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ABSTRACT

An idealized three-dimensional cloud-resolving model is used to investigate
the sensitivity of cross—tropopause convective mass transport to tropopause defini-
tion. A ten—hour simulation is conducted to encompass the growth and decay cycle,
with focus on irreversible transport above the tropopause. Six previously published
tropopause definitions are evaluated. These definitions include specific values of al-
titude, World Meteorological Organization (WMO) temperature lapse rate, poten-
tial vorticity, stratospheric tracer concentration, static stability, and curvature of
the Brunt—Vaisala Frequency. This investigation highlights the challenge of defining
a tropopause during active deep convection, and demonstrates the need of clearly
communicating calculation methods and threshold choices in the literature. Defini-
tions such as potential vorticity and stratospheric tracer are shown to perform poorly
when analyzing deep convection. The WMO thermal tropopause and static stability
tropopause definitions perform the best, providing similar tropopause placement and
quantities of irreversible mass transport.

An additional small investigation of the universality of tropopause definitions,
including the WMO and static stability definitions, between the midlatitudes and
tropics is performed using the Weather Research and Forecasting model. First, a
thought experiment demonstrates that the WMO thermal tropopause identifies areas
of similar temperature lapse rates, not necessarily similar stability, which plays an
important role in mass transport. To investigate further, two case studies are analyzed
to determine the tropopause placement in each region. Again, the WMO and static

stability definitions provide similar placement of the tropopause in both regions.

xiil



CHAPTER 1
INTRODUCTION

The chemical budget and radiative balance in the upper troposphere and lower
stratosphere (UTLS) are greatly influenced by the transport of chemical constituents
from the boundary layer to the stratosphere (Dickerson et al., 1987; Hauf et al., 1995;
Santer et al., 2003; Skamarock et al., 2000; Twohy et al., 2002). These chemical con-
stituents include greenhouse gases such as water vapor, carbon dioxide, and ozone.
Although large—scale stratosphere-troposphere exchange (STE) is understood fairly
well, small-scale transport, such as that occurring through deep convection, has not
been thoroughly examined. Deep convection is important to STE because it efficiently
transports air from the boundary layer to the stratosphere (Dickerson et al., 1987; Fe-
ichter and Crutzen, 2002; Fischer et al., 2003; Hauf et al., 1995; Poulida et al., 1996).
These boundary layer tracers can be deposited in the lower stratosphere if heated
enough to become neutrally buoyant. This heating can occur through a variety of
methods such as latent heating of an air parcel and turbulent mixing at the cloud top
(Mullendore et al., 2005). To further understand STE, we must be able to quantify
tropopause structure and variability (Randel et al., 2007). To quantify the tropopause
structure and variability, we must have an appropriate tropopause definition. An in-
correct tropopause placement could result in an overestimate or underestimate of
mass transport from the troposphere to the lower stratosphere. Therefore, it is im-
portant to have a definition that properly places the tropopause during and after a

convective event. Having multiple definitions that provide similar results continues



to provide freedom of using definitions best suited for a study, while still allowing
readers to compare results between mass transport studies.

Observations of winds, temperature, and trace gases suggest the tran-
sition from the troposphere to the stratosphere occurs over a finite depth rather than
a single point transition Fueglistaler et al. (2009). In the tropics, this broad layer is
commonly referred to as the “tropical tropopause layer” or the “tropical transition
layer” (TTL). However, in this study tropopause altitudes are treated as boundaries
rather than layers. Several tropopause definitions exist in the current literature and
can be broken up into six main categories: constant altitude, temperature lapse rate,
cold point temperature, potential vorticity iso—surfaces, static stability iso—surfaces,
and trace gas—based. Constant altitude tropopause definitions are appropriate only in
an idealized model framework. Temperature lapse rate tropopause definitions include
the World Meteorological Organization (WMO) thermal tropopause (IWMO, 1957).
Cold point temperature tropopause definitions are applicable only in the tropics. Po-
tential Vorticity (PV) tropopause definitions apply only to the extratropics and on
syntopic scales (Gettelman et al., 2011). Static stability definitions include vertical
gradient thresholds, such as that used in Mullendore et al. (2005) and the maximum
vertical curvature of the Brunt-Vdisdld frequency (BVF) (Birner, 2010). Lastly,
trace gas tropopause definitions, also known as chemical tropopauses, include ozone
lapse rates and tracer—tracer relationships (Bethan et al., 1996; Zahn et al., 2004).
This study will analyze six tropopause definitions in five categories: a constant al-
titude, the WMO thermal tropopause, PV, stratospheric tracer, static stability, and
the maximum curvature of the BVF. Each definition is described in further detail in
sections 2.4 and 3.2.

Convective systems such as supercells efficiently transport boundary layer trac-

ers, providing deeper injection of lower tropospheric tracers into the lower strato-



sphere. Mullendore et al. (2005) found greater amounts of boundary layer tracer
transported to the lower stratosphere in supercell cases compared to multicell cases.
Therefore, this study will analyze the sensitivity of mass transport to tropopause
definition in a simulated midlatitude supercell storm in a controlled environment.
Section 2.2 discusses the methods of transport and previous studies highlighting the
importance of deep convective transport. A basic description of supercellular con-
vection is provided in section 2.3. The transport results from the idealized supercell
simulation are presented in chapter 4. Tropopause definitions in a model simulation
of an observed event, comparing midlatitude to tropical environments, are presented

in chapter 5.



CHAPTER 2
BACKGROUND

To understand the sensitivity of mass transport to tropopause definition, we
must first understand the tropopause region and the types of definitions that will
be analyzed. The tropopause definition has an impact on mass transport, altering
the exact height of the tropopause. This section provides an overview of the current
understanding of tropopause structure and the varying definitions used to define the

extratropical upper troposphere and lower stratosphere (Ex-UTLS).

2.1 The Discovery of the Tropopause

In 1787 Horace Benedict de Saussure climbed Mont Blanc with a thermometer
and barometer to determine the vertical profile of the atmosphere (Hoinka, 1997). He
determined the temperature decreased at a rate of 0.7 K per 100 m. It was assumed
that the temperature continued to decrease at that rate throughout the atmosphere,
reaching a temperature of absolute zero at approximately 30 km.

In the following years, many individuals began investigating the vertical profile
of the atmosphere using hot air balloons. These studies were limited to approximately
10 km due to the lack of oxygen at those studies. Sounding balloons were introduced
in 1892 and a transition from use of hot air balloons to sounding balloons began. Using
sounding balloons would allow measurements to be taken at higher altitudes. The use
of sounding balloons was limiting, though, because the instruments used on them had

large errors. The first high—level sounding balloon flight was conducted by Hermite



and Besancon on 21 March, 1893. At this time, the atmospheric temperature was
still assumed to continuously decrease with height. Hermite and Besancon recorded
a temperature of -21°C at 14.7 km. However, since the temperature recorded at 12.5
km was -51°C, they assumed their observation was erroneous.

Sounding balloon materials and tracking techniques began to improve through-
out the following years. Instruments such as the aspirated thermometer were intro-
duced which reduced instrument error, but still an isothermal layer was found by
several individuals. This layer was still thought to be an instrument error and was
often ‘corrected’ so the temperature continued to decrease with height, or was not
discussed in results.

The stratosphere wasn’t officially recognized in published papers until Teis-
serenc de Bort (1902) who presented the results of 236 soundings. He noted an
isothermal zone which varies in a starting height from 8-12 km (Hoinka, 1997). Later
in 1902, Dr. Robert Assmann confirmed the results of Teisserenc de Bort in a pre-
sentation to the Berlin Academy of Sciences. It is thought that Teisserenc de Bort
coined the term ”stratosphere” during the German Meteorological Society conference
at Hamburn in September 1908 (Kassner, 1909). He chose this term because this
nearly—isothermal layer has greater hydrostatic stability, suggesting it is stratified as
opposed to mixed. He also suggested ”troposphere” for the underlying atmosphere,
where tropos means to turn in Greek.

The tropopause was later defined using thermal properties by the British Me-
teorological Office (Hoinka, 1997). Hoinka (1997) states three transition types were

noted to classify the transition between the troposphere and stratosphere:

Type I: When the stratosphere commences with an inversion, the height

of the tropopause is the first point of zero temperature gradient.



Type II: When the stratosphere begins with an abrupt transition to a
temperature gradient below 2 K per km without inversion, the height of

the tropopause is the height of the abrupt transition.

Type III: Where there is no such abrupt change in temperature gradient,
the base of the stratosphere is to be taken at any point where the mean
fall of temperature for the kilometer next above is 2 K or less, provided

that it does not exceed 2 K for any subsequent kilometer.

In these criteria, the lapse rate, I' = —%, is a decrease in temperature of 2 K km~!.
This was later used by WMO (1957) to create the common thermal tropopause
definition used today. This definition uses two criteria, where the tropopause is

L or less,

defined as "the lowest level at which the lapse rate decreases to 2 K km™
provided also the average lapse rate between this level and all higher levels within 2

km does not exceed 2 K km™!” (WMO, 1957).

