining portion of the
stratosphere is the LMS, which lies above the extratropical tropopause but below the
380 K isentrope (i.e. below the height of the tropical tropopause). Therefore, the total
LS can be thought of as the combination of the LMS and the lower part (i.e., § < 450
K, or ~ 2-3 km above the tropical tropopause) of the stratospheric overworld. The
concentration of water vapor in the overworld is strongly correlated to and controlled
by tropical tropopause temperatures, via the freeze-drying of air across the tropical
tropopause as part of the ascending branch of the Brewer—Dobson circulation (e.g.,
Randel and Park 2019; Mote et al. 1996). Alternatively, water vapor in the LMS
is impacted by both the downwelling branch of the Brewer—Dobson circulation and
frequent STE, specifically troposphere-to-stratosphere transport (TST; Holton et al.
1995; Stohl et al. 2003), though the contributions of specific processes are still not well

understood.

1.1.3 Stratosphere-Troposphere Exchange

At larger scales, enhancements in LMS water vapor concentrations can be linked to
isentropic cross-tropopause transport. So-called “tropospheric intrusions” are driven
by poleward Rossby wave breaking events and transport tropical upper troposphere
air to the extratropical LMS across the tropopause break near the subtropical jet (Pan
et al. 2009; Homeyer et al. 2011; Homeyer and Bowman 2013; Ploeger et al. 2013;
Langille et al. 2020). Note that while a small population of these events have been
shown to substantially moisten the LMS, tropospheric intrusions are frequently related
to decreases in LMS water vapor (Schwartz et al. 2015). Large-scale cross-tropopause

transport can also be facilitated by isentropic ascent along the warm conveyor belts of



midlatitude cyclones, which has been shown to transport water vapor and boundary-
layer pollutants into the LMS (Roiger et al. 2011; Stohl 2001; Wernli and Bourqui 2002).
Isentropic transport related to monsoon dynamics — which is intrinsically linked with
smaller-scale monsoon convection — has also been shown to substantially contribute to
LMS water vapor enhancements (e.g., Randel et al. 2010; Pan et al. 2016; Honomichl
and Pan 2020; Pan et al. 2022).

Tropopause-overshooting convection typically results in the most extreme localized
stratospheric hydration. While some studies identify a minimal role of convective con-
tributions to stratospheric water vapor (~10%), these are typically restricted in focus
to tropical convection and impacts on the stratospheric overworld (e.g., Dauhut and
Hohenegger 2022; Ueyama et al. 2023, and references therein). Studies that focus
on convection within extratropical environments, subtropical environments, and mon-
soon regions often show substantial contributions from convection to the LMS water
vapor concentration locally (Hanisco et al. 2007; Dessler and Sherwood 2004; Smith
et al. 2017; Jensen et al. 2020; Tinney and Homeyer 2021; Gordon and Homeyer 2022;
Phoenix and Homeyer 2021; Homeyer et al. 2014; Hegglin et al. 2004; Mullendore et al.
2005; Schwartz et al. 2013; Werner et al. 2020; O’Neill et al. 2021; Homeyer et al.
2023). Overall, the contributions of any specific process to the stratospheric water

vapor budget, especially deep convection, remain a topic of scientific debate.

1.2 Tropopause-Overshooting Convection

Ground-based radar observations and satellite-based precipitation and cloud observa-
tions have been examined to establish global and regional climatologies of tropopause-
overshooting convection in recent years (e.g., Homeyer and Bowman 2021; Liu et al.

2020; Clapp et al. 2019; Liu and Liu 2016; Solomon et al. 2016; Pan and Munchak



2011; Bedka et al. 2010; Liu and Zipser 2005). In both tropical and midlatitude envi-
ronments, tropopause-overshooting convection most frequently occurs over land (e.g.,
Liu et al. 2020). A number of studies have demonstrated that the contiguous United
States (CONUS) is one of the most active overshooting regions in the world — in terms
of both frequency and in depth — where vast majority of overshooting occurs over the
central Great Plains. Cooney et al. (2018) demonstrated that approximately half of
overshoots in CONUS reach the stratospheric overworld, and the overshoot potential
can be greater in environments with a low-stability layer above the primary tropopause
(Homeyer et al. 2014). Additionally, there exists a strong seasonal cycle where the oc-
currence of tropopause-overshooting convection peaks in the late spring/early summer
(e.g., Solomon et al. 2016). Occasionally, overshooting convection injects ice above the
broader storm anvil, producing an above anvil cirrus plume made of ice. Plumes oc-
cur relatively frequently in strong, tropopause-overshooting convection that produces

severe weather (~75% of the time; Bedka et al. 2018).

1.3 A Changing Climate

The Earth’s surface has warmed 1.1°C by 2020 compared to a 1850-1900 baseline —
primarily driven by human activities and greenhouse gas emissions (Arias et al. 2021).
The initial radiative imbalance caused by greenhouse gas emissions is compounded by
climate feedbacks that can act to either accelerate or mitigate the warming. Of par-
ticular interest to this dissertation is the stratospheric water vapor feedback, which
describes how the stratosphere is expected to warm in response to anthropogenic cli-
mate change, which in turn can increase the concentration of stratospheric water vapor,
leading to additional warming (Nowack et al. 2023; Konopka et al. 2022; Li and New-

man 2020; Banerjee et al. 2019; Dessler et al. 2013). Banerjee et al. (2019) found that



the stratospheric water vapor feedback is the same order of magnitude as the surface
albedo feedback and the cloud feedback, demonstrating that improved understanding
of this response is necessary in order to validate and refine projections of the changing
climate. Recent work has also shown that the LMS contains a majority of the strato-
spheric water vapor feedback (Konopka et al. 2022; Li and Newman 2020; Banerjee et al.
2019; Dessler et al. 2013). This implies that troposphere-to-stratosphere transport and
water vapor enhancements driven by midlatitude tropopause-overshooting convection
now and in the future are a potentially important component of this feedback.
Though the response of extratropical tropopause-overshooting convection to climate
change has not been explored previously in the literature, a number of studies have ex-
amined the relationship between climate change and the occurrence of severe weather.
Specifically, research has focused on the response of environmental parameters that are
conducive to severe weather — and therefore deep convection — to climate change, like
convective available potential energy (CAPE) and deep-layer wind shear (Brooks et al.
2003). Many recent studies have focused on environments in the CONUS where severe
weather is frequent, and are nearly unanimous in projecting an increase of CAPE in
the future (e.g., Diffenbaugh et al. 2013). While surface warming and tropospheric
destabilization are both important factors in increasing CAPE, the overall trend has
been found to be largely a result of increasing low-level moisture (Hoogewind et al.
2017; Diffenbaugh et al. 2013; Trapp et al. 2009). In addition to examining environ-
mental parameters, a number of studies have employed the computationally-expensive
method of dynamically downscaling climate models to directly simulate convection in
a projected future climate and have shown variable changes to the location and sea-
sonal timing of severe weather events (e.g., Hoogewind et al. 2017; Gensini and Mote
2015, 2014). On its own, increasing tropospheric instability would act to increase the

likelihood of tropopause-overshooting convection, however, a warming climate has also



been shown to be associated with higher tropopause heights (Meng et al. 2021; Xian
and Homeyer 2019; Lorenz and DeWeaver 2007; Santer et al. 2003; Shepherd 2002),
which would make overshooting more difficult. These competing changes imply the
response of tropopause-overshooting convection to climate change is not easily inferred

from existing understanding of related Earth system changes.

1.4 Study Objectives

Motivated by the current state of the research, this dissertation seeks to fill a gap in the
literature as it relates to the lowermost stratosphere, convection, and climate change.
The dissertation is comprised of three individual studies, each with their own unique

research questions.

1.4.1 Study 1: Water Vapor Extremes in the Lower Stratosphere

In Chapter 2, a climatology of water vapor extremes in the lowermost stratosphere is

compiled. Specifically, this study seeks to address the following questions:

1. What does the distribution of water vapor extrema in the lowermost strato-

sphere look like and how does it differ from the stratospheric overworld?

2. What are the large-scale transport pathways to regions of frequent extreme

values and what are the likely sources of extreme water vapor concentrations?

1.4.2 Study 2: Stability-based Tropopause Definition

In Chapter 3, the relationship between UTLS composition change and common metrics
of atmospheric stability is evaluated. Specifically, this study seeks to address the

following questions:



1. Which stability metric best corresponds to the tropopause-level composition

change in the UTLS?

2. Is it possible to improve upon the known limitations of existing definitions
by designing an alternative, universally applicable stability-based tropopause

definition?

1.4.3 Study 3: Climate Impacts on Overshooting Convection

In Chapter 4, the response of tropopause-overshooting convection to a changing climate
is evaluated for the first time. Specifically, this study seeks to address the following

questions:

1. How does the frequency and distribution of tropopause-overshooting convection

change in a warmed climate scenario?

2. How do tropopause characteristics and overshoot characteristics change in re-

sponse to the prescribed warming signal?



Chapter 2

Climatology, Sources, and Transport
Characteristics of Observed Water Vapor Extrema

in the Lower Stratosphere

This chapter is based on and reproduced from the following published peer-reviewed
journal article:
Tinney, E. N., and C. R. Homeyer, 2023: Climatology, sources, and transport
characteristics of observed water vapor extrema in the lower stratosphere. Atmo-
spheric Chemistry and Physics, 23, 14375-14392, https://doi.org/10.5194 /acp-
23-14375-2023.

Some sections of Chapter 1 are based upon this article as well.

2.1 Background and Motivation

As noted in Chapter 1, the composition of trace gases in the troposphere and strato-
sphere are fundamentally different, which makes composition in the UTLS especially
sensitive to STE. In the lower stratosphere (LS), the per molecule radiative forcing
of water vapor (H20) is maximized, where even small increases (on the order of <
1 ppmv) can lead to substantial surface warming (Solomon et al. 2010; Dessler et al.

2013; Wang et al. 2017). An understanding of the sources and controls of stratospheric



water vapor is therefore essential for improving our understanding of the climate sys-
tem. This is especially valuable due to the implications of stratospheric HyO acting as a
positive climate feedback, where stratospheric HoO concentrations increase in response
to anthropogenic global warming (Dessler et al. 2013; Banerjee et al. 2019; Konopka
et al. 2022; Nowack et al. 2023).

An important instrument that has been frequently employed in studying the global
LS H,O is NASA’s Microwave Limb Sounder (MLS). For example, Schwartz et al.
(2013) and Werner et al. (2020) use MLS observations to assess the global distribution
of high H,O concentrations at a pressure level of 100 hPa, which is commonly found
at a similar level to the 380 K isentrope. Both studies show that high H,O concentra-
tions (>8 ppmv) are most frequent in monsoon-related active convection regions and
therefore contribute to the growing body of evidence suggesting that convection is a
substantial contributor to LS HyO, especially at a regional level. However, such studies
do not evaluate the frequency of HoO enhancements in the LMS, which can encom-
pass a layer 5 km or deeper below the 100 hPa and 380 K levels (Holton et al. 1995).
Higher MLS pressure levels have not been considered in previous studies due to large
latitudinal and seasonal variations in tropopause heights complicating the diagnosis of
LMS layers. Unfortunately, this choice is likely to lead to substantial underestimations
of both the frequency and the magnitude of enhanced LMS H>O concentrations. The
potential for underestimation of convection-driven extrema specifically is expected to
be impacted the most since convection-driven enhancements are typically confined to
only a few kilometers above the tropopause (e.g., Tinney and Homeyer 2021).

Therefore, this study expands upon previous work by examining 16 years (2005—
2020) of MLS H,0O observations to create a climatology of HoO extrema in both the
lowermost and the overworld stratosphere. To achieve this, reanalysis data is used

to diagnose whether individual layers in an MLS profile are stratospheric, allowing
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for accounting of observed LMS HyO extrema for the first time. Additional context
is provided for these observations through an isentropic back-trajectory analysis of
common transport pathways and discussion of the potential roles of large-scale vs.

convective sources.

2.2 Data and Methods

2.2.1 Reanalysis

Three-hourly assimilations of the global atmosphere are employed from the NASA
Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-
2; Gelaro et al. 2017). Temperature, pressure, potential vorticity (PV), and wind fields
are used in this study. MERRA-2 lapse-rate tropopause (LRT) heights and pressures
are calculated according to the World Meteorological Organization (WMO) definition
(World Meteorological Organization 1957). MERRA-2 is available from 1979-present
on an approximately 0.5° x 0.625° longitude-latitude grid with 72 vertical model levels,

which corresponds to ~1.1 km vertical resolution in the UTLS.

2.2.2 Global H;O Observations

Measurements of HyO in the UTLS are sourced from the Earth Observing System
(EOS) Microwave Limb Sounder (MLS) v5.0x dataset. The MLS is aboard the Aura
spacecraft as part of the NASA A-Train constellation of sun-synchronous satellites,
and has Equator crossing times of 0130 and 1330 LT. The instrument performs a
continuous vertical scan of the atmosphere (surface-90 km) in the forward direction of
orbital motion, completing ~3600 profiles per day with a 1.5° along-track separation

between each scan (Livesey et al. 2020). Concentrations of 16 different trace gases
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have been collected globally by MLS since August 2004. The MLS retrieval range of
H>0 is 316-0.001 hPa, with measurements at 12 levels per decade of pressure in the
UTLS. The precision, accuracy, horizontal resolution and vertical resolution of the HyO
measurement vary with height, ranging from 4-65%, 4-25%, 168-400 km, and 1.3-3.5
km, respectively, for pressures 316-1.0 hPa before degrading at lower pressures. Only
MLS layers with pressures of 147 hPa and less are analyzed here, where the precision
and accuracy of the measurement are more suitable for this study. The data are quality-
controlled following the recommendations of Livesey et al. (2020). The MLS v5.0x has
a number of improvements from previous data versions, including partial amelioration

of a calibration-related drift in the H,O measurement.

2.2.3 Stratospheric H O Extrema Identification

MLS observations from 20052020 are utilized in conjunction with MERRA-2 data to
assess the frequency of HyO extrema in the stratosphere. MERRA-2 LRT pressure, PV,
and potential temperature (6) are linearly interpolated in space and time to each MLS
profile location, and logarithmically interpolated vertically to the individual layers
of each MLS profile. These atmospheric parameters are then employed to diagnose
whether any individual MLS layer is located in the stratosphere. The most important
aspect of this method is to balance the objective of retaining as many LMS observations
as possible for analysis with the necessary condition that the identified stratospheric
layers are free of tropospheric contamination (which would result in artificially high
frequencies of stratospheric HoO extrema, especially in the LMS). This is particularly
important due to the relative thickness of MLS layers and potential uncertainties in
tropopause identification.

Employing a singular criterion, like a requirement that MLS layers be above the

LRT, proved to be insufficient as LRT errors along the tropopause break led to large
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swaths of nonphysical extrema occurrences. Similarly, a single PV-based requirement
showed clear tropospheric contamination in regions with frequent stratospheric intru-
sions (or tropopause folding events). Ultimately, a combination of multiple require-
ments is required to ensure that the limitations of any single stratospheric parameter
do not lead to tropospheric contamination within the analysis. To determine appro-
priate thresholds for each requirement, the analysis was performed and subjectively
evaluated with dozens of different threshold combinations until a suitable final set of
criteria were selected. These criteria were chosen as they allowed for as many layers
in the analysis as possible while still limiting tropospheric contamination (which is
characterized by widespread, uniformly high frequencies of HyO extrema).

Therefore, based on the rigorous testing and evaluation described above, it is re-
quired that layers meet a set of three criteria to be classified as wholly stratospheric:
(1) PV > 6 PVU, (2) log(Prrs) < log(Prrr) — 0.075 (i.e. the layer must be at least
~ 1 km above the LRT), and (3) 6 > 340 K. While these criteria are applicable in the
middle and high latitudes, they are inappropriate for application to tropical profiles
due to PV converging to zero in this region. Therefore, MLS layers are also considered
to be stratospheric if 8 > 380 K. As an upper limit for layers to be included in the
analysis, it is additionally required that layers have 8 < 450 K to restrict the analysis
to lower stratosphere layers only. This set of stringent criteria allows us to analyze
observations characteristic of the extratropical LMS and ensure that tropospheric con-
tamination is minimized. In a few rare circumstances, these criteria can be met within
the deep tropics; an example of this is discussed in detail in Sect. 2.3.2.

