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ABSTRACT: Definition of the tropopause has remained a focus of atmospheric science since its discovery near the begin-
ning of the twentieth 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 estab-
lished by the World Meteorological Organization (WMO) in 1957 (the LRT). Despite its widespread use, there are recur-
rent 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 reexamine the relationship between stability and
composition change in the tropopause transition layer and identify areas for improvement in a stability-based definition of
the tropopause. In particular, long-term (40+ years) balloon observations of temperature, ozone, and water vapor from six
locations across the globe are used to identify covariability between several metrics of atmospheric stability and composi-
tion. We found that the vertical gradient of potential temperature is a superior stability metric to identify the greatest com-
position change in the tropopause transition layer, which we use to propose a new universally applicable potential
temperature 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.

SIGNIFICANCE STATEMENT: In this study we provide a review of existing tropopause definitions (and their limi-
tations) and investigate potential improvement in the definition of the tropopause using balloon-based observations of
stability and atmospheric composition. This work is motivated by the need for correct identification of the tropopause
to accurately assess upper-troposphere—lower-stratosphere processes, which in turn has far-reaching implications for
our understanding of Earth’s radiation budget and climate. The result of this research is the creation of a new, univer-
sally applicable stability-based definition of the tropopause: the potential temperature gradient tropopause (PTGT).
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1. Introduction chemical, and radiative coupling between troposphere and
stratosphere in the UTLS and the two-way exchange of air via
stratosphere—-troposphere exchange, which significantly impact
Earth’s radiation budget and climate, that motivate continued
refinement in our approach to tropopause definition (Holton
et al. 1995; Stohl et al. 2003; Gettelman et al. 2011; Banerjee
et al. 2019).

Since its discovery in the early twentieth century [see
Hoinka (1997) for a review], various approaches to define the
tropopause transition layer have been proposed. Most pro-
posed definitions, for convenience or simplicity, define the
tropopause as a boundary, despite increasing recognition that

P Supplemental information related to this paper is available at it is best characterized as a layer of depth ranging from tens of
the Journals Online website: https://doi.org/10.1175/MWR-D-22-

The tropopause is a complex transition layer between the
upper troposphere and lower stratosphere (UTLS). Its defini-
tion continues to be an important and challenging task due to
the assessment of many UTLS-relevant processes such as
stratosphere—troposphere exchange being dependent on its
location. 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,

meters to several kilometers (e.g., Hoinka 1997; Hegglin et al.

O174.s1. 2009; Homeyer et al. 2010; Tilmes et al. 2010; Pan et al. 2014).
Some notable findings of global tropopause characteristics
Corresponding author: Emily N. Tinney, emily.tinney@ou.edu since its discovery include: (i) tropopause altitudes are
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uniformly high in the tropics and uniformly low in the extra-
tropics, with a discontinuity in altitude occurring near the sub-
tropical 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
widespread vertical lamination of tropical upper-troposphere
air and extatropical lower stratosphere air (Reed 1955;
Danielsen 1968; Shapiro 1980; Browell et al. 1987; Newman
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 inversion ~2-3 km in
depth, referred to as the “tropopause inversion layer” or
TIL, which is driven by radiative processes and dynamic pro-
cesses 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.

Stability-based definitions of the tropopause use profiles of
temperature to determine the vertical stratification of the at-
mosphere. The original and most-used stability-based defini-
tion 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 aver-
age 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 reli-
ably to both balloon observations and model output), al-
though its accuracy can vary seasonally, latitudinally, 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 tropo-
sphere and UTLS can prevent the LRT criteria from being
met at a level below the lower-to-middle stratosphere, result-
ing in an erroneously high tropopause altitude (Zéngl and
Hoinka 2001). Near the subtropical jets and more spatially
confined, lamination of tropical tropospheric air and extra-
tropical stratospheric air can result in complex stability pro-
files that make tropopause definition using any criteria
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 tropo-
pause (i.e., the UTLS temperature minimum) is a commonly
used definition, but is susceptible to bias from temperature
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fluctuations driven by wave activity (Kim and 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 identification 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-Viisild 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 radio-
sonde 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 negli-
gible for tropopause altitude definition.