2.2 Extratropical Deep Convective Transport

Boundary layer tracers can be transported to the lower stratosphere in the
extratropics through processes such as deep convection. Updrafts in deep convective
storms are capable of injecting tropospheric tracers several kilometers into the lower
stratosphere during a deep convective event. Tracers can be transported from the
boundary layer to the lower stratosphere often within one hour (Dickerson et al.,
1987; Feichter and Crutzen, 2002; Fischer et al., 2003; Mullendore et al., 2005). Be-
cause this rapid transfer occurs, considerable vertical mixing occurs during isolated
events such as supercells. According to Fischer et al. (2003), budget estimates sug-
gest that lower stratospheric air could contain up to 50% boundary layer air during

a deep convective event. However, the parcels remain negatively buoyant unless they



undergo processes such as latent heating in the updraft core and turbulent mixing at
the cloud tops. These processes can increase the potential temperature of the tro-
pospheric parcels enough to make them neutrally buoyant in the lower stratosphere.
While extratropical deep convective transport is not considered to be the dominant
method of transport of boundary layer tracers to the lower stratosphere, its effi-
ciency in transporting tracers has been increasingly studied throughout the past few
decades. The transport of chemical constituents such as water vapor into the lower
stratosphere can increase cloud production, impacting the weather and climate. The
influence of deep convection on tracer transport to the lower stratosphere was first
observed during the early 1970s (Fischer et al., 2003). Deep convective storms are
capable of introducing significant amounts of water vapor into the lower stratosphere
during a deep convective event (Fischer et al., 2003). Additional studies (Dickerson
et al., 1987; Hauf et al., 1995; Skamarock et al., 2000) performed in the 1980s-2000s
presented further evidence for STE of other tracers such as O3 and CO.

To focus on irreversible transport, though, tracer plumes must be evaluated af-
ter a convective event and model simulations must include sufficient time to allow the
environment to return to a non—convective state. During a convective event, the quan-
tity of boundary layer tracer that is injected into the lowermost stratosphere does not
equate to the quantity that will remain in the lowermost stratosphere after convection
has dissipated. As stated before, some of the parcels are not immediately neutrally
buoyant in the lowermost stratosphere. Therefore, many boundary layer parcels that
are injected into the lowermost stratosphere return to the troposphere. To determine
how tracer transport in deep convection impacts the weather and climate, the quan-
tity of boundary layer tracer remaining in the lower stratosphere after a convective
event must be studied. Mullendore et al. (2005) simulated the transport of boundary

layer tracers into the lowermost stratosphere via midlatitude convection in a three—



dimensional cloud-resolving model. Ten—hour simulations were performed to ensure
the model returned to a non—convective state in order to evaluate irreversible trans-
port associated with three deep convective events. Air parcels containing boundary
layer tracers were shown to penetrate the stable stratosphere via the updraft where
diabatic processes increased the parcel potential temperature sufficiently to allow the
parcel to become stable in the stratosphere. The results of Mullendore et al. (2005)
showed irreversible transport for both multicell and supercell cases, where the super-
cell case transported nearly twice as much boundary layer tracer as the multicell case

at ten hours.

2.3 Supercellular Convection

Supercells are classified as large, rotating thunderstorms that can last for
several hours (Markowski and Richardson, 2012; Lin, 2010). They are associated
with large hail (hail having a diameter of 5 cm or longer), high lightning flash rates,
and strong, violent tornadoes (although tornadoes are not required for a storm to be
classified as a supercell). Supercells are found in environments with strong vertical
wind shear. This vertical wind shear generally extends throughout much of the tropo-
sphere and promotes storm organization and longevity. The longevity of a supercell
can be promoted through dynamical vertical pressure gradients and its assistance to
updraft intensification (Markowski and Richardson, 2012). Dynamic vertical pressure
gradients are associated with environments with strong vertical wind shear. This can
enhance the updraft at altitudes above the gust front, helping to sustain the storm.
The enhancement of the updraft by the vertical wind shear is one aspect of super-
cells that sets them apart from other storm types whose updraft is mostly driven by
buoyancy. Additionally, vertical wind shear helps prevent precipitation loading in

the updraft. Environmental horizontal vorticity, or the horizontal vorticity already



present in the atmosphere, is tilted into the vertical by the storm. This process con-
tinues throughout the storm’s active period as the moving updraft of the storm is the
tilting mechanism. As the updraft intensifies, vorticity that has been vertically tilted

is stretched, amplifying the updraft.

2.4 Tropopause Definitions

The Ex-UTLS, or the uppermost troposphere and lowermost stratosphere
poleward of the subtropical jet (Gettelman et al. (2011); dark and light blue shading
in figure 1), is bounded vertically by the stratospheric overworld (440 K isentropes)
and the upper troposphere (about 5 km below the mean tropopause). This study fo-
cuses on irreversible transport to the lower stratosphere, whose lower bound is defined
through the tropopause placement. Clearly seen in figure 1, the thermal tropopause
(given by the black dots) and the potential vorticity tropopause (given by the light
blue line) do not place the tropopause at the same altitude in all locations. Since the
depth of the lower stratosphere depends on the altitude of the tropopause, its place-
ment becomes very important when discussing transport to the lower stratosphere,
as it has a direct impact on the amount of mass transported.

To be able to quantify irreversible transport of boundary layer tracers to the
lower stratosphere in supercells, the tropopause must be mathematically defined. In
the years after the tropopause was officially recognized, the thermal tropopause and
the dynamical PV tropopause were the only definitions used. As more advanced
studies were able to be conducted and improvements were made to study the verti-
cal profile of the atmosphere, several more definitions were added to investigate the
tropopause using different methods. Typically the tropopause definition is chosen
to fit the study. Most studies investigate at most two tropopause definitions. To

determine how applicable each definition is to convective transport, we must analyze



25 L i T T
— . I...- T [ [ ]
= 20 \! =
© o —— :
g s eeesare :'.4.00.-: . POlal‘ VCII"tE'X
= 15 N, 4003
< TTL
@ = w— "350 ; Tropopause Inversion
— i Layer (TIL)
= ; s O -350 -
»n 10
L
m — — ——
g 5 ~ “Convection Cirrus clouds PR aGs: .
- g s / ExTL, ‘'mixing layer'
£
ol- - — =~ ~300. - baroclinic waves, fronts
1 . 1
0 15 30 45 60 75 90

Latitude (°N)

Figure 1: Schematic of the extratropical upper troposphere and lower stratosphere
(Ex-UTLS) using data from a Northern Hemisphere section along 60oW longitude
on 15 February 2006. Wind contours (solid black lines 10 m s™! interval), poten-
tial temperature surfaces (dashed black lines), thermal tropopause (red dots), and
potential vorticity surface (2 potential vorticity unit (PVU): light blue solid line).
[lustrated schematically are the Ex-UTLS (dark and light blue shading), extratrop-
ical tropopause layer (dark blue shading), clouds and fronts (gray shading), static
stability contours in the tropopause inversion layer (green shading), quasi-isentropic
exchange (red wavy arrows), cross—isentropic exchange (orange wavy arrows), and
the Brewer—Dobson Circulation (deep, red solid outline arrows; shallow, dotted solid
outline arrows). (Gettelman et al., 2011).
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several definitions. As mentioned before, six definitions were analyzed in this study:
constant altitude, WMO, PV, stratospheric tracer, static stability, and curvature
of the BVF. In this section, an overview of each definition is provided. Additional
details on calculation method and equations used for each definition is provided in

section 3.2.

2.4.1 Constant Altitude Tropopause

The constant altitude tropopause definition is only appropriate in an idealized
framework. This definition does not adjust to convective perturbations, skewing
results during active convection. However, this definition is still applicable to this
study because the focus is on mass transport after convection has dissipated. After all
convection has dissipated, tropopause altitudes generally return to a similar height to
that prior to convection, where the tropopause location varies by only a few hundred

meters throughout the domain.

2.4.2 WMO Tropopause

The WMO thermal tropopause definition uses two general criteria which al-
lows it to identify the tropopause in a variety of thermal structures (WMO, 1957).
The tropopause is defined as the lowest altitude at which the lapse rate has decreased
to 2 K km~!. As described in section 2.1, the thermal tropopause definition was the
first definition used to identify the tropopause. This definition is widely used in stud-
ies and is the basic definition taught in meteorology classes. This definition continues

to be used because the thermal structure is similar at all latitudes.
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2.4.3 PV Tropopause

The potential vorticity dynamical tropopause definition, a common definition
for synoptic—scale events or climatological studies in the extratropics, uses a subjec-
tively chosen threshold value to determine the tropopause height (Gettelman et al.,
2011). The definition requires three—dimensional temperature and wind data, mak-
ing it effective at determining the tropopause height in global models. The definition
uses both static stability and vorticity (Gettelman et al., 2011; Kunz et al., 2011).
PV is a conserved quantity for adiabatic, frictionless flow (Holton, 2013). Similarly
to the Brunt—Vaisadla Frequency, PV has an abrupt jump in values at the tropopause.
This sharp change provides a useful dynamical definition for areas or model runs
dominated by environmental vorticity.