For analysis, the wettest identified stratospheric MLS layers from each profile are
collected in 5° latitude-longitude bins (i.e., only one layer from each profile is used). The

frequency of HyO extrema (exceeding a given threshold) in each bin is then calculated.
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To quantify how inclusion of the LMS impacts the distribution and frequency of ex-
trema identification, the same binning process is completed for stratospheric overworld
(0 > 380 K) observations only. Due to seasonal variation in the frequency, location,
and magnitude of stratospheric HyO extrema, analysis is conducted separately for DJF
(December, January, February), MAM (March, April, May), JJA (June, July, August),

and SON (September, October, November) when necessary.

2.2.4 Trajectory Analysis

To provide context for the LMS HyO extrema climatology, large-scale transport char-
acteristics are explored via isentropic trajectory analyses. Trajectories are initialized
at the latitude, longitude, and 6 of stratospheric H,O extrema that occur within eight
identified high-frequency regions shown in Fig. 2.1. Using the TRAJ3D trajectory
model (Bowman 1993; Bowman and Carrie 2002), particles are advected backward in
time using MERRA-2 winds for up to 10 days, with positions saved every 6 hours
along the trajectory path. Two-dimensional (latitude-longitude) frequency distribu-
tions of trajectory particle locations at multiple time intervals are used to identify
common pathways to regions of frequent extrema. Given the MERRA-2 spatiotempo-
ral resolution and wind field uncertainties, horizontal displacement errors of individual
trajectories are expected to be ~60 km per day (Bowman et al. 2013; Stohl et al.
1995), but these errors are largely irrelevant for examining the bulk transport behavior
sought here. Evaluating the recent history of identified HyO extrema air masses helps

to provide context for their potential (or likely) sources.
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2.2.5 Observations of Convection

Observations of tropopause-overshooting convection are sourced from NASA’s Global
Precipitation Measurement (GPM) mission. The GPM core satellite was launched in
2014 and is able to measure precipitation characteristics in three dimensions, allowing
for the detection of precipitation features from the tropics to the middle and high
latitudes (Hou et al. 2014; Skofronick-Jackson et al. 2017; Nesbitt et al. 2000; Liu
et al. 2008). These precipitation features can be used in combination with tropopause
altitudes to identify overshooting convection. An extended record (2015-2020) of GPM
overshoots that was originally produced for and analyzed in Liu et al. (2020) is used,
which has been updated to use the newer ECMWEF Reanalysis version 5 (ERA5) LRT
as a reference (Hersbach et al. 2020). Any precipitation feature (radar echo >20 dBZ)
found at an altitude above the ERA5 LRT altitude is classified as an overshoot. The
resulting seasonal geographic distributions of overshoot frequency are used to provide

context for the transport analysis in this study.

2.3 Results

The analysis presented here was completed for three different thresholds of HyO ex-
trema (8, 10, and 12 ppmv). As expected, the frequency of extrema identification
decreases as the threshold increases. In general, the choice of threshold does not have
a substantial impact on the global and seasonal distributions of extrema. For simplic-
ity, I therefore present here the results for H,O extrema exceeding 8 ppmv only, as this
is the most commonly used extrema threshold in prior work and provides the largest
sample of extrema for analysis. Relevant discussion of sensitivities to the extrema

threshold can be found in Sect. 2.4.
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Figure 2.1: Binned frequency of HoO extrema (> 8 ppmv) as observed by MLS for (a)
layers classified as stratospheric, (b) overworld layers only, and (c) the 100 hPa layer
only. Eight local maxima are classified into regions (gold) for further analysis.
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2.3.1 Extrema Frequency

The frequency of HoO extrema in the total LS (overworld + LMS) and the overworld
only is shown in Fig. 2.1a and b. Over most of the world, HoO concentrations exceeding
8 ppmv in the stratospheric overworld occur less than 0.25% of the time. There are
six notable geographic features where the frequency of extrema is maximized which
are highlighted and subjectively classified into regions here: Central and Eastern Asia
(CEA), the North Pacific (NP), the South Pacific (SP), the Gulf of California (GC),
North America and the North Atlantic (NA), and finally South America and the South
Atlantic (SA). The maximum frequency of overworld HyO extrema in each of these
regions varies from ~0.25-1.25%. The CEA feature is the most pronounced in its
spatial extent and magnitude, followed closely by the NA feature.

When this analysis is extended to include the LMS, the magnitude and spatial
extent of nearly every feature increase, although the strength of the frequency change
is variable across the domain (Fig. 2.1a). The NA, GC, NP, and SP maxima experience
the greatest increases in frequency magnitude, exceeding 2% in some locations which
is more than double that of their overworld counterparts. The SA feature displays
a modest increase in frequency, with a maximum frequency of 1.25%. Notably, the
magnitude of extrema in the CEA region is minimally impacted by the inclusion of the
LMS, which results in the central Asia maximum being one of the least pronounced
features in the total LS, despite being the dominant region in the overworld only
analysis. This result is consistent with previous work showing that tropopause heights
are anomalously high in the region and season of the Asian Monsoon Anticyclone,
leading to a shallow — or non-existent— LMS in this region (Munchak and Pan 2014).
There are also two additional maxima that become apparent with the inclusion of the
LMS: along and just east of the Somalian Coast (SC), and over the Southern Indian

Ocean (SI). These features were not detectable in the overworld only analysis where,
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like in much of the rest of the world, the occurrence of HyO extrema did not exceed a
frequency of 0.25%. However, these maxima become comparable to the CEA feature
in the total LS analysis, with extrema frequencies reaching up to ~1%. In addition to
changes in the magnitude of H,O extrema frequencies in the total LS analysis for most
features, the spatial extent of most features increases as well. Specifically, the features
tend to be elongated zonally from their position in the overworld. This can most clearly
be seen in the NA and SA features extending eastward over the Atlantic, and the NP
feature extending westward to far eastern Asia. This pattern of local extrema hot spots
followed by downstream plumes of decreasing frequency is reasonable given typical
mixing timescales (5-7 days; Homeyer et al. 2011) and average LS zonal flow. Put
simply, a large initial HO enhancement can be detectable for days as it is transported
downstream before being fully mixed into the background stratosphere. Finally, it is
important to note that all regions were subjectively chosen based on the locations of
maxima in the total lower stratosphere analysis.

The prominent features over North America (both the NA and the GC regions),
Asia (the CEA region), and South America (the SA region) have been seen in previous
studies of MLS H50O extrema at the 100 and 82.5 hPa levels, and they have been
linked to convective sources associated with the monsoon anticyclone circulations on
these continents (e.g., Werner et al. 2020; Schwartz et al. 2013). In contrast, the
maxima over the Pacific (the NP and SP regions) and over the Indian Ocean (the
SC and SI regions) have never been identified. This, combined with no major local
convective features identified in previous analyses (e.g., Liu et al. 2020), may lead to
some concerns that this result could be a nonphysical artifact of or error in the analysis.
For this reason, this analysis is also applied to the 100 hPa layer only to allow for a

comparison to previous work (Fig. 2.1c). These results are nearly identical to those
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Figure 2.2: Binned frequencies of MLS HyO extrema (> 8 ppmv) separated seasonally
into December, January, and February (DJF; top row), March, April, and May (MAM;
second row), June, July, and August (JJA; third row), and September, October, and
November (SON; bottom row) for (left) lower stratospheric layers and (right) strato-
spheric overworld layers only.
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shown in Werner et al. (2020) and Schwartz et al. (2013), with minor differences likely
accounted for by the length of the MLS record used, bin sizes, and previous choices
to exclude certain anomalous events that were not made here. Most importantly, the
NP, SP, SC, and SI are not found in the 100 hPa only analysis. The similarity of
the analysis presented here to the results in Schwartz et al. (2013) and Werner et al.
(2020) provides confidence that the previously unseen features are not due to analysis
error, but rather due to the inclusion of additional MLS layers that can be classified
as stratospheric. However, the presence of the LMS in the deep tropics where the SC
region is located is — by definition — non-existent, which leads to a question of how
the total LS analysis indicates a local maximum over this region when it is not present
in the stratospheric overworld. This is investigated further in the transport analysis
below.

A seasonal breakdown of the HyO extrema patterns is shown in Fig. 2.2. In the
Northern Hemisphere, JJA dominates the annual cycle in both the total LS and the
overworld. In the NA and NP regions, the frequency of H,O extrema in JJA far sur-
passes that of any other season, with more than 4% of total LS observations exceeding
8 ppmv. The westward extent of NP maxima seen in Fig. 2.1 is even more evident
when restricted to JJA only. MAM and SON have modest contributions to North-
ern Hemisphere extrema and are most substantial over the NP and NA regions, while
DJF (boreal winter) frequencies are < 0.4% across nearly the whole of the Northern
Hemisphere. The significance of the Asian Monsoon Anticylone is made apparent in
the total LS seasonal analysis where the CEA maximum is pronounced in JJA, while
other features — such as NA maxima — are present in all seasons except for DJF. In
the stratospheric overworld, however, locations over CEA and the NA regions exceed

an extrema frequency of 0.8% in JJA only.
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In the Southern Hemisphere, DJF (austral summer) has the most prominent con-
tribution to both LS and overworld extrema, though the overall annual cycle is far less
clear than that of the Northern Hemisphere. The SP region is the dominant feature of
the DJF analysis, with frequencies exceeding 2-3% throughout the region. The SI and
SA maxima are also noticeable in the DJF total LS analysis, though their frequencies
remain below 1.6%. Similarly to their contributions in the Northern Hemisphere, MAM
and SON feature modest frequencies of HoO concentrations exceeding 8 ppmv in the
Southern Hemisphere, with the maximum over South America being the only notable
feature in addition to that over the Pacific. Finally, Southern Hemisphere extrema in

JJA (austral winter) are exceedingly rare.

2.3.2 Transport Characteristics

To provide context for the extrema observations described above, the recent transport
behavior of all LS HyO extrema located in the eight regions identified in Fig. 2.1 are
investigated via an isentropic backward-trajectory analysis for the season in which the
feature is most pronounced. This analysis serves as a complement to the extrema
climatology presented above and allows us to investigate potential sources of extreme
LS H50O. I show here and discuss in detail the statistical transport for a well-known
H,0 frequency maximum (the CEA region), and two unexpected maxima (the NP and
SC regions). The transport analyses for the remaining regions are located in Sect.
2.3.3.

The statistical transport behavior of HoO extrema located in the CEA region during
JJA is shown in Fig. 2.3. Throughout the 10 day history, the vast majority of trajec-
tory particles remain over Asia indicating that the extrema air was confined within the

summertime Asian Monsoon anticyclone throughout its recent history. As expected,
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Figure 2.3: Isentropic backwards trajectory analysis for HoO extrema in the CEA region
(blue box) in JJA. The normalized density of trajectories at initialization and at 2, 4, 6,
8, and 10 days prior is shown by the color-fill, with the maximum density value given in
the initialization panel. The seasonal frequency of tropopause-overshooting convection
as detected by GPM is given by the golden contours at intervals of 5% 107> overshoots
per observation (lighter gold) and 10 * 10~ overshoots per observation (darker gold).
The seasonal average tropopause break (i.e. the location of the sharp discontinuity
between tropical and extratropical tropopause heights) for each hemisphere is indicated
by the solid black line.
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Figure 2.4: As in Fig. 2.3, but for the NP region in JJA.
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and consistent with previous studies (e.g., Bergman et al. 2013; Khaykin et al. 2022),
this demonstrates that the frequent high LS HyO concentrations over this region are
related to a combination of monsoon dynamics and convection. It is important to note,
however, specific convective moistening of the particles along the trajectory path may
have occurred before or at any time during the preceding 10 day period, as convective
transport is not captured by these large-scale isentropic trajectories. For the NP max-
ima, transport is largely zonal along the subtropical jet axis (Fig. 2.4). At 4 days prior
to the extrema observation, the highest-density area of trajectory particles is located
over active overshooting convection areas across Asia, Siberia, and southern Russia as
observed by GPM, suggesting that convective moistening is a likely contributor to these
extrema. A smaller, but still substantial, portion of trajectories can be traced back
eastward to Central American convection 4 to 6 days prior. As demonstrated in Figs.
2.1 and 2.2, the frequency of H,O extrema in the eastern half of the defined NP region
is approximately double that of the western half. This transport analysis suggests that
Central American convection related to the North American Monsoon Anticylone is at
least partly responsible for the high frequency of extrema over the eastern North Pa-
cific, which is consistent with recent work (Clapp et al. 2021). Another potential source
for high LS H50O concentrations over the NP worth investigating would be poleward
Rossby wave breaking transport of tropical/subtropical upper troposphere air. The
North Pacific is a location of frequent Rossby wave breaking (Homeyer and Bowman
2013), and poleward wave breaking has the potential to transport relatively moist,
tropical upper tropospheric air into the lowermost stratosphere and contribute to this
maximum (Langille et al. 2020). However, the lack of substantial meridional transport
from the tropics (i.e., equatorward of the average tropopause break latitude) related

to the observed extrema, outside of the aforementioned path from Central America,
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suggests that this method of stratospheric hydration may be limited when it comes to
H50 concentrations exceeding 8 ppmv.

Finally, the transport history of the SC local maximum is shown in Fig. 2.5. As
mentioned above, the existence of relatively high frequencies of HyO extrema in the
SC region in the total LS analysis, but not the overworld only analysis, is theoretically
impossible, as the LMS does not exist in the deep tropics. The transport behavior
indicates that this air largely originated from southeast Asia as recently as two days
prior, and was located within the monsoon circulation for the preceding 10 days. The
path of these trajectories largely resembles equatorward wave breaking of midlatitude
LMS air along the eastern portion of the monsoon anticyclone shown in previous stud-
ies (e.g., Konopka et al. 2010). The transport of this air into the deep tropics would
retain some characteristics of its source region for up to 1 week, namely higher PV and
potential temperature, which is likely what allows for this air to meet the threshold
requirements set here and be identified as LMS though it is encompassed by tropical
upper troposphere air. Additionally, LRT altitudes in this region are frequently iden-
tified as lower than in other regions located along the same latitude band (not shown),
again suggesting a modification confined to this region due to monsoon dynamics.

To provide additional insight into the potential sources of LS H,O extrema, the
cross-tropopause transport nature of the isentropic trajectories is analyzed to assess the
likelihood of large-scale moistening (rather than delivery by tropopause-overshooting
convection). As a proxy for large-scale isentropic TST, the percentage of trajectories
that spent at least 72 of the 120 hours prior to extrema observation within the tro-
posphere in each season is shown in Fig. 2.6. The seasonal variation in large-scale
TST at any given location appears minimal. However, it is important to note that

for each season, data are only shown for bins with at least 20 initialized trajectories,
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Figure 2.5: As in Fig. 2.3, but for the SC region in JJA.
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which could obscure seasonal variation from this analysis. In general, locations over
the South Pacific, southern Indian Ocean, the Somalian coast, and the Asian Monsoon
region more frequently (>60%) indicate recent large scale TST, while the northern
Pacific and North America have much lower large-scale transport percentages (<40%).

The higher frequency of large-scale TST over the Asian monsoon region (>80%
in some places) is consistent with recent studies that have shown the importance of
monsoon dynamics in stratospheric moistening over Asia, where monsoon convection
often moistens the upper troposphere but additional monsoon-driven isentropic cross-
tropopause transport is required to extend these impacts to the stratosphere (e.g.,
Randel et al. 2010; Pan et al. 2016; Honomichl and Pan 2020; Pan et al. 2022). Alterna-
tively, the lower percentages common throughout the rest of the Northern Hemisphere
subtropics and extratropics suggest that direct convective moistening via overshooting
is the primary driver of these extreme concentrations. In some locations, like over
North America extending eastward into the North Atlantic, this adds to the body of
work which has shown that convection over North America is particularly capable of
moistening the lowermost stratosphere (e.g., Randel et al. 2012; Tinney and Homeyer
2021).

On the other hand, the low frequencies of large-scale TST for the summertime band
of extrema from 180-225°E longitude over the northern Pacific are somewhat surprising
given that this is a location of frequent Rossby wave breaking in boreal summer (Home-
yer and Bowman 2013). However, this is in line with the analysis shown in Fig. 2.4
which has a lack of meridional transport from the tropics outside of a pathway of sum-
mertime transport from Central American convection, which suggests poleward Rossby

wave breaking is not a substantial contributor for LS H5O concentrations greater than
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8 ppmv. The significance of the contribution of Rossby wave breaking events to strato-
spheric HoO concentrations has been debated in previous work (e.g., Ploeger et al.
2013). The analysis above suggests that while horizontal transport events between
the tropical upper troposphere and extratropical LS via Rossby wave breaking may be
common in this location, the air involved in associated TST is not moist enough to

substantially contribute to the populations of H,O extrema analyzed here.