Dynamic definitions of the tropopause are the most popular
alternative to thermal (i.e., stability) definitions in the sub-
tropics 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 gradi-
ent of PV along isentropes to identify the dynamic tropo-
pause, it is most often prescribed as a surface of constant
PV expressed as a potential vorticity unit, or PVU, where
1PVU = 10"°K kg~! m? s™'. The PV threshold selected of-
ten ranges from *1 to 4 PVU, with =2 PVU being most com-
mon, but the ideal threshold has been found to vary
seasonally and by latitude 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 abso-
lute vorticity approaches zero and PV surfaces become nearly
vertical. However, the arguably greatest limitation of a
PV-based dynamic definition of the tropopause is that it is
largely based on gridded data 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.

Finally, composition-based definitions of the tropopause
use the often dramatic composition change between tropo-
sphere and stratosphere to identify a chemical tropopause.
Previous observational and modeling studies have leveraged
the concentrations of various trace gases, such as—but not lim-
ited to—ozone (O3), water vapor (H,O), and carbon monoxide
(CO), due to their sharp gradients across the tropopause tran-
sition layer. These sharp gradients allow the compounds to be
considered tracers of stratospheric (O;) and tropospheric
(H,O, CO) air. Past studies have either used profiles of one of
these trace gases—predominantly Os—or two trace gases to
identify the characteristic composition change in the tropo-
pause transition layer. For example, Bethan et al. (1996) used
balloon observations of Os at select sites around the world to
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produce an “ozone tropopause” definition. For two trace
gases, plots of coincident tropospheric and stratospheric trac-
ers demonstrating tracer—tracer relationships have become a
common technique for a chemical tropopause transition layer
definition, with O3—CO and O3—H,O relationships being most
common (Fischer et al. 2000; Hoor et al. 2002; Zahn and
Brenninkmeijer 2003; Pan et al. 2004). However, such chemi-
cal tropopause definitions can be sensitive to transient pro-
cesses including stratosphere—troposphere exchange, are not
able to be applied to common observations such as radio-
sondes and models without chemistry, and can require adjust-
ment when applied to locations at a wide range of latitudes.
Unique approaches to chemical tropopause definition have
been explored using models, such as passive tracer concentra-
tions with a tropospheric source (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 applica-
bility 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 great-
est 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 envi-
ronments 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 tempera-
ture and composition, especially O; 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 appli-
cable stability-based tropopause definition? Our focus in ad-
dressing these questions is on the conventional exercise of
identifying a single tropopause level rather than the composi-
tion 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 the
high Arctic to the South Pole are used in this study. These ob-
servations include coincident measurements of temperature,
O3, and (in some cases) H,O. The observations are first used
to statistically examine the relationship between UTLS com-
position (O3 only) and three commonly used metrics of atmo-
spheric stability: the temperature lapse rate, vertical gradient
of potential temperature, and N. Following this analysis, a
new stability-based tropopause definition is proposed, applied
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to profile observations and reanalysis output in comparison to
the LRT, and evaluated through tropopause-relative analysis
of O3 and O3-H,O tracer—tracer diagrams.

2. Data
a. Balloon observations

High-resolution balloon observations of temperature, Os,
and H,O used in this study were obtained from NOAA'’s
Earth System Research Laboratories (ESRL) Global Moni-
toring Laboratory (GML) online archive (NOAA 2021, five
out of six 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 tem-
perature, pressure, and humidity in all cases and one or both
of the following instruments, depending on the flight: an
electrochemical concentration cell (ECC) ozonesonde for
measuring Oz 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 hygrom-
eter (FPH; Hurst et al. 2011) or cryogenic frost point hygrom-
eter (CFH; Vomel et al. 2007) for measuring tropospheric and
stratospheric H,O with total uncertainties of *10% and
+6%, respectively (Hall et al. 2016; Vomel et al. 2016). Note
that while the radiosonde data include humidity measure-
ments for all profiles, these data are not suitable for detailed
analysis of H,O 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 com-
position throughout the troposphere and lower stratosphere.
For ECC and radiosonde flights, O3 and temperature meas-
urements 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
H,O, O3, and temperature were averaged in 250-m vertical
layers. Many of the flights that include both FPH/CFH and
ECC instruments are also available in the ECC-only datasets.
In such cases, only the multi-instrument 250-m layer data are
retained for analysis to prevent double counting. For consis-
tency, all 250-m 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 bal-
loon sounding sites and one NASA site were selected for
analysis in this study, which are as follows: 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), respectively. Latitude was used as the basis for bal-
loon sounding site selection because it is the leading factor of
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FIG. 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.