When performing synoptic—scale studies, a 2 potential vorticity unit (PVU)
surface, where 1PVU = 10"Km?2kg~1s7!, is often chosen to represent the tropopause
(Kunz et al., 2011). However, this value is subject to change based on the study as
the PVU surface should be chosen to represent the WMO thermal tropopause. For
example, Hoerling et al. (1991) found that a 3.5 PVU isoline was optimal for their
tropopause analysis because it statistically agreed with the thermal tropopause. Kunz
et al. (2011) found a seasonal variation between 1.5 and 5 PVU in both the southern
and northern hemispheres, with higher values during the summer and lower values
during the winter. Although large variations in PVU values were found through-
out the year, they agreed that overall a 2 PVU isoline represented the dynamical

tropopause well.

2.4.4 Stratospheric Tracer Tropopause

The stratospheric tracer tropopause, also known as a chemical tropopause,

is defined using a trace gas in the stratosphere (Pan et al. , 2004; Zahn et al.,
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2004). The ozone mixing ratio is commonly used for the chemical tropopause, but
determing the proper threshold value to use can be challenging. Some studies such
as Zahn et al. (2004) use multiple trace gases with sources in both the troposphere
and stratosphere to determine the tropopause. In their study, ozone, which has
higher concentrations in the stratosphere, and carbon monoxide, which has higher
concentrations in the troposphere, were used to determine the tropopause height
from in-situ measurements. In this study a passive tracer, initially defined only in

the stratosphere, was used.

2.4.5 Static Stability Tropopause

When analyzing mass transport, the stability of air parcels plays a vital role.
In convective transport, the surface air parcels are transported to the UTLS, and
unless heated, are negatively buoyant at those altitudes. The parcels must undergo
heating processes to make them neutrally buoyant in the UTLS, creating irreversible
transport. As stated earlier, these processes include latent heating, which dominates
in the updraft core and can raise the parcel temperature several Kelvin, and turbulent
mixing at the cloud top, which occurs through gravity wave breaking and mixing with
stratospheric air to heat the parcel to remain neutrally buoyant.

The static stability tropopause is defined using the vertical gradient in poten-
tial temperature, where it is assumed % = % in this study. This term is included in
the equation used in the PV definition, the last term in equation 3.2 in section 3.2.2.
Similarly to how the temperature lapse rate shows a distinct change between the tro-
posphere and stratosphere, the potential temperature lapse rate also has a distinct
change between the two layers. The troposphere is less stable than the stratosphere,

where potential temperature increases faster with height in the stratosphere. In this

study, the average potential temperature lapse rate in the troposphere was 0.003 K
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m~! while the average potential temperature lapse rate in the stratosphere was 0.018
K m~!. This is clear by looking at the isentropes (thin horizontal lines) in figure 10
where the spacing between the isentropes decreases above 10.85 km at 0 hours.

The static stability definition uses a stability gradient which is most repre-
sentative of the constant altitude tropopause in the pre—convective environment.
Mullendore et al. (2005) states that it seems likely that air that is carried across
a boundary with a strong stability gradient will likely remain lofted long enough to
undergo mesoscale mixing, causing boundary layer air parcels to become neutrally
buoyant in the lower stratosphere. In this study, a threshold value of 0.012 K m™!
was used. However, the threshold value is specific to each convective event simulated.
For example, Mullendore et al. (2005) used a threshold of 0.00935 K m™! to represent
the tropopause. Throughout the storm’s life cycle, the static stability definition often
behaves similarly to the WMO definition, providing a realistic tropopause location
during the active cycle and returning to a quasihorizontal state after all convection

has dissipated.

2.4.6 Curvature of the Brunt—Viisala Frequency Tropopause

The curvature of the BVF tropopause definition defines the tropopause through
the curvature of the static stability in a column. The troposphere and stratosphere
can be characterized by differences in their static stability, with the stratosphere be-
ing more stable. For an unperturbed atmosphere, Birner (2010) states that using
the maximum vertical curvature of the BVF produces similar results to the standard
WMO definition in the extratropics. It should be noted that this definition was in-
tended for climate studies, not convection. This definition was included because when

evaluating mass transport, the stability of an air parcel determines where it remains
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after convection has dissipated. Unlike the static stability tropopause definition, this

definition uses the maximum curvature of static stability.
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CHAPTER 3
METHODOLOGY

3.1 University of Washington’s Collaborative Model for Mesoscale
Atmospheric Simulation (UWCOMMAS)

The model used to simulate the supercell used in this study was created by
the University of Washington, referred to as UWCOMMAS in this study. The version
of the model used in this study can be found by going to:

https://brume.atmos.washington.edu/svn/meso12. It should be noted that the
model provided at this link does not include the modifications for the domain used

in this study.

3.1.1 Numerics and Case Description

This study used a three-dimensional cloud-resolving mesoscale model based
on that of Mullendore et al. (2005). The model used f-plane approximation and
assumed a latitude of 37°N. The mesoscale processes being investigated occurred on
a radiative time scale less than 12 hours, therefore radiation was neglected in the
simulation to save computational expense. The cloud microphysics included in this
model were a single-moment scheme based on Lin et al. (1983). The liquid and
ice were assumed to have a spherical shape and were broken into five distributions.
There was an open vertical boundary and open lateral boundaries, making the only
physical boundary the ground. The domain was 750 km by 475 km by 19.85 km,

had a horizontal resolution of 1 km, a vertical resolution of 100 m, and a time step
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of 1 second (see figure 2). To avoid spurious reflection of waves at the boundaries,
the analysis grid cut off 15 km from the horizontal boundary and 1.85 km from the
model top.

An important part of this study was determining the impact of one convective
cell. To reduce the available potential energy, an area of dry boundary layer air was
added to the domain, which suppressed the continuous growth of new convection. A
30 km transition zone, beginning at 160 km, was placed between the moist boundary
layer air (to the left, or west) and the dry boundary layer air (to the right, or east),
shown in figure 2. In the transition zone, water vapor decreased linearly with z
(figure 3D provides a profile view of the water vapor mixing ratio in the moist section
of the domain). It should be noted that the inclusion of the dry boundary layer
air suppressed the growth of several additional cells, but additional convection was
present in the domain throughout the simulation.

A single sounding was used to initialize the model. The potential temperature,

0, was given by

o

0o + (04 — 6p) (i) for z < z,

0(z) = (3.1)

Htre:pp[chTtr(z —zy)]  for z > z,
where 6, is the potential temperature at the surface, 6, is the potential tem-
perature at the tropopause, 2, is the primary tropopause height, ¢, is the specific
heat of dry air, and T}, is the temperature at the tropopause ( Weisman and Klemp,
1982). The sounding was isothermal above the tropopause (figure 3A). Wind shear
in the lowest 5 km was modeled off of the idealized supercell case in Mullendore et
al. (2005) (figure 3E and 3F). The water vapor profile was also given by Weisman

and Klemp (1982), but was adjusted such that water vapor decreased to 0 g kg™! at
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30 km
475 km

750 km

Figure 2: The domain used for the storm simulation. A moist boundary layer is
located to the left (west) of the dashed lines, and a dry boundary layer is located to
the right (east) of the dashed lines.

approximately 9.85 km to the model top. The original cell was initialized in the moist
section of the domain using an instantaneous thermal bubble 2 K above the environ-
mental temperature. This method of initialization is not a realistic representation of
what is observed in the atmosphere. However, after approximately 15 minutes the
storm begins to take on its own characteristics. Since this study is focused on the
tropopause placement during active convection and irreversible convective transport,
this form of initialization is acceptable. Additionally, the updraft speed is not strong

enough to provide significant mass transport at 15 minutes.

3.1.2 Tracer Initialization

A main goal of this study was to quantify the sensitivity of cross-tropopause

transport to tropopause definition. To investigate how mass was transported during
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Figure 3: The initial profiles for the input sounding are shown. Plot A shows the
initial temperature profile, B shows the potential temperature profile, C shows the
pressure profile, D shows the water vapor mixing ratio in the moist section of the
domain, E the u-winds, and F shows the v-winds.

the convective event, passive tracers were used. Passive tracers were initially confined
within horizontally homogeneous layers, with all areas outside of the layer being zero
(figure 4). Three passive tracers were originally confined in layers from 0.1 to 1.45 km,
1.65 to 5.15 km, and 10.85 km to 19.85 km (the model top). The lowest tracer, TR3 in
figure 4, represents a boundary layer tracer which is the focus of this study. The mid—
tropospheric tracer, TR2, was not evaluated in this study. The stratospheric tracer,
TR1, was used as a tropopause definition. The goal of this study was to determine
the sensitivity of irreversible boundary layer tracer transport to tropopause definition,
therefore TR1 was only evaluated as a tropopause definition and was not evaluated

for downward transport into the troposphere.
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Figure 4: Vertical profile showing the initial mixing ratio for the three passive tracers.
TR3 serves as a proxy for a boundary layer tracer and TR1 serves as a proxy for
stratospheric tracer.