2.3.3 Transport in Additional Regions

The statistical backward-trajectory transport analysis described and shown for the
CEA, NP, and SC regions in the previous subsection is presented and briefly discussed
here for the remaining regions. Figures 2.7-2.9 show back-trajectory density maps for
H50 extrema in the NA, SA, and GC regions. These regions are all characterized
by rapid transport of extrema observations to active overshooting convection regions
upstream and spatially adjacent to the extrema locations, implying that MLS is cap-
turing HoO enhancements from convection at times shortly after the storms. For the
NA region, overshooting over the US Great Plains, Gulf of Mexico, and — at longer
transport times — the Mediterranean, are likely contributors (with significance in that
order). For the SA region, overshooting in Argentina is most likely responsible. For
the GC region, overshooting over the Sierra Madre Occidental in Mexico and the Gulf
of Mexico are likely contributors. In contrast with these apparently dominant local
convective sources, transport pathways of HoO extrema in the SP region (Fig. 2.10)
are not linked to a clear overshooting source region but are densely sourced from the
equatorward side of the mean tropopause break location. This behavior suggests that
many of the HyO extrema in that region are facilitated in part by large-scale TST. It
is noted, however, that SP extrema transport bypasses the South Pacific Convergence

Zone (SPCZ), which is one of the more globally active convective regions in DJF (when
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SP extrema are most common; Vincent 1994, and references therein). Thus, it is pos-
sible that HoO extrema in this region are the result of large-scale transport of UT air
hydrated by convection over the SPCZ to the LS over the east Pacific. Finally, trans-
port histories for HyO extrema within the SI region (Fig. 2.11) indicate rapid linkages
to two upstream overshooting convection sources along the mean tropopause break

location (i.e., the subtropical jet) within 24 days: southern Africa and Argentina.

2.3.4 Annual Cycles in Monsoon-Related Regions

Monsoon dynamics and circulations have a unique and substantial impact on LS H,O
extrema. The seasonal nature of monsoon circulations motivates additional analysis of
the annual cycle of LS H5O extrema in monsoon-related regions, with a goal of pro-
viding further insight into the relationship between monsoon circulations and LS HoO
extrema. In particular, analysis is focused on the Asian Monsoon Anticyclone (AMA;
20°N — 40°N, 30°E - 130°E), the North American Monsoon Anticyclone (NAMA; 20°N
— 45°N, 230°E — 290°E), and the South American Monsoon Anticyclone (SAMA; 20°S
—40°S, 260°E — 320°E). Note that these region boundaries are different from those de-
fined and discussed previously, as those were subjectively chosen based on local maxima
of LS H50O extrema frequency and do not necessarily align with the tropopause-level
monsoon circulations. These monsoon regions, shown in Fig. 2.12d, were specifically
chosen to encapsulate their associated tropopause-level anticyclonic circulations as in-
dicated by the climatological mean of hemispheric summer 100 hPa winds in reanalysis
(not shown).

While the frequency of HoO extrema peaks in summer and decreases in winter for

each monsoon anticyclone, the characteristics of each cycle vary substantially. Both
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Figure 2.7: As in Fig. 2.3, but for the NA region in JJA.
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Figure 2.8: As in Fig. 2.3, but for the SA region in SON.
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Figure 2.10: As in Fig. 2.3, but for the SP region in DJF.
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when normalizing for region size (Fig. 2.12a) and when not (Fig. 2.12b), the frequency
of LS HyO extrema in AMA and NAMA is an order of magnitude larger than in SAMA
at their respective peaks. The SAMA annual cycle is characterized by a broad, shallow
peak from October to January (hemispheric spring and summer) with a maximum
average of ~0.2 observations per grid point. For NAMA the occurrence of LS HyO
extrema largely exists between April and October (hemispheric late spring to early
fall), peaking in August at a maximum average of ~1.7 observations per grid point.
Alternatively, AMA extrema primarily exist within boreal summer (JJA) and peak
in July at ~1.0 observations per gridpoint. From a per grid point standpoint, the
NAMA region clearly dominates contributions to LS HyO extrema in both magnitude
of the frequency and the longevity compared to AMA and SAMA, likely as a result of
combined contributions from monsoon-driven deep convection near the Sierra Madre
Occidental in northwest Mexico and additional frequent convection in the central and
eastern United States during spring, summer, and fall. When comparing the monsoons
as a whole and allowing for their size to modulate their contributions, the NAMA region
still exhibits the greatest HyO extrema frequency, though AMA is more comparable
in its total number of extrema observations (Fig. 2.12b). Perhaps even more notable
is the disparity between the proportion of total LS versus overworld only extrema in
each region. For NAMA and SAMA, the overall overworld contributions to the total
LS extrema frequency is less than 50%, while more than 90% of AMA LS H,O extrema
are from the stratospheric overworld, which reflects the anomalously high tropopause
heights in this region (Munchak and Pan 2014). This result especially highlights the
importance of considering the LMS when assessing the contributions of each monsoon

to extreme HyO concentrations.
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Figure 2.12: Two average annual cycles of (a) the number of HyO extrema per grid
point, (b) the average regional number HyO extrema, and (c) the percentage of ex-
trema with a large-scale transport history are given for the Asian Monsoon Anticyclone
(AMA; 20°N — 40°N, 30°E — 130°E; purple), the North American Monsoon Anticyclone
(NAMA; 20°N — 45°N, 230°E — 290°E; blue) and the South American Monsoon An-
ticyclone (SAMA; 20°S — 40°S, 260°E — 320°E; red). For (a) and (b), the number of
observations for the total lower stratosphere is given by the solid line and the number
of observations in the stratospheric overworld only is given by the dotted line. The
region boundaries for each monsoon described above are given in (d).
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Figure 2.12 also shows the percentage of extrema in each monsoon region whose
back-trajectory analysis indicates a recent tropospheric origin (as described above).
Again, there are substantial differences between the three monsoons. For AMA and
SAMA, the large-scale TST percentage peaks during the monsoon season when the
frequency of extrema peaks. Alternatively, the NAMA region experiences a minimum
in large-scale TST percentage in August when the HyO extrema frequency peaks,
providing more evidence that convection in the NAMA region is uniquely capable of
transporting HoO to the LS without necessitating some additional, larger-scale trans-
port, as has been demonstrated in previous studies (e.g., Randel et al. 2012; Tinney
and Homeyer 2021). Both the AMA and the NAMA regions also experience relative
maxima in the frequency of large-scale TST in December/January, which is likely a
result of the substantial decrease in tropopause-overshooting convection in the winter

months.

2.4 Discussion

Throughout this study, several choices and assumptions were necessary for conducting
the analysis. For example, using the tropopause-relative location of trajectories as
a proxy for large-scale TST can be sensitive to the requirements for the percentage
of time spent in the troposphere. In addition to the requirement used here (60% of
the preceding 5 days spent in the troposphere), the analysis was performed requiring
that trajectories must be located in the troposphere for only 40% of the preceding 5
days. This changed the number of trajectories but did not impact the resulting large
scale pathways (not shown). Additionally, while the analysis was conducted for MLS
extrema thresholds of 8, 10, and 12 ppmv, only the 8 ppmv results were presented here.

In general, the 8 ppmv threshold increased the number of extrema in all regions and all
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seasons compared to the more restrictive thresholds. For example, 8 ppmv extrema are
typically ~1-2 times more frequent than 10 ppmv extrema globally. However, the 8
ppmv threshold does disproportionately increase the number of extrema in the CEA—
AMA region, where 8 ppmv extrema are ~3-4 times more frequent than 10 ppmv
extrema (not shown). Another sensitivity to the choice of threshold is found when
examining the annual cycle of extrema in the NH, where 10 and 12 ppmv extrema
frequency peaks in July while 8 ppmv extrema frequency peaks in August (not shown).
This slight seasonal shift is likely related to the increase in background stratospheric
water vapor concentrations in the summer months (e.g., Tinney and Homeyer 2021).
Though these sensitivities are notable, they do not impact the conclusions drawn from
the analysis.

Lastly, the biggest challenge for this work arose from the major goal of this study
— to expand on previous work through the inclusion of the LMS in analysis of LS
composition. Restricting the analysis to stratospheric MLS layers only proved to be a
difficult task due to the relatively coarse vertical resolutions of MLS and MERRA-2.
For this study, the selected criteria were as lenient as possible while still accounting
for the uncertainties within the data. Specifically, to limit contamination from MLS
layers whose depth may extend across the tropopause, a series of stringent criteria were
put in place and only MLS layers at pressures of 147 hPa were included in this anal-
ysis. Despite these efforts, it is possible that upper-tropospheric H,O could influence
parts of the analysis and partially inflate LS extrema frequencies. Alternatively, the
stringent criteria may also obscure and prevent truly lower stratospheric layers from
being included within this analysis — therefore potentially undercounting extrema. I
emphasize here that the inclusion of the LMS in analyses like that presented here is
challenging — but worthwhile — and is important to do in future work that aims to

increase understanding of the concentrations and sources of HoO and other trace gases
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in the LS, especially given the implications for understanding the role of tropopause-

overshooting convection in the STE budget.
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Chapter 3

A Modern Approach to Stability-Based Definition

of the Tropopause

This chapter is based on and reproduced from the following published peer-reviewed
journal article:
Tinney, E. N., C. R. Homeyer, L. Elizalde, D. F. Hurst, A. M. Thompson, R. M.
Stauffer, H. Vomel, and H. B. Selkirk, 2022: A modern approach to a stability-
based definition of the tropopause. Monthly Weather Review, 150 (12), 3151 —
3174, https://doi.org/https://doi.org/10.1175/MWR-D-22-0174.1.

Some sections of Chapter 1 are based upon this article as well.

3.1 Background and Motivation

The assessment of many UTLS-relevant processes, such as the work presented in Chap-
ter 2 and in research focusing on STE, are heavily reliant upon accurately defining the
stratosphere. Therefore, definition of the tropopause continues to be an important and
challenging task. For example, a tropopause that is identified too high can result in the
false assessment of stratospheric air in the troposphere, and vice versa. Ultimately, it is
the diverse dynamic, chemical, and radiative coupling between troposphere and strato-
sphere in the UTLS and the two-way exchange of air via stratosphere-troposphere
exchange, which significantly impact Earth’s radiation budget and climate, that moti-

vate continued refinement in our approach to tropopause definition (Holton et al. 1995;
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Stohl et al. 2003; Gettelman et al. 2011; Banerjee et al. 2019). A variety of unique
tropopause definitions have been proposed over the years, each of which can fall within
one of three main categories: stability-based definitions, dynamics-based definitions,
and composition-based definitions.

Stability-based definitions of the tropopause use profiles of temperature to deter-
mine the vertical stratification of the atmosphere. The original and most-used stability-
based definition is that created by the World Meteorological Organization (WMO) in
1957. The temperature lapse-rate definition of the tropopause (LRT) is defined as “the
lowest level at which the lapse rate decreases to 2°C km™" or less, provided also the av-
erage lapse rate between this level and all higher levels within 2 km does not exceed 2°C
km=" (World Meteorological Organization 1957). This method is one of few globally
and universally-applicable definitions (i.e., it can be applied reliably to both balloon
observations and model output), although its accuracy can vary seasonally, latitudi-
nally, and under previously-outlined complex synoptic patterns such as tropopause
folds and Rossby wave breaking events (Zéngl and Hoinka 2001; Homeyer et al. 2010).
The most significant and routine errors in tropopause identification using the LRT
definition occur in polar regions during hemispheric winter and spring where a stable,
near-isothermal middle troposphere and UTLS can prevent the LRT criteria from being
met at a level below the lower-to-middle stratosphere, resulting in an erroneously high
tropopause altitude (Zangl and Hoinka 2001). Near the subtropical jets and more spa-
tially confined, lamination of tropical tropospheric air and extratropical stratospheric
air can result in complex stability profiles that make tropopause definition using any cri-
teria difficult, for which errors in LRT altitude are almost always realized as a high bias
and are also unfortunately common (Homeyer et al. 2010). In the tropics, the cold point
tropopause (i.e., the UTLS temperature minimum) is a commonly-used definition, but

is susceptible to bias from temperature fluctuations driven by wave activity (Kim and
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Alexander 2015). Additionally, the cold point tropopause cannot be used poleward of
the subtropical jets due to decoupling between the temperature minimum in a profile
and the dominant troposphere-stratosphere composition change (e.g., Highwood and
Hoskins 1998). In evaluation of modeled convective mass transport, tropopause identi-
fication by a potential temperature gradient threshold performed similarly to the LRT,
though its potential further use has not been fully explored (Maddox and Mullendore
2018). Other variations of stability-based definitions have also been created in recent
years, often leveraging the Brunt—Vaisala frequency N in their identification (Homeyer
et al. 2010; Gettelman and Wang 2015; Duran and Molinari 2019). Note that any
stability-based definition applied to radiosonde observations can be sensitive to noise
and measurement-related artifacts, such as solar heating of the sensor or adsorption of
hydrometeors onto the sensor, but these are typically negligible for tropopause altitude
definition.

Dynamic definitions of the tropopause are the most popular alternative to thermal
(i.e. stability) definitions in the subtropics and extratropics. Potential vorticity (PV)
is commonly used as the basis of a dynamic tropopause definition (Reed 1955; Holton
et al. 1995; Kunz et al. 2011). PV is the product of static stability and absolute vorticity
and is conserved in frictionless, adiabatic flows. While some studies use the gradient of
PV along isentropes to identify the dynamic tropopause, it is most often prescribed as
a surface of constant PV expressed as a potential vorticity unit, or PVU, where 1 PVU
=107% K m? kg~! s7!. The PV threshold selected often ranges from 41-4 PVU, with
+2 PVU being most common, but the ideal threshold has been found to vary seasonally
and by altitude from model analyses (Hoerling et al. 1991; Wernli and Bourqui 2002;
Sprenger et al. 2003; Kunz et al. 2011; Skerlak et al. 2014). The PV-based dynamic
tropopause cannot be applied in the tropics where the absolute vorticity approaches

zero and PV surfaces become nearly vertical. However, the arguably greatest limitation
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of a PV-based dynamic definition of the tropopause is that it is largely gridded-data-
based and therefore cannot be applied in many traditional observational studies without
additional support of a gridded dataset. Alternative dynamic definitions exist based
on trajectory calculations, called a “Lagrangian tropopause” (e.g., Berthet et al. 2007),
but these are more computationally expensive and entirely model-based.

Lastly, composition-based definitions of the tropopause use the often dramatic com-
position change between troposphere and stratosphere to identify a chemical tropopause.
Previous observational and modeling studies have leveraged the concentrations of vari-
ous trace gases, such as-but not limited to-ozone (O3), water vapor (H,O), and carbon
monoxide (CO), due to their sharp gradients across the tropopause transition layer.
These sharp gradients allow the compounds to be considered tracers of stratospheric
(O3) and tropospheric (H2O, CO) air. Past studies have either used profiles of one of
these trace gases—predominantly Os3—or two trace gases to identify the characteristic
composition change in the tropopause transition layer. For example, Bethan et al.
(1996) used balloon observations of O3 at select sites around the world to produce an
‘ozone tropopause’ definition. For two trace gases, plots of coincident tropospheric and
stratospheric tracers demonstrating tracer—tracer relationships have become a common
technique for a chemical tropopause transition layer definition, with O3—CO and Os—
H,O relationships being most common (Fischer et al. 2000; Hoor et al. 2002; Zahn and
Brenninkmeijer 2003; Pan et al. 2004). However, such chemical tropopause definitions
can be sensitive to transient processes including stratosphere—troposphere exchange,
are not able to be applied to common observations such as radiosondes and models
without chemistry, and can require adjustment when applied to locations at a wide
range of latitudes. Unique approaches to chemical tropopause definition have been ex-

plored using models, such as passive tracer concentrations with a tropospheric source

44



(e.g., Prather et al. 2011), but are ultimately less common and also not applicable to
observations.