global variability in tropopause altitude and UTLS composi-
tion (e.g., Gettelman et al. 2011). The Boulder, Hilo, San José
and Lauder balloon sounding sites include measurements
with both ECC and FPH/CFH instruments, while the Summit
and South Pole sites are ECC(O3)-only. Figure 1 shows a map
of these balloon sounding sites and Table 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.

Figures 2 and 3 summarize data availability for all balloon
sounding sites in detail as a function of year and season, re-
spectively. 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 ob-
servations 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 in-
clude 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 H,O measurements. There
are varying degrees of seasonality in the availability of ozone-
sonde 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

TABLE 1. The total number of balloon observations at least
18 km in depth by type (ECC or Os-only, FPH/CFH or H,O-only,
and both) and location.

O3 and

Observation site Oz-only H,O-only 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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seasons when substantial stratospheric O3 depletion occurs
(in September-November and March-May, respectively).

b. 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 h 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 tro-
popause 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 calculated for each reanalysis profile after first interpolating
temperature to a regular 100-m vertical grid using cubic splines.

3. Results
a. Composition—stability relationships

As outlined in section 1, a unique opportunity afforded by
modern balloon observations that include measurements of
atmospheric composition is that the relationship between
composition change in the tropopause transition layer and
stability can be extensively evaluated. Here, we explore this
using the entire record of balloon observations introduced in
section 2a and multiple metrics of static stability. In particular,
we focus attention on three easily computed conventional
metrics that can be obtained from any balloon radiosonde
profile or model output. Namely, we investigate vertical gra-
dients of temperature (97/9z), potential temperature 6 (96/9z),
and the Brunt—Viisila frequency N, given as

T
V=B e ) m

00z T\oz
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FIG. 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 six balloon sounding sites used. Yellow bars indicate the total number of ozonesonde-only ob-
servations, blue indicates the total number of FPH/CFH-only observations, and purple indicates the total number of
balloon observations with both instruments. Note that the ordinate varies by observation site.

where g is the gravitational constant (9.8 m s~ 2) and T, is
the dry adiabatic lapse rate (9.8 K km ™ 1). Note that 97/dz 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 quan-
titatively and qualitatively depict stability change associ-
ated with the tropopause transition layer, but only 9779z
(or I') has been routinely used for tropopause definition in
the past.

Three example profiles of T, 0, and O3, and the stability
metrics are given in Fig. 4. The three profiles shown encom-
pass variability in time of year, tropopause altitude, and loca-
tion, with a high-latitude example from the South Pole Station
during austral spring with substantial stratospheric O3 deple-
tion, a midlatitude example from Boulder, Colorado, and a
low-latitude example from San José, Costa Rica. Characteris-
tic profiles of 7" and 6 from each location indicate the variabil-
ity in UTLS structure that make reliable, globally applicable
identification of the tropopause difficult. Namely, abrupt
changes in 7 and 6 and concomitant step-like changes in the
stability metrics are found in the Boulder and San José exam-
ples, near altitudes of 14 and 17 km, respectively. Sharp
changes in O3 composition clearly accompany the stability
changes in those cases, which is common in environments with
such a strong stability-based tropopause definition. However,
in the South Pole Station example, the tropopause transition
in stability is more gradual, despite a pronounced O; composi-
tion change indicating a tropopause transition layer near 9-km
altitude. The three stability metrics show a weak transition
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that is far less pronounced than in the other example profiles,
but there is no pronounced minimum in the temperature pro-
file near the tropopause.