20



3.1.3 Storm Evolution and Dissipiation

A single updraft cell was present 30 min into the simulation, which reached a
height of 11.7 km with a maximum vertical velocity of 36 m s~*. The updraft strength
surpassed 50 m s™! at a simulation time of approximately 40 min and remained strong
until approximately 1 hour 10 min, shown in figure 6. The eastern edge of the main
cell reached the dry boundary layer air region at a simulation time of approximately
45 min, and the storm began to dissipate at that time. All convection had dissipated
by approximately 4.5 hours, and the analysis domain returned to a non—convective
state in the following hours.

As stated in section 3.1.1, additional convection was present in the domain
throughout the simulation even with the inclusion of the dry boundary layer air
region. Cells that developed from the bubble initialized at time zero were investigated,
referred to here as the analysis storm system. Additional convection that began at
approximately 2.75 hours was not investigated. All convection that was not associated
with the analysis storm system was masked out. In other words, columns of the
domain associated with the additional convection were not included in mass transport
calculations. For example, figure 5 depicts all convection present throughout the
domain at 3.0 hours. The cells highlighted by the red box are cells that were masked
out, or not included in the analysis. In the masking process, the boundary layer
tracer transport to the UTLS region was analyzed every 200 m from 9.85 km to
12.85 km to ensure tracer transport from additional convection did not merge with
the analysis storm system. At 3.0 hours, tracers transported by the analysis storm
complex and the additional convection remained separated. After approximately 6.75
hours, boundary layer tracer lofted by the additional convection began to merge with

the analysis cell. Masking out the additional convection became difficult and mass
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Figure 5: A horizontal cross section depicting the boundary layer tracer at the con-
stant altitude tropopause, 10.85 km, at 3 hours. The grayscale contours represent the
boundary layer tracer in kg kg=!. The red box outlines additional convection that
was not included in the analysis domain.

in the UTLS region was lost due to the masking. Therefore, results after 6.75 hours
should be interpreted with caution.

Two times were chosen for analysis in this study: 1 hour, or the state of active
convection, and 10 hours, or the state of post—convection. These times were chosen to
evaluate the fluctuations in tropopause height as well as changes in mass transport be-
tween the active—convective environment and post—convective environment. Figure 7
depicts the reflectivity at 2 km at 1 hour. The strong updraft is shown here with the
maximum reflectivity values exceeding 65 dBZ. Figure 8 depicts the boundary layer

tracer present at the constant altitude tropopause at 1 hour, and figure 9 depicts
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Figure 6: A time-height plot of the maximum vertical velocity at each vertical level
throughout the simulation in the analysis domain.

the boundary layer tracer present at the constant altitude tropopause at 10 hours,
showing irreversible transport has occurred. To further show the storm evolution,
figure 10 shows vertical cross—sections of the boundary layer tracer at three times: 0
hours (the pre—convective environment), 1 hour (the active-convective environment),
and 10 hours (the post—convective environment). Again, it is clear when looking at
the vertical cross section at 10 hours that irreversible transport has occurred from

the boundary layer to the UTLS region.

3.2 Tropopause Calculations

As stated before, the definitions used in this study are those which have been
previously published. However, definitions stated in the literature do not necessarily
provide the exact method of calculation. To clearly discuss the results of this study,

and convey the impact of each definition, the method of calculation for each definition
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Figure 8: A horizontal cross section depicting the boundary layer tracer at the con-
stant altitude tropopause, 10.85 km, at 1 hour. The grayscale contours represent the
boundary layer tracer in kg kg=!. The magenta line represents the location of the
vertical cross section shown in figure 10.
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Figure 9: A horizontal cross section depicting the boundary layer tracer at the con-
stant altitude tropopause, 10.85 km, at 10 hours. The grayscale contours represent
the boundary layer tracer in kg kg=!. The magenta line represents the location of the
vertical cross section shown in figure 10.
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Figure 10: A vertical cross section at the time of initialization (left), through the
maximum updraft at 1.0 hours (middle), and through boundary layer tracer remaining
in the UTLS region at 10.0 hours (right). Grayscale contours represent boundary layer
tracer in kg kg™!, with darker shading representing boundary layer concentrations
greater than 0.7 kg kg~!. Thin black lines represent isentropes from 295 K to 500 K
with a 5 K contour interval.
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is provided below. At all times, the tropopause was restricted to be above 8 km and
below 18 km. At the time of initialization, all definitions identified the tropopause
at the same altitude as the constant altitude tropopause, 10.85 km. Tropopause

calculations used first order forward differencing for all differencing calculations.

3.2.1 WMO

Interpretation I

First, the temperature lapse rate, I’ = —%, was calculated for every vertical
level in the selected profile.

Then the 2 km vertical average lapse rate was calculated. This was done by
summing up the local lapse rate at every point 2 km above the evaluation point (the
evaluation point and the 19 points above the evaluation point), then was divided by
the number of points (in this case 20 points).

If the local lapse rate and the 2 km vertical average lapse rate above the point
met were less than 2 K km™!, that point was defined as the tropopause. If the criteria
were not met, the next point in the vertical profile would be evaluated.

Interpretation II

This interpretation was modeled after the method used in Homeyer et al.
(2014).

First, the temperature lapse rate was calculated for every vertical level in the
selected profile. The first altitude that had an local lapse rate less than 2 K km™!
was selected as the possible tropopause.

Using the point of the possible tropopause, the average lapse rate between
that point and all vertical levels within 2 km was calculated. In other words, using

a dz=100 m, 20 averages, using the single difference between the points, will be

calculated. If all average lapse rates between the possible tropopause and 2 km above
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that point are less than 2 K km™!, that point is identified as the tropopause. If the
criteria were not met, the process began again starting with the next occurrence of

the local lapse rate which met the WMO criteria.

3.2.2 PV

First, using Ertel’s Potential Vorticity Theorem,

1[/0v Ou 00
=5 o)+ o &

where p is density, v and u are horizontal velocity, f is friction, and € is potential

temperature, the potential vorticity was calculated throughout the analysis domain.

Av du _ Au
Az’ dv — Ay’

In the calculations, it was assumed % = and % = %. Then, using the
conversion of 1PVU = 10" Km?kg~'s~t, PV was converted to PVU.

At the time of initialization, a PVU threshold was chosen to represent the
constant altitude tropopause. In this study, the PVU threshold found to best fit the
constant altitude tropopause was 2.89 PVU. When a vertical profile was evaluated,
the first altitude at which the PVU threshold was exceeded was identified as the

tropopause height.

3.2.3 Stratospheric Tracer

First, a passive tracer was initialized in the stratosphere only (10.85 km to
the model top). In this study, a threshold of 0.5 kg kg™! was chosen to represent the
tropopause. In other words, an altitude must contain at least 50% stratospheric air
to be considered in the stratosphere. When evaluating a vertical column, the first
altitude at which the stratospheric tracer concentration was equivalent to or greater

than the designated threshold was identified as the tropopause.
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3.2.4 Static Stability

First, the static stability, % = %, was calculated for every vertical level in
the selected vertical profile. Similarly to the PV dynamical tropopause definition,
a threshold value was chosen at the time of initialization to reflect the constant
altitude tropopause, 3—2 = 0.012 Km™!. The lowest altitude which was equivalent to

or exceeded the chosen threshold was identified as the tropopause.

3.2.5 Curvature of the BVF

First, the square of BVF,

00 g Ad
N2 _ 927 .
00z 6OAz (3.3)

where ¢ is the gravitational constant, p is the density, # is potential temperature, and
z is the altitude, was calculated for each vertical level in the selected profile. Then,
the gradient of the BVF, or in this case the difference of the BVF with respect to
height (BVF gradient = AA—];]) was calculated for every height. The curvature of the

BVF, or the difference of the BVF gradient with respect to height,

BVF curvature =

= : (3.4)

was then calculated. Finally, the altitude at which the maximum curvature was

located was identified as the tropopause.

3.2.6 Alternate Tropopause Calculations

As was mentioned in section 2.4.3 and 2.4.6, not all definitions used in this

study were intended for use on such small scales. The model used in this study had
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a vertical resolution of 100 m, allowing it to resolve smaller dynamical processes.
Models used in large—scale studies generally have coarser resolutions. To effectively
smooth out the convection and analyze it at a coarser resolution without performing
a new model run, a 2 km vertical average was used, modeled after the WMO thermal
tropopause definition. Definitions evaluated using this 2 km vertical average included

PV, static stability, and curvature of the BVF.
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CHAPTER 4

IDEALIZED INVESTIGATION OF MASS TRANSPORT

Six tropopause definitions, previously discussed, were used to analyze irre-
versible convective mass transport using the UWCOMMAS model described in sec-
tion 3.1.1. In this chapter, the evolution of the tropopause is evaluated. The sen-
sitivity of troposphere—to—stratosphere transport to each definition, defined through
sections 2.4 and 3.2, is tested. Additionally, the alternate calculations described in

section 3.2.6.