Despite the wide range of approaches used to identify the tropopause in prior work,
the LRT is often characterized as the most reliable definition due to both its universal
applicability and superior ability to identify the approximate location of the layer of
greatest composition change in the UTLS, both in tropical, high-tropopause regions
and extratropical, low-tropopause regions (Gettelman et al. 2011; Pan et al. 2018).
The common coincidence of the LRT with the layer of greatest composition change
is remarkable, because the LRT definition was developed at a time where coincident
profile observations of atmospheric temperature and composition were extremely rare.
Recent work has demonstrated that other stability metrics may perform similarly to
the LRT, but their potential use and applicability to a wide variety of environments
and dynamic scenarios must be further investigated (Maddox and Mullendore 2018).
Recognition of this fact and motivated by both the increasing availability of long-term,
globally distributed profiles of observed atmospheric temperature and composition,
especially Oz and H,O, and the known common failure modes of the LRT definition,
this study seeks to evaluate the relationship between UTLS composition change and
common metrics of atmospheric stability. In doing so, the following questions are
addressed: 1) Does the temperature lapse rate best correspond to composition change
in the UTLS? 2) Is it possible to improve upon the known limitations of the LRT
definition by designing an alternative, universally applicable stability-based tropopause
definition? My focus in addressing these questions is on the conventional exercise of
identifying a single tropopause level rather than the composition transition layer depth.

To examine relationships between UTLS composition change and stability, 12-40+

years of balloon-based profile observations from six locations ranging in latitude from
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the high Arctic to the South Pole are used in this study. These observations include co-
incident measurements of temperature, O3, and (in some cases) HyO. The observations
are first used to statistically examine the relationship between UTLS composition (Os
only) and three commonly-used metrics of atmospheric stability: the temperature lapse
rate, vertical gradient of potential temperature, and N. Following this analysis, a new
stability-based tropopause definition is proposed, applied to profile observations and
reanalysis output in comparison to the LRT, and evaluated through tropopause-relative

analysis of O3 and O3-H5O tracer-tracer diagrams.

3.2 Data and Methods

3.2.1 Balloon Observations

High-resolution balloon observations of temperature, O3, and HyO used in this study
were obtained from NOAA’s Earth System Research Laboratories (ESRL) Global Mon-
itoring Laboratory (GML) online archive (NOAA 2021, 5 out of 6 sites) and from
NASA’s Southern Hemisphere ADditional OZonesondes (SHADOZ) and Network for
the Detection of Atmospheric Composition Change (NDACC) archives (NASA 2022a,b,
for the Costa Rica site only). These data include traditional radiosonde observations
of air temperature, pressure, and humidity in all cases and one or both of the follow-
ing instruments, depending on the flight: an electrochemical concentration cell (ECC)
ozonesonde for measuring O3 with an accuracy of £5% and a precision of +3-4%
(Witte et al. 2017; Thompson et al. 2017; Witte et al. 2018; Sterling et al. 2018) and /or
a NOAA frost point hygrometer (FPH; Hurst et al. 2011) or cryogenic frost point hy-
grometer (CFH; Vomel et al. 2007) for measuring tropospheric and stratospheric HoO

with total uncertainties of +10% and +6%, respectively (Hall et al. 2016; Vomel et al.
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Figure 3.1: Sites of the balloon observations used in this study. Yellow stars indicate
sites with ozonesonde-only observations and purple stars indicate sites that also have
water vapor data.

2016). Note that while the radiosonde data include humidity measurements for all
profiles, these data are not suitable for detailed analysis of HyO composition in the
UTLS given the well-established need for corrections of measurement biases and slow
sensor response times (e.g., Miloshevich et al. 2004). Regardless of the composition
instrumentation used, every balloon carried a radiosonde and most reached altitudes
>30 km, providing measurements of meteorology and composition throughout the tro-
posphere and lower stratosphere. For ECC and radiosonde flights, O3 and temperature
measurements reported at a vertical data spacing of 5-10 m were averaged in 100-m
vertical layers, while for flights that also included a FPH/CFH, the 5-10 m-spaced
measurements of HoO, O3 and temperature were averaged in 250-m vertical layers.
Many of the flights that include both FPH/CFH and ECC instruments are also avail-
able in the ECC-only datasets. In such cases, only the multi-instrument 250-m layer

data is retained for analysis to prevent double counting. For consistency, all 250-m
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layer data are linearly interpolated to 100-m vertical grid spacing prior to analysis.
For either dataset, only the ascent (i.e., generally higher quality) observations are used
for analysis.

To explore relationships between stability and composition across a wide range of
latitudes, five NOAA ESRL GML balloon sounding sites and one NASA site were
selected for analysis in this study, which are: Summit Station, Greenland (72.58°N);
Boulder, Colorado (39.95°N); Hilo, Hawaii (19.72°N); Lauder, New Zealand (45.04°S);
South Pole Station, Antarctica (90.00°S); and San José, Costa Rica (~10°N), respec-
tively. Latitude was used as the basis for balloon sounding site selection because it is
the leading factor of global variability in tropopause altitude and UTLS composition
(e.g., Gettelman et al. 2011). The Boulder, Hilo, San José and Lauder balloon sound-
ing sites include measurements with both ECC and FPH/CFH instruments, while the
Summit and South Pole sites are ECC(Oj3)-only. Figure 3.1 shows a map of these
balloon sounding sites and Table 3.1 summarizes the number of flights from each site
at least 18 km in depth from the surface that are used for analysis in this study.

Table 3.1: The total number of balloon observations at least 18 km in depth by type
(ECC or Os-only, FPH/CFH or HyO-only, and both) and location.

Observation Site Os-only | H,O-only | O3 & H,O
Boulder, Colorado 1678 284 241
Hilo, Hawaii 1612 5} 126
Lauder, New Zealand 0 5) 181
Summit Station, Greenland 527 0 0

San José, Costa Rica 402 1 221
South Pole Station, Antarctica 2134 0 0
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Figure 3.2: Stacked bar charts indicating the number of balloon profiles reaching at
least 18 km above the surface, as a function of year for the 6 balloon sounding sites
used. Yellow bars indicate the total number of ozonesonde-only observations, blue the
total number of FPH/CFH-only observations, and purple the total number of balloon
observations with both instruments. Note that the ordinate varies by observation site.
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Figure 3.3: As in Fig. 3.2, but by season. Note that the disproportionate number of
ECC soundings at South Pole Station during SON is due to an increased frequency of
soundings each year during the formation and evolution of the polar ozone holes.
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Figures 3.2 and 3.3 summarize data availability for all balloon sounding sites in
detail as a function of year and season, respectively. The ozonesonde record is the
most extensive of the balloon flights, extending back to the late 1960s for the Boulder
and South Pole sites. The Boulder, Hilo, and South Pole stations have the longest
data records, with sustained observations from the late-1970s or mid-1980s to the
Present. Flights from Boulder (2003-Present), Hilo (2005-Present), San José (2005
Present), and Lauder (2011-Present) that include all three instruments (radiosonde,
ECC, and FPH/CFH) amount to ~10 seasonally-distributed flights per year for each
site. The Boulder FPH record began in 1980, making it the world’s longest record
of UTLS H50O measurements. There are varying degrees of seasonality in the avail-
ability of ozonesonde data for the balloon sounding sites, with the greatest seasonality
at the South Pole and Summit Stations, where there are maxima in the number of
observations during the seasons when substantial stratospheric O3 depletion occurs (in

September—November and March—May, respectively).

3.2.2 Reanalysis Output

To demonstrate global application of tropopause definitions in this study, output
from the Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) is used. MERRA-2 is available every 3 hours from 1979 to the present at
a horizontal grid spacing of 0.625° x 0.5° longitude-latitude and 72 vertical levels, with
a vertical grid spacing of ~1100 m in the UTLS (Gelaro et al. 2017). Four individual
0000 UTC analysis times during the midpoint of each season of a single year are used
here, to demonstrate the seasonality and variability of global tropopause definition and
compare performance of the new stability-based tropopause definition introduced here

to the lapse-rate and dynamic (i.e. PV-based) tropopauses. Tropopause altitudes are
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calculated for each reanalysis profile after first interpolating temperature to a regular

100-m vertical grid using cubic splines.

3.3 Results

3.3.1 Composition-Stability Relationships

As outlined in Sect. 3.1, a unique opportunity afforded by modern balloon observa-
tions that include measurements of atmospheric composition is that the relationship
between composition change in the tropopause transition layer and stability can be ex-
tensively evaluated. Here, I explore this using the entire record of balloon observations
introduced in Sect. 3.2.1 and multiple metrics of static stability. In particular, analysis
is focused on three easily computed conventional metrics that can be obtained from
any balloon radiosonde profile or model output. Namely, I investigate vertical gradi-

ents of temperature (07'/0z), potential temperature 6 (00/0z), and the Brunt-Vaisala

\/ z + rd (3.1)

2

frequency N, given as:

where ¢ is the gravitational constant (9.8 m s™°) and I'; is the dry adiabatic lapse
rate (9.8 K km™!). Note that 9T/0z is simply the opposite sign of the environmental
temperature lapse rate I', which the LRT definition is based upon. These three stability
metrics have been widely used to both quantitatively and qualitatively depict stability
change associated with the tropopause transition layer, but only 97'/9z (or I') has been
routinely used for tropopause definition in the past.

Three example profiles of T, 8, O3, and the stability metrics are given in Figure 3.4.

The three profiles shown encompass variability in time of year, tropopause altitude,
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and location, with a high-latitude example from the South Pole Station during austral
spring with substantial stratospheric O3 depletion, a midlatitude example from Boul-
der, Colorado, and a low-latitude example from San José, Costa Rica. Characteristic
profiles of 7" and 6 from each location indicate the variability in UTLS structure that
make reliable, globally-applicable identification of the tropopause difficult. Namely,
abrupt changes in T and # and concomitant step-like changes in the stability metrics
are found in the Boulder and San José examples, near altitudes of 14 km and 17 km,
respectively. Sharp changes in O3 composition clearly accompany the stability changes
in those cases, which is common in environments with such strong stability-based
tropopause definition. However, in the South Pole Station example, the tropopause
transition in stability is more gradual, despite a pronounced O3 composition change
indicating a tropopause transition layer near 9 km altitude. The three stability metrics
show a weak transition that is far less pronounced than in the other example profiles,
but there is no pronounced minimum in the temperature profile near the tropopause.

Two main characteristics of stability profiles that aid in establishing a clear rela-
tionship between a stability metric and UTLS O3 composition change are considered:
i) increased troposphere-stratosphere contrast of the stability metric (i.e., the relative
difference between common low-stability tropospheric and high-stability stratospheric
values) co-located with the strong vertical gradient in O3 and ii) decreased fluctuations
of the stability metric that are generally unrelated with the tropopause transition layer.
For the example profiles in Figure 3.4, 96/0z appears to provide the greatest contrast
of the stability metrics, but all metrics are characterized by large variability (especially
at higher altitudes - i.e., throughout the stratosphere). This large variability stems

from a range of thermodynamic and dynamic processes such as vertically propagating

53



8 (K) AB/AZ (K km-)
250 350 450 550 O 10 20 30 40
25 T T T ——

50

South Pole Station,
Antarctica
11 October 2006
at 20:22 UTC

Altitude (km)

L L
100 1000 10000
Ozone (ppbv)

1 1 1 ¥ 1 1 1 1 1
180 220 260 300 -10-5 0 5 10
T(K) AT/Az (K km-)

8 (K) AB/AZ (K km™)
250 350 450 550 O 10 20 30 40 50

25¢ r [T [
Boulder, Colorado £ 151 - C C
28 June 2019 § r r "5= r
at 16:24 UTC £ o r9% | i
or N § : C C
i [ i i
5t = § : = =
ol . . M AUV NV SOOI DI § . .
180 220 260 300 -10-5 0 5 10 0 1 2 3 410 100 1000 10000
T(K) AT/Az (K km™) N (x102s™) Ozone (ppbv)
6 (K) AB/Az (K km™)
250 350 450 550 0 10 20 30 40 50
25 T T T T —T T T
— =
20 =
San Jos_e, E 15 :
Costa Rica 5 :
10 March 2010 E )
at 13:51 UTC Z 10 T
5 :
0 . . P NI T TP L . .
180 220 260 300 -10-5 0 5 10 0 1 2 3 410 100 1000 10000
T (K) AT/Az (K km™) N (x102s™) Ozone (ppbv)

Figure 3.4: Example ozonesonde profiles of (from left to right) temperature (7'; blue)
and potential temperature (6; red), vertical gradients of 7' (AT /Az) and 0 (A0/Az),
the Brunt-Vaiséléd frequency N, and ozone volume mixing ratio (purple). For the T,
0, and stability profiles, the raw data are shown by the black and gray profiles in the
background, while colored lines show 2-0 Gaussian smoothing of the raw 7" and 6 data.
In the second panel, vertical blue and red dashed lines are given at constant values of
AT/Az = -2Kkm ! and AG/Az =10 K km™!, respectively. The profiles are sourced
from (top) South Pole Station, Antarctica on 11 October 2006 at 20:22 UTC, (middle)
Boulder, Colorado on 28 June 2019 at 16:24 UTC, and (bottom) San José, Costa Rica
on 10 March 2010 at 13:51 UTC.
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high-frequency (e.g., gravity) waves and complex large-scale lamination of stable lay-
ers in latitude from Rossby wave breaking and tropopause folding (e.g., Holton et al.
1995; Stohl et al. 2003; Gettelman et al. 2011). To leverage stability transitions for
tropopause definition, measuring changes over substantial depths or smoothing of the
underlying T and 6 data is sensible. Figure 3.4 shows the resulting reduction in vari-
ability of the stability metrics after application of 2-0 Gaussian smoothing to the 100-m
T and 6 profiles, which spans a layer ~1 km deep in total and has a full width at half
maximum of ~500 m for the Gaussian weights. Nevertheless, some broad differences
among the three stability metrics can be inferred from comparison in these three ex-
ample profiles: 1) 06/0z provides the greatest troposphere-stratosphere contrast of the
three metrics, and ii) of the smoothed metrics, N provides the least variance in mag-
nitude with changing altitude unrelated with the transition layer. These differences
and their relationship to troposphere-stratosphere O3 composition change are robustly
examined in the statistical analysis that follows.

Figure 3.5 shows two-dimensional frequency distributions of joint O3 and stability
observations for all balloon observations from each site. This analysis is limited to
altitudes between 5 and 20 km (5 and 25 km for San José) to focus on observations
from the UTLS and prevent contamination from stable planetary boundary layer in-
versions. Most joint frequency distributions reveal a bimodal pattern, with frequent
observations of low O3 (100 ppbv) at low stability and frequent observations of high
O3 (100 ppbv) at high stability. The degree of bimodality and 2-D separation of
the low and high modes varies by location and stability metric. For low latitude, high
tropopause altitude stations (Hilo and San José), there is weaker bimodality and an
overall frequency bias toward the low mode due to more of the analyzed layer being

in the troposphere. The bimodality increases with latitude for the remaining stations,
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Figure 3.5: Two-dimensional frequency distributions of ozone vs. (left) potential tem-
perature gradient Af/Az, (middle) Brunt-Viiséld frequency N, and (right) tempera-
ture gradient AT'/Az for all measurements from each observation site. Ozone is placed
into logarithmic bins of size 0.1, while A/Az, AT/Az, and N are placed into bins of
size 2 Kkm™!, 1 Kkm™!, and 0.002 s~!, respectively. Contours represent the frequency
of observations relative to the maximum value within any 2-D bin in each panel, with
shading at 1, 3, 6, 10, 30, and 60%. Gray horizontal lines are given in each panel at
constant values of A§/Az = 10 K km™, N = 0.017 s7!, and AT/Az = —2 K km™,
for reference.

reflecting a more equal population of tropospheric and stratospheric air in the con-
tributing observations as a result of the transition to both lower tropopause altitude,
and downward transport of high-O3 air in the midlatitude lower stratosphere, which
enhances the near-tropopause gradient in composition and thereby increases O3 sepa-
ration of the modes.