We consider two main characteristics of stability profiles
that aid in establishing a clear relationship between a stabil-
ity metric and UTLS O; composition change: (i) increased
troposphere-stratosphere contrast of the stability metric (i.e.,
the relative difference between common low-stability tropo-
spheric and high-stability stratospheric values) collocated with
the strong vertical gradient in O and (ii) decreased fluctua-
tions of the stability metric that are generally unrelated with
the tropopause transition layer. For the example profiles in
Fig. 4, 060/0z 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 prop-
agating high-frequency (e.g., gravity) waves and complex
large-scale lamination of stable layers 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 sta-
bility transitions for tropopause definition, measuring changes
over substantial depths or smoothing of the underlying 7" and
0 data is sensible. Figure 4 shows the resulting reduction in
variability of the stability metrics after application of 2o
Gaussian smoothing to the 100-m 7 and 6 profiles, which spans
a layer ~1 km deep in total and has a full width at half maxi-
mum of ~500 m for the Gaussian weights. Nevertheless, some
broad differences among the three stability metrics can be
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mation and evolution of the polar ozone holes.

inferred from comparison in these three example profiles:
(i) 06/dz provides the greatest troposphere-stratosphere con-
trast of the three metrics, and (ii) of the smoothed metrics,
N provides the least variance in magnitude with changing alti-
tude unrelated with the transition layer. These differences and
their relationship to troposphere—stratosphere O; composition
change are robustly examined in the statistical analysis that
follows.

Figure 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
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5 and 20 km (5 and 25 km for San José) to focus on observations
from the UTLS and prevent contamination from stable plane-
tary boundary layer inversions. Most joint frequency distribu-
tions 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 bimo-
dality and 2D 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 bimodal-
ity and an overall frequency bias toward the low mode due to
more of the analyzed layer being in the troposphere. The
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FIG. 4. Example ozonesonde profiles of (from left to right) temperature (7} blue) and potential temperature
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(6; red), vertical gradients of T (AT/Az) and 0 (A6/Az), the Brunt—Viisild frequency N, and ozone volume mixing
ratio (purple). For the 7, 6, and stability profiles, the raw data are shown by the black and gray profiles in the back-
ground, while colored lines show 20~ 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 = —2 K km ™" and A6/Az = 10 K km ™, respectively. The
profiles are sourced from (top) South Pole Station, Antarctica, at 2022 UTC 11 Oct 2006; (middle) Boulder, Colorado,
at 1624 UTC 28 Jun 2019; and (bottom) San José, Costa Rica, at 1351 UTC 10 Mar 2010.
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FI1G. 5. Two-dimensional frequency distributions of ozone vs (left) potential temperature gradient A6/Az, (center) Brunt-Viisild frequency
N, and (right) temperature gradient A7/Az for all measurements from each observation site. Ozone is placed into logarithmic bins of size 0.1,
while A6/Az, AT/Az, and N are placed into bins of size 2 K km ™!, 1 K km ™!, and 0.002 s !, respectively. Contours represent the frequency of
observations relative to the maximum value within any 2D bin in each panel, with shading at 1%, 3%, 6%, 10%, 30%, and 60%. Gray hori-
zontal lines are given in each panel at constant values of A§/Az = 10 K km ™', N = 0.017 s~ ', and AT/Az = —2 K km ™" for reference.
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FIG. 6. Values of AG/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 = 0.017s™".