4.1 Tropopause Evolution

The location of the tropopause, the lower bound of the stratosphere, impacts
the quantity of mass located in the lower stratosphere. During a convective event,
the tropopause can be displaced several kilometers, making it difficult to accurately
determine the tropopause height due to the dynamical processes happening in the
storm. After convection has dissipated, areas of the domain which were impacted by
the event often have an increased tropopause height. The dynamical impacts of the
storm on tropopause placement make it important for definitions to properly track the
tropopause placement throughout storm evolution and displacement when tracking
the amount of mass above said definition. In the pre-convective environment, all
tropopause definitions place the tropopause at the same altitude, 10.85 km. During
and after the convective event, though, the tropopause definitions were not always in

agreement on tropopause placement.
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To investigate the tropopause during active convection, the output at 1.0 hours
was evaluated, shown in figure 11 (top). Two definitions, PV and curvature of the
BVF, are applicable at synoptic temporal and spatial scales, and generally not chosen
for tropopause identification in active convective cases. The PV definition (red line in
figure 11) was not appropriate when determining the tropopause location during the
convective event. While it was not shown, the tropopause, if unrestricted, reached
from the surface to the top of the model in the updraft region. The curvature of
the BVF (cyan line in figure 11) also misrepresented the tropopause, but not to the
extent of the PV definition. Most misrepresentation of the curvature of the BVF
tropopause placement occurred in the anvil regions of the cell. The stratospheric
tracer definition (green line in figure 11) placed the tropopause a few hundred meters
higher than the remaining definitions. As expected, the definition often mimicked the
upper boundary of the 25-50% boundary layer tracer. Recall that an altitude must
contain at least 50% stratospheric air to be considered in the stratosphere when using
this definition.

Finally, the WMO (blue line in figure 11) and static stability (magenta line in
figure 11) definitions were in agreement on the tropopause location. The only location
of disagreement in tropopause placement was between the updraft and downdraft
regions, and small disagreement in tropopause location (100 m difference) at the peak
of the updraft. Moving into the anvil region of the storm, the tropopause definitions
reflected one another. The similar behavior in tropopause placement of the WMO
and static stability definitions was expected as areas with similar static stability have
similar temperature lapse rates. In other words, the strong change in lapse rate
(both temperature and potential temperature lapse rates) between the troposphere
and stratosphere are distinct, with the sharp change occurring at the same altitude

in the pre—convective environment.
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Figure 11: A vertical cross section at 1.0 hours (top) and 10.0 hours (bottom).
Grayscale contours represent boundary layer tracer in kg kg~!, with darker shading
representing boundary layer concentrations greater than 0.75 kg kg~!'. The minimum
boundary layer concentration depicted is 0.001 kg kg=!. Thin black lines represent
isentropes with a 5 K contour interval. The thick black line represents the constant
altitude tropopause, blue represents the WMO thermal tropopause, red represents
the PV tropopause, green represents the stratospheric tracer tropopause, magenta

represents the static stability tropopause, and cyan represents the Curvature of the
BVF tropopause.
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A time of 10.0 hours was evaluated to determine tropopause height in the
post—convective environment, again shown in figure 11 (bottom). At this time, the
PV tropopause was placed near 10.85 km, but it continued to place contours both
above and below the 10.85 km altitude. These PV anomalies persisted after all
convection had dissipated because no additional synoptic—scale shearing or mixing
events took place in the model. These event include mixing at cloud boundaries,
mixing around the subtropical jet, and clear air turbulence. The normal deformation
of fields such as PV mix to smaller and smaller scales over time through these events.
The curvature of the BVF tropopause continued to be misrepresented. However, it
was often only misrepresented by 100-1000 meters rather than several kilometers like
during the active convective state. The misrepresentations were evident at locations
where boundary layer tracer remained in the UTLS region. The definition was most
often placed a few hundred meters higher than other definitions, which caused the
definition to underestimate the amount of mass transported, discussed in section 4.2.
The stratospheric tracer tropopause was often placed approximately 100 m below
the remaining definitions where boundary layer tracer was not present in the UTLS
region, due to subsidence. It was often placed 100-500 m higher than the remaining
definitions in areas with boundary layer tracer present, due to the threshold constraint
of 50% stratospheric air discussed above. Finally, the WMO and static stability
definitions were nearly always in agreement in tropopause location. There were a few
instances where the tropopause was placed with a 100 m difference, but overall the

tropopause placement was very similar.

4.2 Irreversible Transport

The main goal of this study was to determine the sensitivity of irreversible

cross—tropopause transport to tropopause definition. To do this, the amount of mass
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Figure 12: Mass transported above each tropopause definition is shown. Definitions
shown are: constant altitude (black), WMO interpretation I (blue), WMO interpreta-
tion II (orange), stratospheric tracer (green), static stability (magenta), and curvature
of BVF (cyan). The PV definition was not considered in this calculation because of its
misrepresentation of the tropopause location both during and after convective events.

that was transported above each tropopause definition throughout the storm simula-
tion was analyzed, with a focus on 10 hours. Figure 12 shows the total mass trans-
ported above each definition throughout the 10 hour period and will be discussed in

more detail in the following subsections.

4.2.1 Irreversible Transport at 6.75 and 10 Hours

To determine the impact of tropopause definition on irreversible transport,

times 6.75 hours and 10 hours were evaluated. As discussed in section 3.1.3, all
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convection in the analysis domain dissipated around 4.5 hours. After 6.75 hours,
possible contamination occurred from nearby convection that was not included in the
analysis of the original cell. The contamination can influence the amount of mass
transported above each definition, causing mass to be lost in the later hours of the
simulation rather than leveling off (shown through hours 7-10 in figure 12). In these
calculations, the PV tropopause was not analyzed as it misplaced the tropopause at
many locations, causing results much different than the other definitions.
Evaluating 6.75 hours first, using the constant altitude tropopause as a refer-
ence, resulted in the largest amount of mass transport, approximately 11.1 x 10! kg.
Exact quantities of mass transported can be found in table 2. For completeness, ta-
ble 1 gives mass transport information at 1 hour; however, the 1-hour transport results
are not discussed further in this section. As discussed in section 4.1, the WMO and
static stability definitions placed the tropopause at similar altitudes both during and
after the convective events. Quantitatively, their use as the troposphere—stratosphere
boundary results in similar amounts of inferred mass transport. The WMO definition
resulted in 5% less mass transport than that found when using the constant altitude
tropopause and the static stability definition, 7% less mass transport. The average
curvature of the BVF tropopause height at 6.75 hours was approximately 200 m below
the WMO definitions, which led to an increase in inferred mass transport when using
this definition. Using the curvature of the BVF definition resulted in 2.5% less mass
transport than the constant altitude. At this time, using the stratospheric tracer
definition resulted in 39% less mass transport than the constant altitude definition.
Now evaluating 10 hours, using the constant altitude tropopause resulted again
in the largest amount of mass transport, 10.3 * 10'! kg. Exact quantities of mass
transport can be found in table 3. Again, shown in figure 12, the WMO and static

stability definitions appeared to infer similar amounts of mass transport. The WMO
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Table 1: Table showing the analysis grid average tropopause height at 1 hour, total
mass transported above the tropopause, and absolute and relative difference of mass
transport with respect to the constant altitude tropopause definition. The constant
altitude tropopause definition calculated 3.4 * 10! kg of mass above the tropopause
at 1 hour.

1 hour
. Average Mass Transport Absolute DH;f Relative Diff
Definition Tropopause (ke * 1011) w.r.t CA (kg wor.t. CA (%)
Height (km) & 10') o ¢
WMO I 10.94 2.7 -0.7 -21
WMO II 10.94 2.9 -0.5 -15
Stratospheric | 1 o, 0.9 25 74
Tracer
Static Stability || 10.95 2.8 -0.6 -18
Curvature  of
the BVF 10.86 1.1 -2.3 -68

definitions resulted in 3% less mass transport than that found when using the constant
altitude tropopause and the static stability definition, 4% less mass transport. Using
the curvature of the BVF definition resulted in 9% less mass transport than the
constant altitude definition. While the quantity of mass transported was similar to
the constant altitude definition, the average tropopause height was increased by 900
m, and varied 100-1000 m in areas where boundary layer tracer remained in the
UTLS region. Finally, using the stratospheric tracer definition resulted in 27% less

mass transport than the constant altitude definition.

4.2.2 Alternate Tropopause Calculations

Section 4.2.2 discussed alternate calculations of three definitions using a 2
km vertical average, modeled off of the WMO interpretation I. Figure 13 shows the
original definitions and the alternate calculations at 1 hour. Using the 2 km vertical
average method of WMO interpretation I did not improve the performance of each

tropopause definition to make these definitions adequate for convective processes. No
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Table 2: Table showing the analysis grid average tropopause height at 6.75 hours,
total mass transported above the tropopause, and absolute and relative difference
of mass transport with respect to the constant altitude tropopause definition. The
constant altitude tropopause definition calculated 11.1 * 10! kg of mass above the
tropopause at 6.75 hours.