Each of the stability parameters offer strong separation in stability magnitudes for
the two high-frequency modes, which is indicated by lesser overlap of high- and low-O3
modes in stability space (Fig. 3.5), though identification of a tropopause transition
layer via stability is challenging for any metric since composition and stability are not
always positively related (e.g., at some point there is no relation for air confined to the
troposphere or stratosphere and away from the tropopause). However, the stability
parameters differ in the consistency of the value at which this separation occurs in
different environments. In Figure 3.5, somewhat arbitrary gray horizontal lines are
drawn for each stability metric at a constant value across all stations: —2 K km~" for
AT/Az (i.e., the value consistent with the LRT), 10 K km™! for A#/Az, and 0.017 s7*
for N. The —2 K km™' AT /Az threshold corresponds relatively well with the location
of high-frequency mode separation for Summit Station, Hilo, San José, and Lauder,
but overlaps with air with stratospheric O3 characteristics for Boulder and South Pole

Station. Alternatively, both the Af/Az and N thresholds perform relatively well at
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all locations. A constant Af/Az threshold, specifically, seems the most appropriate
metric for identification of the transition at all stations due to minimized overlap of
the high-frequency modes. The consistency of a single A8/Az value (10 K km™? in
this case) co-located with the UTLS composition transition in a variety of tropopause
environments indicates that this metric provides the most promising opportunity for
discriminating between troposphere and stratosphere layers on a global scale. The
analysis in Figure 3.4 is consistent with this conclusion, where a 10 K km=! 96/0z
threshold is reached at the location of the strong O3 gradient at each station.

Why is it that the three stability metrics vary in the consistency of their relationship
to composition change across a variety of environments? To investigate this, relation-
ships between 00/0z and the remaining stability metrics as a function of altitude are
shown in Figure 3.6. The relationship between 00/0z and 91 /0z is modified by pres-
sure: a —2 K km™! 9T'/0z threshold corresponds with smaller 96/0z values at higher
pressures (lower altitudes; e.g., ~10 K km™! at 300 hPa) and larger values at lower
pressures (higher altitudes; e.g., ~14 K km™! at 100 hPa). Similarly, the relationship
between 00/0z and N is modified by 6, where lower 6 corresponds to lower altitudes
and vice versa. This vertical variation of the relationship between stability metrics
demonstrates why tropopause identification based on them can differ. Ultimately, the
composition-stability analysis shown in Figure 3.5 indicates that 90/0z is the most con-
sistent at demarcating the UTLS composition change using a single threshold value.
Motivated by the above results, I introduce a new 060/0z-based tropopause definition

in the following subsection.
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Figure 3.6: Values of A8/Az as a function of (a) AT /Az and pressure, and (b) N and
6. Black vertical lines are given at constant values of (a) AT/Az = —2 K and (b) N
=0.017 7%

3.3.2 The Potential Temperature Gradient

Tropopause Algorithm

Based on the finding from statistical analysis of balloon observations that the vertical
gradient of potential temperature (00/0z) provides the greatest discrimination between
air masses with tropospheric or stratospheric characteristics, an algorithm to identify
a potential temperature gradient tropopause (hereafter PTGT) was sought. The goals
of this new algorithm were to: 1) provide a reliable technique for tropopause altitude
identification that captured the typical step-wise change in the magnitude of 90/0z
(and more generally, static stability) from troposphere to stratosphere, 2) to improve
stability-based identification of the tropopause in instances where the conventional LRT
definition fails, and 3) to better coincide with the sharp composition change commonly
observed in the tropopause transition layer. After rigorous tests and evaluation of
mathematical approaches to this problem, the most reliable and simplest approach

developed is modeled after the LRT definition.
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The PTGT definition is as follows: i) the first tropopause is defined as the lowest
level at which the potential temperature gradient increases to 10 K km™!, provided
also that the potential temperature gradient between this level and all higher levels
within 2 km does not fall below 10 K km™!, and ii) if above the first tropopause,
the potential temperature gradient between any level and all higher levels within 1
km falls below 10 K km~!, then a second tropopause may be defined as done for the
first tropopause, but using a potential temperature gradient threshold of 15 K km™!.
The 10 and 15 K km™! thresholds were selected based on sensitivity tests, with the
ultimate goal being consistent performance at all latitudes. These 06/0z thresholds
also commonly coincide with composition change observed near the tropopause and in
complex transport events such as Rossby wave breaking (e.g., Pan et al. 2009).

Applying this definition reliably and as intended by the authors requires that data
are on a regular altitude grid and that forward (i.e., upward) finite differencing is used
for computing the potential temperature gradient, as implied by the language in the
definition (again, consistent with the LRT). While most tropopause definitions do not
outline the utility and/or necessity of requiring all profile data to conform to a uniform
vertical grid, doing so is advantageous to reliable and consistent application of any
tropopause definition since nearly all algorithms attempt to identify robust changes
in some variable —typically temperature— over a finite depth. To formalize this, I
emphasize here that a necessary step to successful implementation of any tropopause
algorithm be interpolation of profile data to a uniform grid (100-m data spacing is
recommended for most datasets). Note that for temperature, interpolation via cubic
splines is often preferred to minimize error in tropopause identification (e.g., Hoffmann

and Spang 2022).
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3.3.3 Evaluation of the Tropopause Algorithm
3.3.3.1 Application to Observations

Figure 3.7 shows the results of applying LRT and PTGT tropopause definitions to
the example profiles previously shown in Figure 3.4. These examples demonstrate
near perfect agreement of the two tropopause definitions in the Boulder and San José
profiles where the stability transition is sharp and large disagreement in the South Pole
Station example where the transition is weaker. Namely, in the South Pole Station
profile, the PTGT definition identifies the subtle, lower altitude transition in stability
that lies in close proximity to the pronounced Ojs increase near 9 km, indicative of
the transition from troposphere to stratosphere air. Alternatively, the LRT definition
is biased nearly 5 km high, identifying an arbitrary level that satisfies the lapse-rate
criteria and falls within the broad layer of stratospheric O3 depletion found ~12-22 km
in this example. As outlined in Sect. 3.1, such high bias in LRT altitude in the polar
regions was one motivating factor for revisiting stability-based tropopause definition in
this study due to its unfortunately common occurrence during winter and early spring,
which will ultimately introduce significant error to any analysis that relies on accurate
identification of the tropopause (e.g., stratosphere-troposphere exchange). As will be
shown further below, the improvement in tropopause identification given by the new
PTGT definition is not unique to this example.

Figure 3.8 shows scatterplots comparing PTGT and LRT altitudes for all of the
balloon observations. The scatterplots are densely grouped along a 1-to-1 line at all
locations, indicating frequent agreement between the two definitions. When the PTGT
and LRT disagree, the PTGT is almost always identified at a lower altitude. Lauder
and Summit Station show the best agreement among the six stations, with only 4.8%

and 1.7% of profiles containing differences larger than 1 km, respectively. For the
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remaining balloon sounding sites (Boulder, Hilo, San José, and South Pole Station),
there are substantial occurrences of PTGT < LRT. In total, differences between PTGT
and LRT larger than 1 km are found for 21.8% of the soundings at Boulder, 38.6%
of the soundings at Hilo, 29.0% at San José, and 26.5% at South Pole Station. The
frequency of large differences at South Pole Station is likely biased high since 40% of
the observations are made in SON when the LRT is frequently biased high (Fig. 3.3).
To evaluate the consequences of this difference in tropopause definition, attention is
focused on the observed composition change relative to the diagnosed LRT and PTGT
heights in the analysis that follows.

From a composition perspective, O3z concentrations relative to an appropriately
identified tropopause will be uniformly low in the troposphere in most cases, with
a sharp increase in O3 within the tropopause transition layer and increasingly high
values with increasing altitude in the lower stratosphere. Such analysis is featured in
Figure 3.9, which shows tropopause-relative profiles of Og, 6, and temperature for each
station. The vertical structure and median Og, 6, and temperature change across the
LRT and PTGT are nearly indistinguishable for Lauder and Summit Station. The
low spread between 10™ and 90*" percentile values also suggests consistent tropopause
identifications for both definitions relative to O3 concentrations at these locations,
although this is also likely a reflection of their limited sampling (Figs. 3.3 and 3.8).
Alternatively, tropopause-relative O3 concentrations for Boulder, Hilo, San José, and
South Pole Station exhibit notable differences for the PTGT and LRT definitions.

For Boulder, while PTGT-relative concentrations of O3 remain low (< 90 ppbv)
throughout the troposphere (i.e., below-tropopause altitudes), O3 concentrations begin
to increase ~ 2 km below the LRT. This leads to a slightly weaker O3 gradient across

the tropopause, and higher LRT-relative concentrations throughout the stratosphere

63



Boulder, Colorado

Summit Station, Greenland

20 % 20 %
7/ 7 7/7
/7 Ve /7
7/
15¢ 1 15¢ o7 1
—_ —_ /7
£ £ ’
< =<
— 10r 41 — 10r E
O] O]
= / =
o s o 7
7
St //// ] St /// ]
7/ 7 7/7
7 / Ve
0’.;/ 1 1 1 O’ 7 1 1 1
0 5 10 15 20 0 5 10 15 20
LRT (km) LRT (km)
Hilo, Hawaii San José, Costa Rica
20 T T T - 20 T T T -
7/ 7/ 4
/
Vs /
15+ . 15+ , .
— — 7/ 7
€ / IS /7
< Yy 4 3 /7
— 10 &4 1 = 10t 2/ .
(O] /7 0] 2/’
= 7/7 = /7
o 2/ o 2/
/7
5r //// ] 5r /// ]
7/ 7 7/ 7
7/ 7 Ve
O‘ 7 1 1 1 0‘ 7 1 1 1
0 5 10 15 20 0 5 10 15 20
LRT (km) LRT (km)
Lauder, New Zealand South Pole Station, Antarctica
20 T T T S 20 T T T /r,
7/ 7 7/7
7/ 7 /7
7/ 7/ 7/
15+ Nz . 15- L .
—_ — /7
4
£ 4 g
— 10r 1 = 10r b
O] O]
= / =
o 2/ o /
Ve
St //// ] 5r /// ]
7/ 7 7/7
72/ 7 7/7
O'.'/ 1 1 1 O’w/ 1 1 1
0 5 10 15 20 0 5 10 15 20
LRT (km) LRT (km)

Figure 3.8: Scatterplots comparing PTGT and LRT altitudes for all balloon observa-
tions used in this study, separated by observation site. The solid black lines are 1-to-1
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relative to PTGT-relative concentrations. These differences reveal that the LRT def-
inition is more frequently identifying the tropopause near the top of the transition
layer, while the PTGT is identifying the tropopause near the base of the transition
layer. A similar pattern is seen in the Hilo and San José tropopause-relative profiles,
where LRT-relative O3 concentrations begin to exceed those based on the PTGT 34
km below the tropopause. The Hilo profiles also stand out due to the wider 10" to 90"
percentile spread of PTGT-relative Oz, #, and temperature, likely reflecting increased
complexity of UTLS layers common to the subtropics. For the Hilo and San José
profiles, the low PTGT-relative 10" percentile stratospheric O3 concentrations and @,
combined with the high 90" percentile PTGT-relative temperatures, are indicative of
profiles where the PTGT is identified well below the LRT (as indicated in Fig. 3.8).
Lastly, the South Pole Station exhibits the largest differences between PTGT- and
LRT-relative observations of any of the balloon sounding sites. The median concentra-
tions for all profiles (Fig. 3.9) differ slightly, but the 90" percentile below-tropopause
concentrations of LRT-relative O3 are an order of magnitude larger than the respective
PTGT-relative observations. This is the result of a number of profiles where the lapse-
rate criteria are not satisfied near the strong tropopause-level O3 gradient, resulting in
an LRT altitude that is biased several kilometers high (as in the South Pole Station
example in Fig. 3.7).

Figure 3.10 displays tropopause-relative observations for only those profiles where
the PTGT is identified more than 1 km below the LRT for the 4 balloon sounding
sites where there is adequate sampling of such environments. For Hilo and Boulder,
38.6% and 21.8% of profiles contain a PTGT altitude more than 1 km below the LRT

and substantial differences between all three PTGT- and LRT- relative parameters are
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Figure 3.9: For all profiles with ozone from each observation site: tropopause-relative
profiles of (left) ozone, (middle) potential temperature, and (right) temperature. Thin
lines bounding the color-fill in each panel span the 10th- to 90th-percentile observations
for each variable, while thick lines superimposed on the color-fill represent the median
value. Blue profiles are relative to the LRT, while red profiles are relative to the PTGT.

revealed in Figure 3.10. As in the results for all profiles in Figure 3.9, O3 concentra-
tions remain low throughout the PTGT-relative troposphere, with a modest gradient
occurring across the tropopause. Alternatively, the LRT-relative O3 profiles for Hilo
and Boulder feature increases throughout the upper troposphere and a stronger gra-
dient across the tropopause than that for PTGT concentrations. The accompanying
temperature and potential temperature profiles provide insight into why these differ-
ences may be occurring. Specifically, the LRT-relative temperatures exhibit a strong,
cold-point minimum at the level of the diagnosed tropopause that is characteristic of
tropical environments, while the PTGT-relative temperatures are similar in structure
to a double tropopause environment, where a weak transition in stability accompa-
nies the primary tropopause and the colder, higher tropical tropopause remains as the
secondary tropopause (and often temperature minimum of the profile). This suggests
that Hilo and Boulder profiles where the LRT is located well above the PTGT occur
due to the PTGT identifying a lower, weaker stability transition that does not satisfy
the criteria of the LRT definition but from a composition perspective (O3) is consistent
with horizontal layering of tropical troposphere and extratropical stratosphere that is a
robust outcome from the formation of a large-scale double tropopause (e.g., Pan et al.
2009).

The results for profiles with PTGT altitude more than 1 km below the LRT at
San José are similar to those at Hilo and Boulder. While this outcome is somewhat

surprising as transport of extratropical lower stratosphere air does not often extend
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Figure 3.10: As in Fig. 3.9, but only for instances where the PTGT is located more
than 1 km below the LRT.
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deeply into the tropics, the tropopause-relative O3 indicates that the PTGT location
better captures the tropopause-level composition change at this station. Finally, for
the 26.5% of South Pole Station profiles where the PTGT is located more than 1 km
below the LRT, the differences in O3 concentrations are remarkable. As discussed
previously, the LRT often fails to capture the weak stability transition that occurs at
the poles and is biased several kilometers high. The analysis shown in Figure 3.10
demonstrates that the PTGT excels at identifying the tropopause transition in these
cases, as demonstrated by its approximate co-location with the sharp Ojs increase at
the tropopause.

The appropriateness of each tropopause definition from a composition perspective
is further examined by analyzing their locations in O3—HsO tracer—tracer space. This
is accomplished using profiles from the four balloon sounding sites where coincident O3
and H,O observations are available: Boulder, Hilo, San José, and Lauder. Figure 3.11
shows joint frequency distributions of O3 and H5O observations with the frequency of
PTGT and LRT definitions in O3-H,O space superimposed, where observations from
all four sites are combined and separated into high tropopause environments (where
both PTGT and LRT exceed 14 km), low tropopause environments (where both PTGT
and LRT are below 14 km), and environments where the LRT is identified above 14
km while the PTGT is identified below 14 km (i.e., where they differ substantially).

The O3-H,0 joint frequency distributions in Figure 3.11 reveal features commonly
identified in prior work (Pan et al. 2004; Hegglin et al. 2009; Tilmes et al. 2010).
Namely, tropical, high-tropopause altitude environments are characterized by two dis-
tinct stratospheric and tropospheric branches in tracer—tracer space, which meet near
the tropopause at low concentrations of both trace gases and form an “L”-shaped re-

lationship (as found in Fig. 3.11a). Here, the stratospheric branch has uniformly low

69



(a) LRT and PTGT > 14 km (b) LRT and PTGT < 14 km (c) LRT > 14 km, PTGT < 14 km

800

800 800

PTGT
LRT [
600 -4 600 " - 600 E
’E‘ b
Q.
8 L
o 400 4400+ 400 B
S [
N
O b
200 20 4200 @ 1200 @(\%
0 ; : 0 . : ol ‘ Q \ ;
1 10 100 1000 1 10 100 1000 1 10 100 1000
Water Vapor (ppmv) Water Vapor (ppmv) Water Vapor (ppmv)
l
0 Count 200

Figure 3.11: Locations of identified PTGTs and LRTs in tracer—tracer space for co-
located observations of ozone and water vapor from the Boulder, Hilo, San José, and
Lauder stations for (a) high-tropopause (tropical) environments, (b) low-tropopause
(extratropical) environments, and (c) environments where a tropical and extratropical
tropopause are identified by the LRT and PTGT definitions, respectively. Gray shading
indicates the number of 250-m layer observations placed into each water vapor-ozone
(0.1 log(ppmv) x 75 ppbv sized) bin, and red and blue contours represent the frequency
of PTGT and LRT definitions in tracer—tracer space (in %), respectively. The number
of profiles contributing to each panel are: (a) 358, (b) 332, and (c) 59.