bimodality increases with latitude for the remaining stations,
reflecting a more equal population of tropospheric and
stratospheric air in the contributing observations as a re-
sult of the transition to both lower tropopause altitude,
and downward transport of high-Oj air in the midlatitude
lower stratosphere, which enhances the near-tropopause
gradient in composition and thereby increases O5; separa-
tion 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-O; modes in
stability space (Fig. 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 environ-
ments. In Fig. 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 s! 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 over-
laps with air with stratospheric O; characteristics for Boul-
der and South Pole Station. Alternatively, both the A6/Az
and N thresholds perform relatively well at all locations.
A constant A6/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 A6/Az value (10 K km ™!
in this case) collocated with the UTLS composition transi-
tion in a variety of tropopause environments indicates that
this metric provides the most promising opportunity for dis-
criminating between troposphere and stratosphere layers on a
global scale. The analysis in Fig. 4 is consistent with this con-
clusion, where a 10 K km™"! 96/0z threshold is reached at the
location of the strong O; gradient at each station.
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Why is it that the three stability metrics vary in the consis-
tency of their relationship to composition change across a
variety of environments? To investigate this, relationships be-
tween 96/0z and the remaining stability metrics as a function
of altitude are shown in Fig. 6. The relationship between
90/0z and 0T/oz is modified by pressure: a —2 K km ™' 9T/oz
threshold corresponds with smaller 96/dz 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 be-
tween 96/dz and N is modified by 6, where lower 0 corre-
sponds 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 Fig. 5 indicates that
d6/0z is the most consistent at demarcating the UTLS compo-
sition change using a single threshold value. Motivated by the
above results, we introduce a new 96/dz-based tropopause def-
inition in the following subsection.

b. The potential temperature gradient
tropopause algorithm

Based on the finding from statistical analysis of balloon
observations that the vertical gradient of potential tempera-
ture (960/dz) provides the greatest discrimination between air
masses with tropospheric or stratospheric characteristics, an
algorithm to identify a potential temperature gradient tropo-
pause (hereafter PTGT) was sought. The goals of this new
algorithm were to: 1) provide a reliable technique for tropo-
pause altitude identification that captured the typical step-
wise change in the magnitude of d6/dz (and more generally,
static stability) from troposphere to stratosphere, 2) to im-
prove stability-based identification of the tropopause in in-
stances 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 prob-
lem, the most reliable and simplest approach we 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 poten-
tial 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 gra-
dient threshold of 15 K km ™', The 10 and 15 K km " thresh-
olds were selected based on sensitivity tests, with the ultimate
goal being consistent performance at all latitudes. These d6/9z
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 au-
thors 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). For conve-
nience, the authors’ code for the PTGT algorithm and the
LRT algorithm is provided in multiple programming languages
as Supplemental Material. 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 advanta-
geous 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 fi-
nite depth. To formalize this, we emphasize here that a neces-
sary 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),
which we include in the provided code. Note that for temper-
ature, interpolation via cubic splines is often preferred to
minimize error in tropopause identification (e.g., Hoffmann
and Spang 2022).

¢. Evaluation of the tropopause algorithm
1) APPLICATION TO OBSERVATIONS

Figure 7 shows the results of applying the LRT and PTGT
definitions to the example profiles previously shown in Fig. 4.
These examples demonstrate near perfect agreement of the
two tropopause definitions in the Boulder and San José pro-
files where the stability transition is sharp and large disagree-
ment 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 O3
increase near 9 km, indicative of the transition from tropo-
sphere 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 exam-
ple. As outlined in section 1, such high bias in LRT altitude in
the polar regions was one motivating factor for revisiting the
stability-based tropopause definition in this study due to its
unfortunately common occurrence during winter and early
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spring, which will ultimately introduce significant error to any
analysis that relies on accurate identification of the tropo-
pause (e.g., stratosphere-troposphere exchange). As will be
shown further below, the improvement in tropopause identifi-
cation given by the new PTGT definition is not unique to this
example.

Figure 8 shows scatterplots comparing PTGT and LRT alti-
tudes 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 identi-
fied 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, re-
spectively. For the 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
September-November when the LRT is frequently biased
high (Fig. 3). To evaluate the consequences of this differ-
ence in tropopause definition, we focus attention on the ob-
served composition change relative to the diagnosed LRT
and PTGT heights in the analysis that follows.