6.75 hours
o Avgerage Mass Transport Absolute Dn;f Relative Diff
Definition Tropopause (ke * 101) w.rt CA (kg rt. CA (%)
Height (km) & 10'h) WL ’

WMO I 10.88 10.5 -0.6 -5

WMO II 10.88 10.5 -0.6 -5

Stratospheric | 1 g4 6.8 4.3 -39

Tracer

Static Stability || 10.89 10.3 -6.8 -7

Curvature  of

the BVF 10.69 10.8 -0.3 -2.5
Table 3: Table showing the analysis grid average tropopause height at 10 hours, total
mass transported above the tropopause, and absolute and relative difference of mass
transport with respect to the constant altitude tropopause definition. The constant
altitude tropopause definition calculated 10.3 * 10! kg of mass above the tropopause
at 10 hours.

10 hours
o Aveerage Mass Transport Absolute Dnif Relative Dift
Definition Tropopause (ke * 1011 w.rt CA (kg wort. CA (%)
Height (km) & 1011) e ¢

WMO 1 10.89 10.0 -0.3 -3

WMO II 10.90 10.0 -0.3 -3

Stratospheric 10.82 7.5 2.8 97

Tracer

Static Stability || 10.89 9.9 -0.4 -4

Curvature of | 1) 75 9.4 0.9 9

the BVF
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improvement was seen in the PV definition as contours continued to to reach from 8-18
km. The alternate calculation for the curvature of the BVF continued to show spikes
in the tropopause location. The peaks were most often below that of the original
calculation. The alternate calculation provided several locations where the definition
was estimated to be at a lower altitude. Overall, the alternate calculation of the
curvature of the BVF resulted in an underestimate of tropopause altitude compared
to the original curvature of the BVF calculation. Since the definitions continued to
misidentify the tropopause, the alternate calculations were not considered for mass
transport calculations. Although already a good performer, static stability was also
tested with this 2 km vertical averaging method; no significant improvement was

observed.

4.2.3 Discussion of Sensitivities

In addition to mass transport sensitivity to tropopause definition, there may
be important sensitivities to methods used to determine individual tropopause types.
Since different definitions may be interpreted in various ways, such as the WMO inter-
pretations presented earlier, it is important to investigate how calculation choices may
influence tropopause placement. When definitions are sensitive to these calculation

choices, it is important to clearly communicate them in the literature.

4.2.3.1 The Impact of Thresholds

Several definitions in this study used threshold values. However, having to
subjectively choose threshold values allows possible error in mass transport calcula-
tions. For example, the threshold value chosen for the static stability definition in this
study was modeled off of the constant altitude tropopause at the time of initializa-

tion. A value of 0.012 K m~! was found to be most representative of the tropopause,
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Figure 13: A vertical cross section through the maximum updraft at 1.0 hours. This
figure focuses on the UTLS region, 8-18 km. Solid lines represent the original cal-
culation, and dashed lines represent the alternate 2 km vertical average calculation.
Red again represents the PV tropopause and cyan represents the curvature of the
BVF tropopause. Grayscale contours represent boundary layer tracer in kg kg™
The minimum boundary layer concentration depicted is 0.001 kg kg=!. Thin black
lines represent isentropes from 295 K to 500 K, with a 5 K interval.
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compared to the value of 0.00935 K m~! used in Mullendore et al. (2005). If the
value from Mullendore et al. (2005) had been used, the total mass transported would
have increased by 11%. At this time, using the static stability definition requires the
user to have knowledge of the pre—convective environment which may be difficult in
real-world case studies. Since mass transport is sensitive to the threshold used, it is
very important that threshold values are representative of the tropopause height in
the unperturbed atmosphere.

A second example of threshold dependence in this study was the stratospheric
tracer definition. A threshold of 0.5 kg kg™! was chosen, meaning at least 50% of
the air had to be stratospheric for an altitude to be considered in the stratosphere.
However, to the author’s knowledge, there is currently no standard for passive tracer
threshold. To test threshold dependence here, the threshold was increased and de-
creased by 10% to evaluate the impact on tracer transport. Decreasing the threshold
by 10% resulted in a 12% increase in mass transport, compared to the 0.5 kg kg=!
threshold. Increasing the threshold by 10% resulted in a 16% decrease in mass trans-
port. These simple fluctuations in threshold values show the importance of clearly
communicating the thresholds used in the literature. This challenge of choosing a
threshold value is present in all studies that use chemical tracers. When comparing
the same tracer between studies, it is vital that they use similar thresholds to be able

to accurately compare their results.

4.2.3.2 The Impact of Calculation Methods

In this study, first order forward differencing (FOFD) was used for all dif-
ferencing calculations. As a simple test, the WMO I definition was calculated using
FOFD and second order centered differencing (SOCD). At the time of initialization,

the SOCD method placed the tropopause 100 m higher than the FOFD method. The
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order of differencing is not clearly specified in the WMO definition provided in WMO
(1957), although it can be argued that forward differencing is implied. This is just
one example of calculation choices that are left up to the user. In this example, the
impact on tracer transport was approximately 8% less mass transported at 10 hours
when using SOCD. More generally, this definition ambiguity shows the importance
of more clearly communicating calculation choices in the literature.

A challenge with the PV definition was determining whether a contour of PV
should be used or whether the first altitude at which the PV threshold value occurred
should be used. PV is typically used as a contour when discussing tropopause height.
However, all other definitions in this study used the first occurrence of a threshold
value, or a maximum value, to indicate the tropopause height. In definitions such
as the WMO thermal tropopause, it was stated that the tropopause was the first
altitude at which the average lapse rate met the threshold. Through figure 14, it is
clear that both methods do not provide an appropriate placement of the tropopause.
Using the contouring approach leads to large amounts of mass being missed in the
calculation, whereas using the first occurrence of the threshold value leads to large
amounts of mass being included in the calculation, especially areas near the core of
the convection. Gettelman et al. (2011) notes that PV distributions can often be very
complex in the vertical, clearly seen in figure 14. Miyazaki et al. (2010) found that
vertical mixing will sharpen the vertical PV gradient just below the tropopause which
may explain PV contours often occur below other tropopause definitions used in this

study in figure 11 (top).

4.2.3.3 WMO Algorithm Interpretation

Section 3.2.1 introduced two calculation interpretations of the WMO ther-

mal tropopause definition. Shown in table 3, both interpretations provide the same
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Figure 15: Vertical cross section through the maximum updraft at 1 hour (top)
and residual boundary layer tracer at 10 hours (bottom), focusing on 8 km —18 km.
Grayscale contours are boundary layer tracer in kg kg=!. The minimum bound-
ary layer concentration depicted is 0.001 kg kg=!'. Thin black lines are isentropes
with a contour interval of 5 K. The solid blue line represents the WMO Interpreta-
tion I tropopause and the dashed black line represents the WMO Interpretation II
tropopause, described in section 3.2.1.

amount of mass transported after convection has dissipated. However, during the con-
vective event, the two interpretations provide differing placement of the tropopause,
and therefore provides different quantities of mass transported (shown in table 1).
Figure 15 depicts a vertical cross section through the updraft core at 1 hour (top)
and remaining tracer plume at 10 hour (bottom). In relatively unperturbed areas,
the two interpretations provide nearly identical placement of the tropopause, but near

the updraft the definitions do not agree on tropopause placement.
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Interpretation I uses only the instananeous and 2 km average lapse rate. This
definition does not account for temperature fluctuations which may represent tropo-
spheric lapse rates within the 2 km layer. Interpretation II uses the local lapse rate
and the average lapse rate between the evaluation point and every point within the 2
km layer. This definition would account for small fluctuations in temperature lapse
rate which may represent more tropospheric lapse rates within the 2 km layer. The
lapse rates closer to the point being evaluated, such as the lowest 0.5 km in the 2 km
layer above the evaluation point, would have a greater influence on determining the
tropopause point since those average lapse rates include fewer points. This may be
problematic when evaluating structures with an isothermal layer in the stratosphere.
Small temperature anomalies would be capable of making the small average lapse
rates, such as the average lapse rate 100200 m above the evaluation point, dismiss

the evaluation point as being tropospheric.

4.2.3.4 Model Sensitivities

It should be noted that the horizontal and vertical resolution of the model
simulation will impact aspects of the storm such as storm depth, updraft intensity,
and mass transport (Homeyer, 2015). Homeyer (2015) found that transport from
the troposphere to stratosphere decreased as Az decreased, and increased when Ax
decreased. He recommended using a Ax=1 km and Az<300 m when analyzing deep

convection, and was used when choosing the resolution for this study.
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CHAPTER 5

WRF RESULTS AND DISCUSSION: UNIVERSALITY OF
TROPOPAUSE DEFINITIONS IN THE MIDLATITUDES AND
TROPICS

Tropopause definitions are considered to be applicable solely in the tropics, in
the extratropics, or in both regions. For example, the cold point tropopause is only
applicable when discussing a tropical framework, and the PV dynamical tropopause is
only applicable when discussing an extratropical framework. Definitions such as the
WMO thermal tropopause and static stability tropopause are considered to be appli-
cable in both locations. A simple investigation was performed to test how universal
these definitions are between the two regions.