H,0O (<10 ppmv) and a wide range of O3 concentrations, and the tropospheric branch
has uniformly low O3 (<150 ppbv) and a wide range of HoO concentrations. In the sub-
tropics and extratropics, a three-branch structure emerges, with the third branch char-
acterized by a negative slope that broadens the corner of the “L” shape and intersects
the tropospheric and stratospheric branches (commonly referred to as the extratropical
transition layer or ExTL, or more generally as the “mixing” branch). The degree of
mixing between stratospheric and/or tropospheric air in the UTLS helps to control the
extent to which this branch extends toward higher concentrations of the stratospheric
and tropospheric tracers (e.g., Pan et al. 2004; Konopka and Pan 2012). For the trop-
ical, high-tropopause environment profiles and extratropical, low-tropopause profiles

analyzed here (Figs. 3.11a and 3.11b), there is clear agreement between the LRT and

PTGT definitions in tracer—tracer space, with the PTGT favoring slightly lower Os.
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For high-tropopause environments, the tropopause altitudes are consistently identified
at the corner of the “L” shape. For low-tropopause environments, the tropopause al-
titudes from both definitions are consistently identified at the tropospheric end of the
ExTL. For the profiles where the PTGT and LRT definitions substantially differ (Fig.
3.11c), the tracer-tracer distributions appear to be more subtropical in nature with
a shallower mixing branch and the PTGT altitudes favor the tropospheric end of the
mixing branch (as in low-tropopause, extratropical environments) while the LRT alti-
tudes favor the stratospheric end of the mixing branch. This result demonstrates that
the PTGT definition results in more consistent stability-based identification of UTLS

composition change than the LRT definition.

3.3.3.2 Observations of Multiple Tropopauses

Environments with multiple stable layers in the UTLS, and therefore multiple tropopauses,
are not uncommon and have been observed since early radiosondes (e.g., Kochan-
ski 1955). Such environments are of particular interest due to their connection with
both large and smaller (i.e. convective) scale stratosphere—troposphere exchange (e.g.,
Schwartz et al. 2015; Pan et al. 2009; Homeyer et al. 2011, 2014; Solomon et al. 2016;
Tinney and Homeyer 2021). Accordingly, double tropopause (DT) environments have
been investigated in both observations and model output in recent decades. They
occur in both hemispheres and most frequently occur in the midlatitudes during the
cool season, often near the subtropical jet (e.g., Randel et al. 2007a; Anel et al. 2008;
Schwartz et al. 2015; Manney et al. 2017; Xian and Homeyer 2019). Most frequently,
a DT is formed by differential advection of less stable, tropical upper tropospheric and
more stable, extratropical lower stratospheric air, often associated with a Rossby wave
breaking event (e.g., Randel et al. 2007a; Pan et al. 2009; Castanheira and Gimeno

2011; Peevey et al. 2012; Schwartz et al. 2015; Liu and Barnes 2018). DTs can also
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form through modification of thermodynamic properties from dynamic stretching or
shrinking of layers in the UTLS (e.g., Randel et al. 2007a; Wang and Polvani 2011;
Peevey et al. 2014). Additionally, Castanheira et al. (2009) and Xian and Homeyer
(2019) have shown an increase in the frequency of DT events since the mid-to-late 20"
century, for which the processes responsible are not well understood.

Table 3.2: The frequency of double tropopause identifications in the observed profiles.

For each site, the double tropopause frequency based on the LRT definition, PTGT
definition, and both definitions is given.

Observation Site LRT (%) | PTGT (%) | Both (%)
Summit Station, Greenland 23.7 2.8 2.5
Boulder, Colorado 61.5 39.9 34.1
Hilo, Hawaii 22.2 20.1 8.1
San José, Costa Rica 12.4 11.9 3.9
Lauder, New Zealand 41.1 15.1 13.5
South Pole Station, Antarctica 22.0 6.4 2.7

With the exception of the proposed PTGT definition, the LRT is the only tropopause
definition that provides additional language for DT identification: “If above the first
tropopause the average lapse rate between any level and all higher levels within 1 km
exceeds 3 C km™', then a second tropopause is defined by the same criterion as [the pri-
mary definition]. This tropopause may be either within or above the 1 km layer” (World
Meteorological Organization 1957). As described in the algorithm description in Sect.
3.3.2, the PTGT provides a similar definition based on 96/9z thresholds. A compari-
son of LRT- and PTGT-defined DTs is therefore desired, which is included here. The
frequency of DT identifications at each station based on the LRT and PTGT definitions

are summarized in Table 3.2. At all stations, the PTGT identifies fewer DTs than the
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LRT, though the magnitude of this difference varies by station. This is likely the result
of the variation in the 06/0z— 0T /0z relationship with altitude: the LRT and PTGT
thresholds are well aligned at lower latitudes where DT's occur at lower pressures, while
at higher latitudes it is more difficult for the PTGT DT requirement of 15 K km™? to
be met at higher pressures (Fig. 3.6). The latitudinal variation in DT identifications
is similar between the two definitions, with both identifying DTs most frequently at
midlatitude stations (Boulder and Lauder). However, the LRT identifies far more DTs
in the polar stations (Summit and South Pole) where the PTGT identifies relatively
few. To further explore these differences, example profiles are shown in Figure 3.12 and
frequency distributions of tropopause altitude differences are shown in Figure 3.13.

In cases where both definitions identify a DT (Figs. 3.12¢,f and right column of
Fig. 3.13), the identifications of both the primary and secondary tropopause levels are
within 500 m of each other more than 60% of the time at all stations except for the
South Pole. Additionally, they are consistent more than 80% of the time at Boulder,
the station where such profiles are most common. When a DT is identified by the
LRT definition only (Figs. 3.12a,b and left column of Fig. 3.13), the PTGT and LRT
primary tropopause are often found within 500 m of each other, while the LRT identifies
a secondary boundary anywhere from ~3-7 km above, depending on the station. As
mentioned above, at least part of this population of DTs identified by the LRT only
is likely a result of the vertical variation in the 00/0z— 0T /0z relationship making
the PTGT DT requirement more difficult to attain, especially at higher latitudes.
Alternatively, in cases where a DT is identified by the PTGT definition only, the
PTGT secondary tropopause often aligns with the LRT primary tropopause (Figs.
3.12c,d and middle column of Fig. 3.13). However, the primary PTGT in such cases

is most frequently found ~2-4 km below the primary LRT, where it is identifying a
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Figure 3.12: As in Fig. 3.7, but for select profiles with a double tropopause iden-
tification: (a,b) LRT-only, (c¢,d) PTGT-only, and (e,f) LRT and PTGT. Secondary
tropopauses are given by the dashed horizontal lines.
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Figure 3.13: Frequency distributions of tropopause altitude differences for profiles with
a double tropopause (DT), using data from the six balloon sites. From left to right:
profiles with a DT identified by only the LRT definition, only the PTGT definition, and
both the LRT and PTGT definitions. For cases where only one tropopause definition
identifies a DT, black solid lines indicate differences between the primary tropopause
altitudes of the two definitions and dashed gray lines indicate differences between the
secondary tropopause and the primary tropopause identified by the other definition.
For cases where both the LRT and PTGT identify a DT, solid black lines indicate
differences between primary tropopauses and dashed gray lines indicate differences
between secondary tropopauses. The number of profiles used in each panel is noted.

stability change that does not satisfy the temperature threshold used in the LRT. This
finding provides additional context to the analysis in Figure 3.10, where PTGT-relative

temperature profiles exhibit characteristics of a DT environment.

3.3.3.3 Application to Reanalysis Output

Figures 3.14, 3.15 and 3.16 enable broader evaluation of the performance of the PTGT
definition compared to the LRT. Both global maps (Fig. 3.14) and pole-to-pole cross
sections at select longitudes (Fig. 3.16) demonstrate that, generally, there is broad
consistency between the PTGT and LRT in each season. Namely, both definitions
represent the tropopause break (indicated by the shift from dark purple to dark green in
Fig. 3.14) similarly, as well as intricate dynamic features occurring in the midlatitudes.
In Figure 3.15, DT features across the midlatitudes are also seen with broadly consistent
identification between the definitions, though the DT areas identified by the LRT
definition are slightly more expansive, which is consistent with the balloon observation
DT frequency differences in Table 3.2.

There are a few additional key differences between reanalysis-derived PTGT and
LRT altitudes worth noting. First, in high-tropopause environments, the PTGT tends
to be lower than the LRT. Second, the high bias in LRT altitude in the polar regions

is clearly resolved by the PTGT definition in these MERRA-2 examples, specifically
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evidenced near the South Pole in July and October. Similarly, the LRT identifies a
widespread (likely nonphysical) DT feature in the high Arctic during January (Fig.
3.15) that is not identified by the PTGT definition in this region. Lastly, in Figure
3.16, the consistency of each definition with the commonly-used dynamic tropopause
is examined via several PV surfaces. In general, the PTGT primary tropopause more
consistently aligns with the PV contours. This is especially apparent near the subtrop-
ical jets, where the PTGT primary tropopause follows the PV contours and identifies
a secondary tropopause at higher altitudes where the LRT places the primary —and
only— tropopause. Overall, the application of the PTGT algorithm to reanalysis is
largely consistent with the observational analysis above for both primary and secondary

tropopause identifications.
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Figure 3.14: Maps of primary tropopause altitude diagnosed by the PTGT and LRT
definitions for four select MERRA-2 reanalysis times: (top to bottom) 15 January
2020, 15 April 2020, 15 July 2020, and 15 October 2020. Thick yellow lines in each
panel correspond to the locations of the vertical cross-sections in Fig. 3.16.
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Figure 3.15: As in Fig. 3.14, but for secondary tropopause altitude when present.
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Figure 3.16: Pole-to-pole vertical cross-sections of MERRA-2 output for the four times
in Fig. 3.14. Horizontal wind speeds are shown by the red color-filled contours (every
10 m s™!, starting at 20 m s™!), potential temperature (in K) by the black contours,
potential vorticity above 4 km by the purple contours (every 2 PVU from £2-6 PVU),
PTGT altitudes by the green circles, PTGT secondary tropopause altitudes by the
green diamonds, LRT altitudes by the gray circles, and LRT secondary tropopause
altitudes by the gray diamonds.
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Chapter 4

The Response of Tropopause-Overshooting

Convection over North America to Climate Change

4.1 Background and Motivation

In recent years, there has been a growing body of evidence indicating that tropopause-
overshooting convection has a larger impact on the composition of the upper tropo-
sphere and lower stratosphere (UTLS) than was previously thought, including the
work presented in Chapter 2 (e.g., Chang et al. 2023; Homeyer et al. 2023; Tinney
and Homeyer 2023; Clapp et al. 2021; Tinney and Homeyer 2021; Clapp et al. 2019;
Herman et al. 2017; Smith et al. 2017; Randel et al. 2012; Hanisco et al. 2007; Dessler
and Sherwood 2004). The alteration of concentrations of key greenhouse gases, like
water vapor and ozone, are of particular interest due to the implications for the global
radiation budget and associated climate change dynamics. Satellite-based studies,
modeling studies, and in situ observations indicate that water vapor is particularly
sensitive to convective influence, especially when a convective overshoot is accompa-
nied by an above anvil cirrus plume (e.g., Homeyer et al. 2023; Gordon and Homeyer
2022; Homeyer et al. 2017). The recently completed Dynamics and Chemistry of the
Summer Stratosphere (DCOTSS) field campaign dramatically increased the amount
of in situ observations of convectively-enhanced water vapor (Homeyer et al. 2023)

and will undoubtedly further our understanding of convective impacts on the UTLS
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in the next few years. Both these recent and forthcoming advances motivate new ex-
ploration into tropopause-overshooting convection and its relationship to our climate
system. Namely, how will tropopause-overshooting convection and its associated trans-
port change in a warming climate?

The analysis tool that is used here to investigate the response of tropopause-
overshooting convection to a warming climate is a convection-allowing model simu-
lation that employs the pseudo-global warming (PGW) method, which has been used
to examine climate change impacts to various convective-scale phenomena in recent
years (e.g., Lasher-Trapp et al. 2023; Carroll-Smith et al. 2021; Trapp and Hoogewind
2016). The PGW method directly prescribes a climate change signal to a historical
climate simulation by modifying its initial and boundary conditions. Notably, the syn-
optic forcing of the simulation is not altered from the historical state, allowing for a
focused evaluation on the thermodynamic climate response in isolation from external
dynamic — or baroclinic — changes (Brogli et al. 2023, and references therein). The
PGW method has been successfully used to study potential climate impacts on dere-
choes, tropical cyclones, tornadoes, precipitation, and more (e.g., Lasher-Trapp et al.
2023; Carroll-Smith et al. 2021; Liu et al. 2017; Trapp and Hoogewind 2016; Rasmussen
et al. 2011), and is used here to answer the following questions: (1) How does the fre-
quency and distribution of tropopause-overshooting convection change in a warmed
climate scenario? (2) How do tropopause characteristics and overshoot characteristics

change in response to the prescribed warming signal?
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4.2 Data and Methods

4.2.1 Model Output and Overshoot Identification

To employ the PGW approach for analyzing tropopause-overshooting convection in a
warmed climate, this study makes use of three-hourly output from a pair of simula-
tions from the Weather Research and Forecasting (WRF) model, Version 3.4.1. These
simulations are comprised of a 13-year present-day control simulation (CTRL) and a
future simulation (PGW) that encompasses all of CONUS and portions of Canada and
Mexico (~140-57°W longitude, ~18-60°N latitude; Rasmussen and Liu 2017). The
model has 51 vertical levels and a 4-km horizontal gridspacing, which is sufficient for
resolving convection (Weisman et al. 1997). The model setup, experiments, improve-
ments, and verification are described in detail in Liu et al. (2017) and are summarized
in the following paragraph.

The CTRL simulation is forced by initial and boundary conditions from 6-hourly
ERA-Interim reanalysis on a ~0.75° longitude-latitude grid (Dee et al. 2011). In ad-
dition to initial and boundary conditions, spectral nudging is applied at scales >2000
km (i.e. synoptic scales) throughout the run while smaller scale processes are allowed
to evolve freely. The same process is applied for the PGW simulation, with a modified
input (WRFy) coming from the ERA-Interim analysis plus a climate perturbation,
such that WRF;y = ERA-Interim + ACMIP5zcps5, where ACMIP5rops 5 is the 95-
year multi-model-ensemble-monthly-mean change signal using a worst case, RCP 8.5
emissions scenario in 19 CMIP5 models (see Table 1 in Liu et al. (2017)). The per-
turbed input fields include state variables such as geopotential, temperature, pressure,
humidity, and horizontal winds, allowing the PGW approach to effectively capture the

distinct physical response to climate warming in isolation from the dynamic response.
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In this study, only a 10-year period (20032012 in CTRL, and the PGW equivalent)
is used, which allows us to verify the model overshoots against recently improved
radar and satellite datasets. However, note that February of 2005 is excluded from all
analysis due to multiple missing times within the simulation in that month. In studying
the UTLS, it is imperative that the vertical grid spacing is sufficient for representing
tropopause-relative processes. The vertical grid spacing here is ~500-600 m in the
UTLS, which is appropriate for this study given the horizontal resolution of the model
(Homeyer 2015).

In order to investigate the representation of tropopause-overshooting convection
in both the CTRL and PGW simulations, two parameters — convective cloud top
heights and tropopause heights — must be accurately determined. The assessment of
convective cloud top heights involves identifying the altitude at which the frozen water
mixing ratio (the combination of the three-dimensional model fields of snow, graupel,
and ice mixing ratios) surpasses 0.1g/kg — a clear indicator of cloud presence. Addi-
tionally, the model cloud must be colocated with a model column-maximum reflectivity
value of at least 50 dBZ to ensure there is a deep convective core simulated within the
model. To determine tropopause heights, the model’s three-dimensional temperature,
pressure, and geopotential height fields are used to calculate the potential temperature
gradient tropopause (PTGT; Tinney et al. 2022). A model grid point is then defined as
overshooting when the cloud top height exceeds the PTGT altitude by a minimum of
0.75 km. The qualitative nature of the results are insensitive to this choice of threshold,
which was ultimately chosen after comparison with observational data and to account
for the vertical resolution of the model. For the 4-km latitude-longitude grid used here,
an overshooting grid point is equivalent to 16 km? of overshooting area. For simplicity,

I hereafter refer to individual overshooting grid boxes as “overshoots”, though it is
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emphasized here that in reality, neighboring overshooting grid points may comprise a

single overshooting storm.