From a composition perspective, O3 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 Fig. 9, which shows tropopause-
relative profiles of Os, 6, and temperature for each station.
The vertical structure and median Os, 6, and temperature
change across the LRT and PTGT are nearly indistinguish-
able for Lauder and Summit Station. The low spread between
the 10th- and 90th-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 and 8). Alterna-
tively, tropopause-relative O; concentrations for Boulder,
Hilo, San José, and South Pole Station exhibit notable differ-
ences for the PTGT and LRT definitions.

For Boulder, while PTGT-relative concentrations of Oz
remain low (=90 ppbv) throughout the troposphere (i.e., below-
tropopause altitudes), O; 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 relative to PTGT-
relative concentrations. These differences reveal that the LRT
definition is more frequently identifying the tropopause near the
top of the transition layer, while the PTGT is identifying the tro-
popause near the base of the transition layer. A similar pattern
is seen in the Hilo and San José tropopause-relative profiles,
where LRT-relative O; concentrations begin to exceed those
based on the PTGT 34 km below the tropopause. The Hilo
profiles also stand out due to the wider 10th-90th-percentile
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diagnosed lapse-rate tropopauses (LRT; gray) and potential temperature gradient tropopauses

(PTGT; green) are superimposed.

spread of PTGT-relative Os, 6, and temperature, likely reflecting
increased complexity of UTLS layers common to the subtropics.
For the Hilo and San José profiles, the low PTGT-relative
10th-percentile stratospheric Oz concentrations and 6, combined
with the high 90th-percentile PTGT-relative temperatures, are
indicative of profiles where the PTGT is identified well below
the LRT (as indicated in Fig. 8). Finally, the South Pole Station
exhibits the largest differences between PTGT- and LRT-
relative observations of any of the balloon sounding sites. The
median concentrations for all profiles (Fig. 9) differ slightly, but
the 90th-percentile below-tropopause concentrations of LRT-
relative O3 are an order of magnitude larger than the
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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 O5 gradient, re-
sulting in an LRT altitude that is biased several kilometers
high (as in the South Pole Station example in Fig. 7).

Figure 10 displays tropopause-relative observations for
only those profiles where the PTGT is identified more than
1 km below the LRT for the four 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 substan-
tial differences between all three PTGT- and LRT-relative
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FIG. 8. Scatterplots comparing PTGT and LRT altitudes for all balloon observations used in this study, sepa-
rated by observation site. The solid black lines are 1-to-1 lines and the dashed black lines show the boundaries of
+1-km altitude differences. Red contours indicate the density of observations in 1 km X 1 km bins as the fraction
of the total number of profiles, doubling in magnitude from 0.5% to 8% (i.e., 0.5%, 1%, 2%, 4%, and 8%).
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FIG. 9. For all profiles with ozone from each observation site: tropopause-relative profiles of (left) ozone, (center) potential
temperature, and (right) temperature. Thin lines bounding the color fill in each panel span the 10th-90th-percentile observations
for each variable, while thick lines superimposed on the color fill represent the median value. Blue profiles are relative to the
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FI1G. 10. As in Fig. 9, but only for instances where the PTGT is located more than 1 km below the LRT.

parameters are revealed in Fig. 10. As in the results for all
profiles in Fig. 9, O3 concentrations remain low throughout
the PTGT-relative troposphere, with a modest gradient occur-
ring across the tropopause. Alternatively, the LRT-relative
O; profiles for Hilo and Boulder feature increases throughout
the upper troposphere and a stronger gradient across the tro-
popause than that for PTGT concentrations. The accompany-
ing temperature and potential temperature profiles provide
insight into why these differences may be occurring. Specifi-
cally, 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 tro-
popause environment, where a weak transition in stability
accompanies the primary tropopause and the colder, higher
tropical tropopause remains as the secondary tropopause

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/19/23 06:21 PM UTC

(and often temperature minimum of the profile). This sug-
gests 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 perspec-
tive (O3) is consistent with horizontal layering of tropical tro-
posphere and extratropical stratosphere that is a robust
outcome from the formation of a large-scale double tropo-
pause (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 trans-
port of extratropical lower stratosphere air does not often
extend deeply into the tropics, the tropopause-relative O5 indi-
cates that the PTGT location better captures the tropopause-
level composition change at this station. Finally, for the 26.5% of
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FI1G. 11. Locations of identified PTGTs and LRTs in tracer—tracer space for collocated 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) environ-
ments, 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 [0.1log(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.