First, a simple thought exercise was performed using two idealized soundings,
one from the midlatitudes and one from the tropics. Each sounding was formed using
the environmental potential temperature equation provided in Weisman and Klemp
(1982), shown in section 3.1.1. The surface temperature (25°C), tropopause tem-
perature (-51°C), and tropopause height (10.85 km) were used for the midlatitude
case, the storm used in this study based on Mullendore et al. (2005). The surface
temperature (29°C), tropopause temperature (-82°C), and tropopause height (15.5
km) were used for the tropical case, based off of a WRF simulation performed by
Barber (2015). The soundings in this example were created such that they have
nearly identical stability in the stratosphere, as can be seen in figure 16. The average
stratospheric potential temperature lapse rate was 0.018 K m~! in the midlatitude

case and was 0.02 K m~* in the tropical case. The average stratospheric temperature
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Figure 16: Potential temperature profile (left) and temperature profile (right) for the
midlatitudes (black) and tropics (blue).

lapse rate was approximately 0.5°C km™! in the midlatitudes case and is 1.2°C km ™!
in the tropical case. Although both stratospheric temperature lapse rates meet the
WMO criteria, this simple example shows that profiles with the same stratospheric
stability do not necessarily have the same stratospheric temperature lapse rate. Con-
versely, to make the temperature lapse rate identical for each case, the stability in the
stratosphere would then differ more. This shows that lapse rates at specific locations
may indicate different levels of stability. Between the midlatitudes and tropics, the
tropopause height varies greatly. In this example, the tropopause height differs by
approximately 5.3 km. The tropopause height is occurring at different temperatures,

clear through figure 16, and different pressure levels.

48



5.1 Midlatitude and Tropical WRF Simulations

To test the universality of tropopause definitions between the midlatitudes and
the tropics, a brief investigation was performed to evaluate tropopause definitions in
a more realistic case. Two model simulations, used in Barber (2015) and Barber et
al. (2017), were chosen for this study. One case represented midlatitude convection
situated over North Dakota (Barber et al., 2017), the other case represented tropical
convection situated near Guam (Barber, 2015). The two universal definitions investi-
gated here include the WMO thermal tropopause and the static stability tropopause.
Additionally, the PV dynamical tropopause was evaluated in the midlatitude case
only, and the cold point tropopause was evaluated in the tropical case only. The
cold point tropopause was included because it is a common definition used to study
the transport of water vapor from the troposphere to the stratosphere in the tropics,
which is to a great extent controlled by the temperature at the cold point tropopause
(Kim and Son, 2012).

The Weather Research and Forecasting (WRF) model was used to perform the
tropical and midlatitude convection studies (Skamarock et al., 2008; Barber, 2015;
Barber et al., 2017). The microphysics scheme used was WSM-6, cumulus scheme
was Kain—Fritsch, longwave radiation scheme was RRTM, shortwave radiation scheme
was Dudhia, the land surface scheme was Noah Land Surface Model, the planetary
boundary layer scheme used was Mellor—Yamada—Janji¢ (MYJ), and the surface layer
scheme used was the Eta similarity theory for the midlatitude case and MM5 was used
for the tropical case. Both simulations used European Reanalysis (ERA)-Interim
data. The model top in both simulations was set to 10 hPa, approximately 30 km,
with a dampening layer of 10 km in the midlatitude case and 5 km in the tropical

case. Both simulations used nested domains.
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In this investigation, only tropopause location was evaluated. Unlike the focus
of chapter 4, the study of passive tracers was not performed in these simulations. To
properly study the transport of tracers, they must be conserved in the simulation.
When using nested domains, convection may happen in either domain. While the
main focus of analysis is on the inner, finer resolution domain, boundary layer tracers
that are transported vertically by convection in the outer domain are able to be
transported horizontally into the inner domain (Bigelbach, 2013). The convection,
and their respective tracers, in the outer domain do not retain the definition seen by
convection occurring in the inner domain. This creates possible tracer contamination
as these smoothed—out tracer plumes are advected from the outer domain to the inner
domain, causing calculations to be less robust.

A 30-hour simulation, beginning at 0000 UTC on 13 July 2005, was performed
for the midlatitude case (Barber et al., 2017). The domain was situated over North
Dakota, shown in figure 17, where d03 was the analysis grid used in this study. A
horizontal resolution of 500 m, with 100 vertical levels, was used for the midlatitudes
simulation. Convection on this day was non—severe, with mainly isolated cells that
formed along boundaries located in the northern region of ND. Cell development be-
gan around 1800 UTC, with 1-km reflectivity values exceeding 40 dBZ between 1800
UTC and 0100 UTC. The simulated convection remained isolated until approximately
2200 UTC, then dissipated around 0100 UTC on 14 July 2005. The maximum simu-
lated echo tops were near 11 km at 2300 UTC, which was chosen as the analysis time
in this study.

The initialization time (0000 UTC on 13 July 2005) was used to determine
the tropopause height of the unperturbed atmosphere. At this time, convection was
not present in the domain. The static stability and PV thresholds were chosen to

represent the WMO thermal tropopause, approximately 11 km, shown in figure 18
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Figure 17: The domain of the midlatitude run situated over North Dakota is shown.
Figure is from Barber (2015).
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(left). The static stability threshold was 0.0115 K m~! and the PV isosurface was
4.03 PVU. While several cells were present in the analysis domain at this time, a
cell that remained somewhat isolated from the line of convection was chosen. Fig-
ure 19 shows the reflectivity at 1 km. Figure 20 (left) shows a vertical cross section
through the updraft of the analysis cell (the magenta line in figure 19). In this cell,
the maximum updraft speed was approximately 20 ms~! at 2300 UTC. Unlike the
cell investigated in chapter 4, the cell did not extend deeply into the stratosphere at
this time. As seen in the previous chapter, the WMO thermal tropopause and static
stability tropopause were generally in agreement. Small differences of 100 m were
present in a few locations, but overall the definitions provided comparable represen-
tations of the tropopause. As expected, the PV dynamical tropopause was generally
not in agreement with the other tropopause definitions. However, since the cell being
investigated had a weaker updraft, the magnitude of the misidentification by the PV
definition was much less than that seen in chapter 4.

A 24-hour simulation, beginning at 0000 UTC on 5 August 2015, was per-
formed for the tropical simulation (Barber, 2015). Again, in this study only the inner
domain (d03), centered over the Guam (PGUA) radar site, was investigated, shown
in figure 21. A horizontal resolution of 1.667 km, with 75 vertical levels, was used. On
this day, convection was present in the PGUA radar domain, with echo top heights
generally between 6-10 km. Convection in the simulation transitioned from weaker
deep convection to more shallow convection. The simulated convection contained
mostly small cellular storms, with the addition of larger cells in a linear orientation
east of Guam after the twentieth hour which propagated westward.

Similarly to the midlatitude simulation, the initialization time (0000 UTC on
5 August 2015) was used to determine the tropopause height of the unperturbed at-

mosphere. Again, at that time convection was not present in the domain. For the
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Figure 18: Vertical cross section through the unperturbed atmosphere at 0000 UTC
13 July 2005 for the midlatitude case (left) and at 0000 UTC 5 August 2015 for
the tropical case (right). Thin black lines represent isentropes from 295 K to 500 K
with a 5 K contour interval. The WMO thermal tropopause is represented in blue,
static stability tropopause is represented in magenta, PV dynamical tropopause is
represented in red (left only), and cold point tropopause is represented in orange
(right only).
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Figure 21: The domain of the tropical run situated over Guam is shown. Figure is
from Barber (2015).
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tropical case, the WMO thermal tropopause, static stability tropopause, and cold
point tropopause were evaluated, shown in figure 20 (right). The WMO definition
placed the tropopause at approximately 16 km, and the static stability threshold,
0.0135 K m™!, was calculated to reflect the WMO height. The cold point definition
placed the tropopause height at a higher altitude, approximately 16.5 km. Once
again only one hour, 1200 UTC on 6 August 2015, was evaluated for this case. Fig-
ure 22 shows a horizontal cross section of reflectivity at 1 km. At this time, most
of the convection remained in isolated cells near the southern edge of the domain.
The northern—most cell of this group was chosen to be analyzed to avoid boundary
contamination from the southern—-most group of convection which had recently ad-
vected into the domain. Figure 20 (right) shows a vertical cross section through the
convective cell at 1200 UTC (the location is shown by the magenta line in figure 22).
The maximum updraft velocity at this time was approximately 25 m s, but did not
induce large perturbations in the stratosphere at this time. Once again the WMO
and static stability definitions generally placed the tropopause at the same altitude.
However, the cold point definition showed no change in the tropopause location, de-
spite the stronger updraft present at that location. This finding has been shown in
multiple studies, where the cold point tropopause shows little to no change in height
in the presence of deep convection (e.g. Frey et al. (2015); Kim and Son (2012)). For
example, Frey et al. (2015) found a cold point tropopause change of 0.3 km during a

Hector event while ice was injected up to 4 km above the cold point tropopause.