4.2.2 Observations and Overshoot Identifications

Radar data are sourced from the Next Generation Weather Radar (NEXRAD) network,
which consists of more than 140 Weather Surveillance Radar-1988 Doppler (WSR-88D)
systems over the contiguous United States (CONUS; Crum and Alberty 1993). Large-
area mergers of data from individual radar sites, known as Gridded NEXRAD WSR-
88D Radar (GridRad) data, allow for the analysis of radar data across the eastern
two-thirds of the U.S (Homeyer and Bowman 2017). The GridRad algorithm is de-
scribed in detail in Homeyer and Bowman (2017), but in summary, the algorithm is a
four-dimensional time- and space-weighted binning procedure that merges single- and
dual-polarization variables from individual radar sites into a large rectangular domain
with a 0.2° longitude-latitude grid, vertical spacing of 1 km, and hourly temporal sam-
pling. All quality-control methods recommended in Homeyer and Bowman (2017) are
employed here, where low-confidence and infrequently-sampled echoes are removed to
limit non-meteorological radar artifacts. For this study, three-hourly reflectivity fields
coincident with the WRF model times are used. For this dataset, an overshooting
grid point is identified where the 10 dBZ echotop height is at least 1 km above the
tropopause, and the 20 dBZ echotop height is no more than 1 km below the tropopause,
where the reference tropopause is the PTGT from the model CTRL experiment.
Three-hourly satellite imagery over North America is sourced from Geostationary
Observing Earth Satellite (GOES) imagery, consisting of scans from GOES-8 (Jan-
uary 2003 — March 2003), GOES-12 (April 2003 — April 2010), and GOES-13 (April

2010 — December 2011). Note that GOES observations from 2012 are excluded here
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due to a GOES-13 detection anomaly that resulted in unreliable overshoot identifica-
tions, specifically during October 2012. Outside of the anomaly, differences between
the 9-year period used in this analysis and the full 10-year period are negligible. The
overshoot identification methods used here are described in detail in Khlopenkov et al.
(2021). Specifically, for an overshooting grid point to be identified, the infrared bright-
ness temperature must be at a lower temperature than the PTGT height from the
model CTRL experiment, which suggests that the satellite cloud tops are colder (and
therefore higher) than the local tropopause. Additionally, the overshoot probability
field is calculated as described in Khlopenkov et al. (2021) and is required to be 0.5 or
greater for inclusion in the study, a threshold found to correspond to reliable overshoot
detections (Cooney et al. 2021). Parallax adjustments to each GOES image are made
prior to analysis based on a cloud top height estimate from IR temperature matching
with a corresponding MERRA-2 temperature and altitude profile. Consistent with
the model overshoot analysis described above, overshooting grid points in both the

GridRad and GOES datasets are referred to as “overshoots”, for simplicity.

4.3 Results

4.3.1 Model Validation

To evaluate the ability of the WRF model to represent the frequency and regional
distribution of tropopause-overshooting convection in the historical simulation, the
CTRL experiment is evaluated against the GridRad and GOES datasets described
above. The average annual densities of tropopause-overshooting convection events for
GridRad, GOES, the CTRL experiment are shown in Fig. 4.1a—c for evaluation of
the model CTRL experiment. The overall spatial distribution is reasonably consis-

tent between the observational data and the CTRL experiment, with a large frequency
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maximum occurring over the U.S. Great Plains. Assessing spatial consistency outside
of the CONUS is challenging due to the different limitations of each dataset’s do-
main (outlined in Fig. 4.1). Nonetheless, smaller peaks, both in intensity and spatial
coverage, are observed in both the CTRL experiment and at least one of the observa-
tional datasets. Specifically, the CTRL experiment and GOES both identify frequent
overshoots over the Sierra Madre Occidental and the coastal northern Atlantic, and a
small maximum is seen over Florida in both the model and GridRad. Unfortunately,
the validity of the overshoots located over Cuba in the CTRL experiment can not be
evaluated against either of the observational datasets. For the frequency of tropopause-
overshooting convection, there are notable differences between each dataset. Namely,
overshoots are most frequent in GridRad, followed by the model CTRL, and finally,
by GOES. The horizontal spatial resolution of the GOES data is lower than that of
GridRad and the model, which is likely at least partially responsible for fewer identifi-
cations in this dataset, as GOES is unlikely to be able to detect smaller overshoots that
are detectable in GridRad and the model (Cooney et al. 2021). However, it should be
noted that some of these differences may be attributed to the specific overshoot thresh-
olds used in each dataset. It is also important to note that the GridRad domain shown
in Fig. 4.1a does not account for the observational limitations of the data (i.e., that the
radars are confined to CONUS) and therefore sufficient GridRad sampling is primarily
confined to CONUS and just along/off the coasts (e.g. Cooney et al. 2018, 2021).
The dataset limitations increase the complexity of assessing the model performance
in capturing the spatial distribution of tropopause-overshooting convection. For exam-
ple, overshoots in the model are more prolific than in GOES over the Sierra Madre and

along the southern Texas/Mexico border. However, given that GOES is consistently
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Figure 4.1: The average number of overshoots per year placed into 0.4° latitude-
longitude bins for (a) GridRad, (b) GOES, (¢) the WRF CTRL experiment, and (d)
the WRF PGW experiment. The domain bounds of each individual dataset are indi-
cated by the blue dashed lines.
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observing lower numbers of overshoots than GridRad within CONUS, it is not un-
reasonable to extrapolate that the model CTRL frequencies are more reasonable than
GOES over these regions. In other words, GOES may be under-sampling tropopause-
overshooting convection in these regions rather than these events being over-simulated
in the model. Additionally, temperature-based overshoot identifications such as GOES
are susceptible to thermodynamic modifications of overshoot characteristics, such that
the overshoot temperature may be influenced by the surrounding lower-stratospheric
temperatures. This may be especially exacerbated in these high-tropopause environ-
ments where there is a strong tropopause inversion layer and therefore warmer strato-
spheric temperatures, which would result in less reliable temperature-based overshoot
identifications.

In addition to spatial distributions, it is important to assess the model’s ability to
adequately reproduce the annual and diurnal cycles of overshoot occurrence. Figure
4.2 shows the average annual cycle of tropopause-overshooting convection in GridRad,
GOES, and in the model CTRL experiment. The frequency variation between each
dataset is well-demonstrated here, with all datasets showing a peak in overshoot oc-
currence in June but at varying counts of ~7000, 6500, and 4200 overshoots per year
for the model CTRL, GridRad, and GOES, respectively. To better assess the relative
annual cycle of each dataset, Fig. 4.2 also shows the cycle normalized by magnitude.
While the number of overshoots in each dataset peaks in June, the timing of each
cycle varies. Specifically, the cycle in the model simulation trails that of GridRad and
GOES, indicating the model may be underestimating overshoot occurrence in Boreal
springtime, and overestimating it in late summer and fall. It is important to note, how-
ever, that the varying domains of each dataset are likely contributing to some of these

differences, which is further investigated below. The diurnal cycles of each dataset are
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Figure 4.2: The average annual cycle of (blue) the CTRL experiment, (green) GridRad,
and (red) GOES across their respective domains shown in Fig. 4.1 displayed as both
the total counts of overshoots (left) and as normalized frequencies (right).

shown in Fig. 4.3, where the difference in the overall number of overshoots in each
dataset is once again reflected. Note that each dataset was transformed into Local So-
lar Time (LST; i.e., relative to solar noon) and subsequently rebinned into the original
three-hourly timesteps. The normalized diurnal cycle indicates broad consistency in
the relative cycles of the model CTRL experiment and GridRad with strong peaks at 3
p.m. LST, while GOES trails and peaks at 6 p.m. LST. Additionally, the amplitudes
of the normalized cycles differ, where GOES observed a higher relative percentage of
overshoots overnight compared to GridRad and the model. The temporal lag in GOES
may again be explained by differences in horizontal resolution, where overshoots are
likely smaller (and therefore more likely to be missed by GOES) during their initial
development. Additionally, storm tops may not be optically thick during their early

development, which could also lead to lower detection rates (Cooney et al. 2021).
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Figure 4.3: As in Fig. 4.2, but for the diurnal cycle.

The annual and diurnal cycles of convection are not constant across North America.
Therefore, it is important to evaluate how the model is representing these cycles on
a regional basis. To determine specific regions of interest, I examine the difference
between the model CTRL and PGW simulations at subjectively-selected locations with
prominent and statistically significant projected increases in overshoot occurrence (Fig.
4.4a). A CONUS domain that is well sampled by all datasets is also defined, which is
designated here as the “common domain”. The analysis is then performed on these six
individual regions identified in Fig. 4.4: the common domain, the Sierra Madre, the
Northern Plains, the Southern Plains, the Gulf Coast, and the East Coast.

Figure 4.5 shows the annual cycle of overshoots in GridRad, GOES, and the model
CTRL experiment for each region. When the analysis is restricted to the common
domain only (Fig. 4.5a), the model CTRL annual cycle is more closely aligned to

observations than the results for the full domain analysis in Fig. 4.2. This is primarily
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Figure 4.4: The change in the number of overshoots per year from the CTRL exper-
iment to the PGW experiment in 0.4° latitude-longitude bins. Only bins in which
the PGW experiment mean exceeds 2 standard deviations (left) and three standard
deviations (right) of the CTRL experiment are shown. Regions of large increases are
identified by the black polygons for further regional analysis: the Sierra Madre (SM),
the Northern Plains (NP), the Southern Plains (SP), the Gulf Coast (GC), the East
Coast (EC), and the domain that is common to and well sampled by all three datasets
(Common Domain, CD). The model domain is indicated by the blue dashed lines.

due to the exclusion of regions with late-Summer peaks, such as the Sierra Madre
and coastal regions, resulting in a closer match between the model’s annual cycle
and the observed data. Regarding the magnitude of the cycles, the model simulates
overshoots at a frequency between that of GOES and GridRad in the common domain,
the Northern Plains, and the Southern Plains. For the Sierra Madre, the Gulf Coast,
and the East Coast, the model produces overshoots at a substantially higher rate than
both GridRad and GOES, though it is important to note that these regions are either
poorly sampled or not sampled at all by GridRad. Notable disparities between the
annual cycle of the CTRL experiment and the observations are evident in the Gulf

Coast and the East Coast in Fig. 4.5e,f, where the model depicts a strong late-summer

peak that is absent in the observations. I emphasize again here that it is difficult
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Figure 4.5: The average annual cycle of (blue) the CTRL experiment, (green) GridRad,
and (red) GOES for the (a) Common Domain, (b) Sierra Madre, (c¢) Northern Plains,
(d) Southern Plains, (e) Gulf Coast, and (f) East Coast regions as identified in Fig.
4.4.
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to determine how much of this is a potential over-estimation by the model versus
limitations in our observing capabilities over these regions. The regional diurnal cycles
shown in Fig. 4.6 show patterns similar to that of the overall diurnal analysis in Fig.
4.3. Specifically, the model CTRL and GridRad are well aligned while the GOES cycle
consistently trails behind by ~3 hours. As noted previously, this is likely related to
overshoot detection being more difficult in GOES with smaller developing overshoots.

Overall, the agreement between the historical model simulation and observations of
overshooting from radar and satellite is encouraging. Discrepancies arising from varia-
tions in the domain bounds, observing resolutions, and detection methods among the
datasets pose challenges to making a comprehensive comparison. However, the quali-
tative findings are clear: the WRF model effectively captures the regional distribution,
annual cycle, and diurnal pattern of tropopause-overshooting convection in a way that

is consistent with reality.

4.3.2 Overshoot Frequency

With confidence in the ability of the model to reproduce observed patterns and fre-
quencies of overshooting, the projection of tropopause-overshooting convection in the
PGW experiment can now be assessed. Figure 4.1d presents the number of overshoots
in the PGW model run in comparison to GridRad, GOES, and the CTRL experiment,
with dramatic results. A broad increase in overshoot count is apparent across virtually
the entire domain. This is also demonstrated in Fig. 4.4, which shows the change in the
number of overshoots per year from the CTRL to the PGW experiment. Only statis-
tically significant changes are displayed, determined as where the PGW 10-year mean

exceeds two or three standard deviations from the CTRL experiment. Substantial and
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Figure 4.7: The average annual cycle of (blue) the CTRL experiment and (pink) the
PGW experiment displayed as both the total counts of overshoots (left) and as nor-
malized frequencies (right).

widespread increases are found throughout the model domain. These increases are fur-
ther assessed by examining the annual cycle of both the CTRL and PGW simulations
in Fig. 4.7. There is a robust increase in the number of overshoots throughout the en-
tire annual cycle, which peaks at ~23 000 overshoots per year in the PGW simulation
compared to ~7000 per year in the CTRL. Accumulated over the entire annual cycle,
the PGW experiment projects a total of ~1 000 000 overshoots per year across the
domain, representing an increase of over 250% from the ~273 000 total overshoots per
year in the CTRL. In addition to the remarkable increase, a shift in the relative seasonal
cycle is observed. The PGW annual cycle reaches its peak in July rather than June,
indicating an apparent extension of the active overshooting season, with occurrences
becoming more frequent in the latter half of the year. This result stands in contrast

to results from previous studies that examined the severe weather response to climate

97



Diurnal Cycle

30 I T T T T T T 1.0F T T T T T 3
_ “'IModel CTRL [
o 'Model PGW
S o5t 1 .
— [ &) 0.8
3 &
5 o
©
o ® 06
> L
o) °©
o [0}
k2 % 0.4
o
2 £
[ O
() Z 0.2
> L
@) L
% | | | | ! & I 47 0.0@
. & e 9 4 @ 9 X .
% Q ®,. 0 O 0. 0% 7
%% P

Local Solar Time

Figure 4.8: As in Fig. 4.7, but for the diurnal cycle.

change, which have projected an increase in the severe weather season that is primarily
driven by events earlier in the year (e.g., Hoogewind et al. 2017). However, the PGW
method does not account for climate-driven changes in synoptic patterns that would
potentially impact these seasonal shifts. Finally, the diurnal cycles for the simulations
are shown in Fig. 4.8, where the magnitude difference between the two simulations is
still glaringly clear. However, the normalized cycle indicates that while the diurnal
cycle remains largely consistent between the two simulations, the PGW simulation has
a larger relative increase in the overnight and early morning hours. This indicates that
strong nighttime tropopause-overshooting convection may become more frequent in a
warming climate.

To determine if there are specific areas over North America driving these changes,
the annual and diurnal cycles for the regions highlighted in Fig. 4.4 are once again
examined. The annual cycles for these regions are shown in Fig. 4.9, where there are

some discernible differences in the nature of the changes between regions. Specifically,
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the projected increases can be categorized into two main components: amplification
and seasonal extensions. In the Sierra Madre, the Northern Plains, and the East
Coast, the changes primarily manifest as amplification, leaving the relative annual
cycle mostly unchanged. Conversely, the shape of the cycles in the Southern Plains
and Gulf Coast regions are slightly altered, with notable disproportionate increases in
the number of overshoots in late summer and early to mid-summer, respectively. This
regional analysis suggests that the overall extension of the common overshooting season
within the model domain can be largely attributed to a combination of amplification
occurring in the Sierra Madre and Gulf Coast regions and a late-summer seasonal
extension in the Southern Plains. The diurnal analysis for each region in Fig. 4.10 is
largely similar and consistent with the depiction of the diurnal cycle in Fig. 4.8, where
there is a relative increase in the proportion of tropopause-overshooting convection

events occurring in the overnight and early morning hours.