South Pole Station profiles where the PTGT is located more
than 1 km below the LRT, the differences in O3 concentra-
tions 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 Fig. 10 demonstrates that the PTGT excels at iden-
tifying the tropopause transition in these cases, as demon-
strated by its approximate collocation with the sharp Oj
increase at the tropopause.

We further examine the appropriateness of each tropo-
pause definition from a composition perspective by analyzing
their locations in O3-H,O tracer—tracer space. This is accom-
plished using profiles from the four balloon sounding sites
where coincident O; and H,O observations are available:
Boulder, Hilo, San José, and Lauder. Figure 11 shows joint
frequency distributions of O; and H,O observations with the
frequency of PTGT and LRT definitions in Os-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 dif-
fer substantially).

The O3-H,O joint frequency distributions in Fig. 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 distinct 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 rela-
tionship (as found in Fig. 11a). Here, the stratospheric branch
has uniformly low H,O (<10 ppmv) and a wide range of O3
concentrations, and the tropospheric branch has uniformly
low O5 (<150 ppbv) and a wide range of H,O concentrations.
In the subtropics and extratropics, a three-branch structure
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emerges, with the third branch characterized 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 to-
ward higher concentrations of the stratospheric and tropo-
spheric tracers (e.g., Pan et al. 2004; Konopka and Pan 2012).
For the tropical, high-tropopause environment profiles and ex-
tratropical, low-tropopause profiles analyzed here (Figs. 11a,b),
there is clear agreement between the LRT and PTGT defini-
tions in tracer—tracer space, with the PTGT favoring slightly
lower Os. For high-tropopause environments, the tropopause
altitudes are consistently identified at the corner of the L shape.
For low-tropopause environments, the tropopause altitudes
from both definitions are consistently identified at the tropo-
spheric end of the EXTL. For the profiles where the PTGT and
LRT definitions substantially differ (Fig. 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 altitudes favor
the stratospheric end of the mixing branch. This result dem-
onstrates that the PTGT definition results in more consistent
stability-based identification of UTLS composition change
than the LRT definition.

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., Kochanski 1955).
Such environments are of particular interest due to their con-
nection with both large- and smaller (i.e., convective)-scale
stratosphere—troposphere exchange (e.g., Schwartz et al. 2015;
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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 hemi-
spheres and most frequently occur in the midlatitudes during the
cool season, often near the subtropical jet (e.g., Randel et al.
2007a; Afiel 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
air 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 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 twentieth century, for which the
processes responsible are not well understood.

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 de-
fined by the same criterion as [the primary definition]. This tro-
popause may be either within or above the 1 km layer” (World
Meteorological Organization 1957). As described in the algo-
rithm description in section 3b, the PTGT provides a similar
definition based on 96/dz thresholds. A comparison of LRT-
and PTGT-defined DTs is therefore desired, which we include
here. The frequency of DT identifications at each station
based on the LRT and PTGT definitions are summarized in
Table 2. At all stations, the PTGT identifies fewer DTs than
the LRT, though the magnitude of this difference varies by
station. This is likely the result of the variation in the d6/9z—
97T/0z relationship with altitude: the LRT and PTGT thresh-
olds are well aligned at lower latitudes where DTs 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. 6). The latitudinal variation in DT iden-
tifications is similar between the two definitions, with both
identifying DTs most frequently at midlatitude stations (Boul-
der 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 dif-
ferences, example profiles are shown in Fig. 12 and frequency
distributions of tropopause altitude differences are shown in
Fig. 13.