5.1.0.1 Challenges

The model used for the simulation evaluated in chapter 4 was an idealized,
three-dimensional cloud-resolving model. This idealized model used a constant ver-

tical grid spacing, whereas the storms evaluated in this section used a WRF setup
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Figure 22: Horizontal cross section at 1 km at 1200 UTC on 6 August 2015 for the
tropical case. Colored contours are reflectivity in dBZ and the magenta line represents
the location of the vertical cross section in figure 20 (right).
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where vertical spacing was not equal at all heights. Changes in vertical grid spacing
ranged from approximately 50 m to 500 m. This meant that the data had to be inter-
polated to a set vertical grid spacing to be calculated using the same methods used
in the previous chapter. Additionally, the horizontal resolution of each simulation
differed. This should not necessarily impact the tropopause calculations, other than
the PV calculation, but as was noted in section 4.2.3.4, the resolution of the model

can impact various aspects of the storm.

5.2 Universality of Tropopause Definitions Summary and Conclusions

In this chapter, the regional applicability of the WMO thermal tropopause
and static stability tropopause were evaluated. If we once again look at the thought
exercise, it was shown that locations with the same lapse rate may not necessarily
have the same stability. However, when looking that that particular example, the
stratospheric lapse rate in both locations was below the WMO thermal tropopause
threshold. Therefore, the definition should have placed the tropopause at the correct
height for both regions.

To analyze this further, a small investigation into a midlatitude and tropical
convective simulation was performed. As expected based on the findings from chap-
ter 4, both definitions placed the tropopause at approximately the same height in the
midlatitude convective case. A similar situation was seen in the tropical case, however,
the WMO and static stability definitions had more instances of 100 m differences in
tropopause placement in the tropical convective case than the midlatitude convective
case. The cold point tropopause was located above the other two definitions both in
the unperturbed and perturbed environment. While the WMO thermal tropopause
accurately places the tropopause in both idealized and realistic cases, it is worthwhile

to note that the WMO definition diagnoses areas with the same temperature lapse

29



rate, but not areas of the same stability, which has an important role in convective

transport.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

A three-dimensional cloud-resolving model was used to analyze the sensitivity
of cross-tropopause transport to tropopause definition. Convection was suppressed
around 1 hour as the main cell entered the dry boundary layer region. All convection
dissipated around 4.5 hours. The supercell was simulated out to 10 hours to eval-
uate irreversible transport of boundary layer air parcels into the lower stratosphere.
Possible tracer contamination occurred after 6.75 hours from additional convection
in the domain, so results after that time should be interpreted with caution. Air
parcels originating in the boundary layer were able to penetrate into the lower strato-
sphere, and through diabatic processes, were able to become neutrally buoyant at
stratospheric altitudes.

Six tropopause definitions were evaluated in this study: constant altitude,
WMO, PV, stratospheric tracer, static stability, and curvature of the BVF. Irre-
versible transport from the boundary layer to the lower stratosphere is dependent on
tropopause placement as it dictates the lower bound of the stratosphere, making it
vital that the tropopause is placed correctly during and after convective events. Defi-
nitions including the PV and curvature of the BVF tropopause were found to misiden-
tify the tropopause in multiple locations, especially near the updraft and downdraft.
The PV definition, when not restricted, identified the tropopause from the surface to
the model top in the updraft core. Through figure 11, it was clearly shown that PV

does not provide a reliable tropopause height during active convection. Additionally,
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misidentification of the tropopause continued at 6.75 and 10 hours because the model
did not contain additional synoptic—scale stretching and shearing events to mix out
the remaining PV anomalies. This definition is not recommended for use in deep con-
vective studies. The curvature of the BVF often misidentified the tropopause height
in the anvil region of the storm during active convection. Tropopause placement at
10.0 hours had several locations where the tropopause was estimated to be 100-1000
m higher than the WMO and static stability definitions in areas where boundary
layer tracer was present in the UTLS region. This caused the definition to underesti-
mate the amount of mass transported at 10.0 hours. It is recommended that further
testing be done on other convective cases using the curvature of the BVF definition.
Mass transport values remained similar to definitions considered reliable such as the
WMO definition, but tropopause placement was often misrepresented when analyzing
vertical cross sections.

The stratospheric tracer definition often placed the tropopause 100-300 m
above other definitions (WMO and static stability) during active convection. This
definition required that an altitude contain at least 50% stratospheric tracer air to
be considered as in the stratosphere. Section 4.2.3.1 discussed the sensitivity of mass
transport to the stratospheric tracer threshold, showing that it is sensitive to the
chosen threshold. This highlighted the issue that, to the author’s knowledge, there
are currently no standard threshold values used in the literature. Studies that use the
stratospheric tracer threshold method need to use similar threshold values in order to
reliably compare the studies. However, regardless of threshold choice, this definition
is a poor choice for mass transport studies as it depends solely on a tracer threshold,
rather than accounting for thermodynamic processes such as latent heating of the air
parcel. For example, a parcel of air originating in the boundary layer may be heated

enough while transported through the updraft core to become neutrally buoyant in
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the lower stratosphere. This parcel may undergo little mixing with stratospheric air.
Even though the parcel is now neutrally buoyant in the stratosphere, if it does not
undergo enough mixing with stratospheric air, the parcel would still be considered
as tropospheric as it does not contain enough stratospheric tracer. This results in an
underestimate of mass transport during and after the convective event because the
parcels of undiluted boundary layer air are still considered tropospheric, regardless of
their location.

The WMO and static stability tropopause definitions placed the tropopause at
similar altitudes both near and away from convection. The definitions, including both
interpretations of the WMO calculation, transported similar amounts of mass both
during and after the convective event. Both WMO interpretations use generalized
criteria, described by WMO (1957). The use of these general criteria make the def-
inition applicable in multiple regions because they diagnose altitudes with the same
range of temperature lapse rates, not necessarily the same stability. At this time,
the static stability method requires the user to identify the proper threshold from
the pre—convective environment specific to that convective event. In section 4.2.3.2 it
was shown that mass transport is sensitive to the threshold used. This definition has
not been widely used in mass transport studies, but further investigation of typical
stability profiles and thresholds at the tropopause heights could be used to create
general criteria such as that used by the WMO definition. But since the static sta-
bility definition currently does not have the general criteria, it is recommended to
use the WMO definition. Using the static stability definition could become difficult
if the exact pre—convective environment is not known or if several cases are being
evaluated, as the threshold will change for each convective event.

An additional small investigation was done to analyze the universality of the

WMO and static stability tropopause definitions. A midlatitudes case, situated over
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North Dakota, and a tropical case, situated near Guam, were performed by Barber
(2015). Only the tropopause placement was evaluated in these cases. Results show
that the WMO and static stability tropopause definitions provide similar tropopause
placement in both locations. However, in the tropical case investigation, the WMO
thermal tropopause did not place the tropopause height equal to that of the cold point
tropopause. The cold point tropopause was found to remain at the same altitude,
regardless of convection, as was found in previous studies (e.g., Frey et al. (2015); Kim
and Son (2012)). Again, it is worthwhile to note that the WMO definition diagnoses
area with the same temperature lapse rate, but not necessarily areas of the same
stability, which is important to convective transport.

From the findings of this study, it is not recommended to use the PV or
stratospheric tracer definitions when analyzing deep convection. The curvature of the
BVF definition requires additional testing, and therefore is not recommended to be
used in convective mass transport studies at this time. The WMO and static stability
definitions are the best definitions to use when analyzing convective mass transport.
However, because the WMO definition can easily be applied to any temperature
profile in various regions of the globe without any alterations to criteria, it is the
best tropopause definition for convective mass transport at this time. Additional
studies should be performed on the static stability definition to determine criteria
thresholds similar to that used in the WMO definition. At this time, the user must
determine the static stability threshold from the pre—convective environment, making
the definition difficult to apply to several case studies. This study highlights the
importance of knowing which definitions are appropriate for deep convective studies.
Since there are several definitions published in the literature, it is vital that we discuss
their impact on mass transport as a scientific community. Studies that use differing

definitions that do not provide similar results cannot be reliably compared. For
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example, if one study uses the WMO definition while another uses the stratospheric
tracer definition, those two studies cannot be compared to one another because the
definitions provide vastly differing results. Additionally, many studies do not clearly
state how tropopause definitions were calculated. Section 4.2.3.2 described the change
in mass transport due to a simple calculation choice. Many definitions are often
worded in a vague manner, making them open to the user’s interpretation, such as
the WMO thermal tropopause. It is important for studies to clearly communicate

how they are calculating these definitions.
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