4.3.3 Tropopause and Overshoot Characteristics

The analysis above projects that the occurrence of tropopause-overshooting convec-
tion could more than double in a future climate scenario. This indicates that of the
projected environmental changes, those that are conducive to tropopause-overshooting
convection (like increased CAPE) outweigh those that would act to hinder overshooting
convection, like an increase in tropopause height. Therefore, it is important to inves-
tigate how the model is representing changes in tropopause height in the simulations.
The change in average tropopause altitude from the CTRL to the PGW experiment is
shown in Fig. 4.11. On an annual basis, tropopause heights increase by ~0.5 km from
the CTRL to the PGW simulation across most of the domain, with larger increases

occurring farther south. When the analysis is broken up by season, there are some
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variations in the location of greatest tropopause increase. Seasonal analysis reveals
variations in the locations of the most significant tropopause increases. During winter
and spring, the most substantial elevation changes are observed at the southern end
of the domain, while during summer and fall, greater increases occur further north-
ward. Notably, in each season, the most substantial tropopause increases align with the
strongest north-south gradient in mean CTRL tropopause height. This suggests that
the tropopause height changes would occur in the vicinity of the subtropical jet stream
and accompanying discontinuity in tropopause height known as the “tropopause break”
(Randel et al. 2007a). These results demonstrate that the PGW method is simulating
tropopause height in ways that are consistent with previous work.

The analysis thus far suggests that despite increasing average tropopause heights,
tropopause-overshooting convection will become more frequent in the future. This mo-
tivates further investigation into the characteristics of the overshoots, specifically if
there are any projected changes in the average depth of overshoots or any projected
changes in tropopause height during active overshooting events. Figure 4.12 shows
the number of overshooting events at various depths throughout the CTRL and PGW
simulations. Notably, the PGW experiment not only amplifies the occurrence of over-
shooting events but also escalates the probability of extreme overshoots. For example,
overshoots of 4 km in depth are approximately a twice yearly event in the CTRL ex-
periment (18 total overshoots of this depth in the ten year period) while the PGW
experiment sees ~5 overshoots at this depth per year. Overshoots with a depth of 5
km are a one-in-five-year event in the CTRL experiment (i.e. two events throughout

the ten year period), while the PGW experiment simulates these approximately two
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times a year. When this analysis is performed regionally (Fig. 4.13), it becomes ap-
parent that the increase in extreme overshooting depths is largely driven by increases
in the Plains regions, especially the Southern Plains.

To determine whether overshoots are becoming more frequent in lower tropopause
environments or if overshoots are becoming more frequent in all environments, tropopause
altitude distributions during overshoots only in both simulations are investigated (Fig.
4.14). In the CTRL experiment, there is a fairly symmetric distribution in tropopause
altitudes centered around 14 km. In the PGW experiment, however, this distribution
becomes largely skewed towards higher altitudes with a mode of 16 km occurring ~30%
of the time. This demonstrates that convection in a warmed climate scenario is able
to regularly overshoot the increased tropopause heights; additionally, this analysis is

not sensitive to regional variability.
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4.4 Discussion

The results presented here represent the first step in unraveling how climate change
may impact tropopause-overshooting convection and its associated transport in the
future. This analysis clearly demonstrates that there is a potential for significant
increases in the frequency and depth of tropopause-overshooting convection in the
future. This implies that extratropical convection may contribute additional water
vapor to the lower stratosphere as the climate warms, indicating that it could be a
critical component of the stratospheric water vapor feedback. Therefore, tropopause-
overshooting convection should be studied thoroughly in future work regarding climate
change and the UTLS.

The PGW method is a unique approach to investigating convective-scale phenom-
ena in climate model output that has a number of inherent advantages and disadvan-
tages. At its core, a PGW approach allows for the modification of state variables like
temperature, moisture, and wind speed to reflect a potential future climate state in
isolation from changes in large-scale baroclinity. It was therefore possible to investigate
the competing environmental changes expected in a warming climate — that is, in-
creasing instability and increasing tropopause altitude — which ultimately showed that
the projected thermodynamic changes are largely favorable to tropopause-overshooting
convection. However, this means that potential changes to the synoptic-scale environ-
ment are not accounted for. For example, even though changes in the frequency,
strength, and storm track location of extratropical cyclones are likely in a warming
climate (Arias et al. 2021) and are important for the forcing of widespread deep con-
vection, the PGW method prevents this from influencing the model simulation. This

likely contributes to some of the contrasting results of this study with previous work
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focused on severe weather, which indicate that spring and early summer are more favor-
able for severe weather in a warming climate (e.g., Hoogewind et al. 2017; Gensini and
Mote 2015), as opposed to the results presented here which show a frequency increase
of deep convection in late summer (Figs. 4.7 and 4.9). Additionally, the PGW method
prevents interannual variability in tropopause-overshooting convection from being eval-
uated, though Gensini (2021) reports that a substantial increase in the variability of
severe weather may be associated with a warming climate.

Model simulations of tropopause-overshooting convection and its transport are sen-
sitive to both the model resolution and the choice of microphysics parameterization
(Phoenix et al. 2017; Homeyer 2015). Both the horizontal and the vertical resolution
of the model can impact the representation of convection, the tropopause, and over-
shoot characteristics. Fortunately, the combination of 4 km horizontal grid spacing and
500-600 m vertical grid spacing used here has been shown to produce unbiased cloud
top heights (Homeyer 2015). T attempt to account for the uncertainty in the model
simulation through validation with radar and satellite observations, though limitations
of current observational capabilities serve as obstacles to comprehensive comparison
between the model, GridRad, and GOES. Despite these model sensitivities and val-
idation challenges, the ability of the model to accurately represent the distribution,
annual cycle, and diurnal cycle of tropopause-overshooting convection across the entire
model domain is encouraging. It should also be emphasized that the CMIP5 model
climate forcing used in this study represents a worst-case, RCP 8.5 emissions scenario.
Therefore, the amplification of tropopause-overshooting convection may be exaggerated
in comparison to a more moderate warming scenario. Additional work using various
warming scenarios could help to identify the sensitivity of tropopause-overshooting

convection to these changes and to better estimate the range of possible outcomes.
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Finally, it is important to acknowledge that projected changes in the frequency of
tropopause-overshooting convection is just one piece of a much larger puzzle. Changes
to the climate system may also impact the efficiency of transport mechanisms asso-
ciated with convection. For example, above anvil cirrus plumes have been shown to
substantially impact the transport of water vapor and boundary layer air into the lower
stratosphere during tropopause-overshooting convection (Gordon and Homeyer 2022;
O’Neill et al. 2021; Homeyer et al. 2017). Above anvil cirrus plume production is largely
controlled by lower stratospheric storm-relative winds (e.g., Homeyer et al. 2017), which
may be altered in a warming climate. Furthermore, climate-driven changes in UTLS
temperature and stability could serve as additional thermodynamic constraints on wa-
ter vapor transport (Solomon et al. 2016; Homeyer et al. 2014). Additionally, it is not
clear in the present study whether the increase in tropopause-overshooting convection
is a result of an increase in the total amount of deep convection or an increase in the

proportion of deep convection that is able to overshoot the tropopause, or both.
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Chapter 5

Summary and Conclusions

5.1 Summary of Findings

5.1.1 Lowermost Stratosphere Water Vapor Extrema

MLS observations from 2005-2020 were used in conjunction with MERRA-2 reanalysis
data to create a climatology of HoO extrema (>8 ppmv) in the stratospheric overworld
and in the total LS (overworld + LMS). This study showed that the frequency and
distribution of HoO extrema in the total LS (0.27% of MLS total LS observations glob-
ally) are dramatically different from that of the stratospheric overworld (0.08% of MLS
overworld observations globally), revealing that the frequency of LS extrema increases
by more than 300% when the LMS is included in the analysis. On both a yearly and
seasonal basis, the frequency of extrema in the total LS analysis is substantially greater
than that of the stratospheric overworld, but the magnitude of the difference varies by
region (Figs. 2.1 and 2.2).

To provide additional context for this climatology, a statistical transport analysis
was conducted by initializing isentropic trajectories at the latitude, longitude, and 8 of
Hy0 extrema (Figs. 2.3-2.5, 2.7-2.11). The transport analysis reveals two main trans-
port patterns: (1) air being traced to or confined within monsoon circulations (i.e.
the CEA, SC, NA, and GC regions; Figs. 2.3, 2.5, 2.7, and 2.9) and (2) largely zonal

transport along the tropopause break via subtropical jet streams (the NP, NA, SA,
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SP, and SI regions; Figs. 2.4, 2.7, 2.8, 2.10, and 2.11). For all regions, the large-scale
transport pathways indicate that the extrema air can be traced to regions of relatively
frequent tropopause-overshooting convection. This analysis also reveals that, outside
of monsoon-related circulations, meridional transport from the tropics to the observed
H>0 extrema is infrequent. To further investigate the potential origins of H,O extrema,
the cross-tropopause nature of the isentropic trajectories was also investigated using
the percentage of trajectories with recent history within the troposphere as a proxy for
large-scale isentropic TST (Fig. 2.6). The percentage of trajectories classified as being
related to large-scale TST is regionally dependent, notably showing low occurrences of
large-scale TST over the NP, NA, and GC regions — providing further evidence of con-
vection serving as the major source of HyO extrema in those regions. In regions where
large-scale TST is more frequent, it remains unknown whether convection upstream is
coupled to such extrema. Namely, moist air that is transported isentropically to the
LS may be related to upstream convective sources that acted to hydrate the upper
troposphere prior to the large-scale TST.

Finally, the annual cycles of extrema frequency were investigated for regions en-
compassing AMA, NAMA, and SAMA (Fig. 2.12). The LS frequency of HyO extrema
in the AMA and NAMA regions was shown to be an order of magnitude larger than
that of the SAMA. Additionally, while the AMA and NAMA have similar overworld
extrema frequencies throughout the annual cycle, the magnitude and duration of peak
extrema frequencies for NAMA increases substantially with the inclusion of the LMS
in the total LS analysis, compared to a small increase for AMA. The results presented
above highlight the importance of the including the LMS in analyses of LS composi-
tion. The frequency, geographic extent, and longevity of extrema are all substantially
larger in the total LS analysis compared to the overworld only analysis. Additionally,

the transport analysis strongly suggests that convection is a substantial contributor to
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the occurrence of LS HyO extrema, which may not have been clear if conducted for the

overworld only.

5.1.2 The Potential Temperature Gradient Tropopause

This study examined long-term records of balloon-based observations of atmospheric
temperature and composition to revisit stability-based definition of the tropopause.
More than 7000 O3 and temperature profiles observed in tropical, extratropical, and
polar locations spanning all seasons and multiple decades were used to investigate
composition-stability relationships near the tropopause (Figs. 3.1, 3.2, and 3.3). By
analyzing coincident observations of Oj concentrations and various stability metrics
in both individual ozonesonde profiles (Fig. 3.4) as well as a statistical analysis of all
observations (Fig. 3.5), it was shown that the vertical gradient of potential temperature
(00/0z) is the most consistent stability-based discriminator for the sharp composition
change between troposphere and stratosphere in a wide variety of environments when
compared to common alternatives such as the temperature lapse rate and Brunt-Viisila
frequency.

Based on the identified superiority of 90/0z as a globally-consistent stability-based
indicator of the tropopause transition layer, identification of a tropopause level via
a PTGT definition is desired. Modeled after the LRT, the PTGT definition simply
requires a potential temperature gradient threshold to be met across multiple depths.
This PTGT algorithm offers a new globally- and universally-applicable stability-based
tropopause definition for future UTLS studies and serves as an alternative to the LRT.
Through comparison of PTGT and LRT altitudes in observations (Figs. 3.7 and 3.8)
and reanalysis model output (Figs. 3.14 and 3.16), as well as the examination of PTGT-
and LRT-relative O3 concentrations (Figs. 3.9 and 3.10) and their locations in O3-H,0

tracer—tracer space (Fig. 3.11), it was demonstrated that the PTGT resolves known
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limitations of the LRT. Moreover, though the PTGT is often found within ~1 km of the
LRT (Fig. 3.8), when it differs greatly from the LRT it is more consistent in identifying
the layer of greatest composition change in the UTLS, favoring the tropospheric end-
point of the chemical mixing layer. Instances of the PTGT differing greatly from the
LRT are most often negative, with the PTGT well below the LRT altitude. This result
from a composition-informed stability-based tropopause definition (i.e., the PTGT) is
consistent with findings in past studies using an ozone tropopause (e.g., Bethan et al.
1996).

Criteria for multiple tropopause identification using the potential temperature gra-
dient were also included in the PTGT definition proposed here and modeled after the
LRT —the only alternative definition that includes criteria for multiple tropopause
identification. Instances of double tropopauses (DTs) were evaluated using the PTGT
definition and compared to the LRT definition, as done for the primary tropopause
altitude. It was demonstrated that 1) fewer double tropopauses are identified by the
PTGT definition (Table 2 and Fig. 3.15), 2) when both the LRT and PTGT identify a
DT, they are in close agreement (Fig. 3.13), and 3) cases where only the PTGT iden-
tifies a double tropopause are largely those where the primary PTGT falls well below
the LRT, such that the LRT altitude closely coincides with the secondary PTGT.

The introduction of a new universal stability-based tropopause definition motivates
revisiting past work built upon the LRT definition. In particular, future work with
the PTGT should be dedicated toward important UTLS topics such as stratosphere—
troposphere exchange, tropopause climatology, and long-term tropopause variability

and change.
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5.1.3 Overshooting Convection in a Warming Climate

In this study, the PGW method was employed to analyze the response of extrat-
ropical tropopause-overshooting convection to a changing climate for the first time.
Investigation of 10-year periods of two downscaled WRF simulations — a control sim-
ulation (CTRL) and a future simulation (PGW) — showed more than a doubling
of tropopause-overshooting convection over North America in response to projected
climate change.

The model CTRL simulation was evaluated against radar (GridRad) and satellite
(GOES) observations and was shown to effectively simulate the observed regional dis-
tribution, annual cycle, and diurnal cycle of tropopause-overshooting convection (Figs.
4.1-4.3, 4.5, 4.6). The projected changes between the CTRL and PGW simulations
were then evaluated and found to be a more than 250% increase across the model
domain (Fig. 4.4). The projected seasonal period of frequent tropopause-overshooting
convection was shown to extend into late-summer, due to the combined impacts of
changes over the Sierra Madre, Gulf Coast, and Southern Plains (Figs. 4.7, 4.9). Di-
urnally, an increase in the relative frequency of tropopause-overshooting convection
occuring overnight and in the early morning hours across the domain was found (Figs.
4.8, 4.10).

The model representation of future tropopause height was also examined and pro-
jected increases on the order of ~0.5 km across the domain during all seasons (Fig.
4.11). Though a high tropopause altitude can hinder the ability of convection to over-
shoot the tropopause, the model simulated convection was able to regularly overshoot
higher tropopause heights in the PGW simulation (Fig. 4.14). Finally, the depth of the
overshoots were evaluated and showed that overshoots of extreme tropopause-relative

heights (> 4 km) are more likely to occur in a warming climate (Figs. 4.12, 4.13).
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The PGW method allowed for an in-depth analysis of the response of extratropical
tropopause-overshooting convection to prescribed changes associated with projected
global warming. This work demonstrates that tropopause-overshooting convection has
the potential to become more frequent and intense in a warming climate and motivates
future analysis using a multitude of approaches to holistically address this problem.
Specifically, it is important to discern how additional factors that may influence the
occurrence of tropopause-overshooting convection (i.e., baroclinity), or its efficiency in
facilitating stratosphere-troposphere exchange (i.e., UTLS characteristics) may change

in a warming climate.

5.2 Looking Forward

The major takeaway from the work presented in this dissertation can be summarized as
this: tropopause-overshooting convection is an important contributor to stratospheric
water vapor in the present, and it may become even more critical in the future. The low-
ermost stratosphere specifically is a region that has been understudied and is especially
susceptible to impacts from tropopause-overshooting convection. Though it is dynam-
ically complex and challenging to define in practice, Chapter 2 clearly demonstrates
that the lowermost stratosphere is an important component of the UTLS that can
not be ignored when conducting analysis on the lower stratosphere — as doing so has
historically led to the underestimation of the importance of tropopause-overshooting
convection in the midlatitudes. Improvements to our definition and understanding
of the tropopause — like the potential temperature gradient tropopause presented in
Chapter 3 — will be vital to ameliorate some of these challenges. Finally, the results

presented in Chapter 4 regarding the response of tropopause-overshooting convection
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to a changing climate represent only the first step in tackling this problem. The poten-
tial contribution that this poses to the stratospheric water vapor feedback motivates

substantial work on this topic in the coming years.
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