In cases where both definitions identify a DT (Figs. 12e,f
and right column of Fig. 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 pro-
files are most common. When a DT is identified by the LRT
definition only (Figs. 12a,b and left column of Fig. 13), the
PTGT and LRT primary tropopause are often found within
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TABLE 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 222 20.1 8.1
San José, Costa Rica 124 11.9 3.9
Lauder, New Zealand 41.1 15.1 13.5
South Pole Station, Antarctica  22.0 6.4 2.7

500 m of each other, while the LRT identifies a secondary
boundary anywhere from ~3 to 7 km above, depending on
the station. As mentioned above, at least part of this popula-
tion of DTs identified by the LRT only is likely a result of the
vertical variation in the 96/dz—d7/dz 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. 12c,d and
middle column of Fig. 13). However, the primary PTGT in such
cases is most frequently found ~2-4 km below the primary
LRT, where it is identifying a stability change that does not sat-
isfy the temperature threshold used in the LRT. This finding
provides additional context to the analysis in Fig. 10, where
PTGT-relative temperature profiles exhibit characteristics of a
DT environment.

3) APPLICATION TO REANALYSIS OUTPUT

Figures 14-16 enable broader evaluation of the perfor-
mance of the PTGT definition compared to the LRT. Both
global maps (Fig. 14) and pole-to-pole cross sections at select
longitudes (Fig. 16) demonstrate that, generally, there is
broad consistency between the PTGT and LRT in each sea-
son. Namely, both definitions represent the tropopause break
(indicated by the shift from dark purple to dark green in
Fig. 14) similarly, as well as intricate dynamic features occur-
ring in the midlatitudes. In Fig. 15, DT features across the
midlatitudes are also seen with broadly consistent identifica-
tion 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 differ-
ences in Table 2.

There are a few additional key differences between reana-
lysis-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 evidenced near the
South Pole in July and October. Similarly, the LRT identifies
a widespread (likely nonphysical) DT feature in the high Arc-
tic during January (Fig. 15) that is not identified by the PTGT
definition in this region. Last, in Fig. 16, we examine the con-
sistency of each definition with the commonly used dynamic
tropopause via several PV surfaces. In general, the PTGT
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FIG. 12. As in Fig. 7, but for select profiles with a double tropopause identification: (a),(b) LRT-only; (c),(d) PTGT-only;
and (e),(f) LRT and PTGT. Secondary tropopauses are given by the dashed horizontal lines.

primary tropopause more consistently aligns with the PV con-
tours. This is especially apparent near the subtropical 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.

4. Summary

This study examines long-term records of balloon-based obser-
vations of atmospheric temperature and composition to revisit the
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
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tropopause (Figs. 1-3). By analyzing coincident observations
of O3 concentrations and various stability metrics in both in-
dividual ozonesonde profiles (Fig. 4) as well as a statistical
analysis of all observations (Fig. 5), it was shown that the ver-
tical gradient of potential temperature (96/0z) is the most
consistent stability-based discriminator for the sharp compo-
sition change between troposphere and stratosphere in a
wide variety of environments when compared to common
alternatives such as the temperature lapse rate and Brunt—
Viisdla frequency.

Based on the identified superiority of 96/dz as a globally
consistent stability-based indicator of the tropopause transition
layer, identification of a tropopause level via a PTGT defini-
tion 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
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FIG. 13. Frequency distributions of tropopause altitude differences for profiles with a double tropopause
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FiG. 14. Maps of primary tropopause altitude diagnosed by the PTGT and LRT definitions for four select
MERRA-2 times: (from top to bottom) 15 Jan, 15 Apr, 15 Jul, and 15 Oct 2020. Thick yellow lines in each panel cor-
respond to the locations of the vertical cross sections in Fig. 16.

tropopause definition for future UTLS studies and serves as
an alternative to the LRT. Through comparison of PTGT and
LRT altitudes in observations (Figs. 7 and 8) and reanalysis
model output (Figs. 14 and 16), as well as the examination
of PTGT- and LRT-relative O3 concentrations (Figs. 9 and
10) and their locations in O3-H,O tracer-tracer space (Fig.
11), it was demonstrated that the PTGT resolves known lim-
itations of the LRT. Moreover, though the PTGT is often
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found within ~1 km of the LRT (Fig. 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 endpoint 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
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FI1G. 15. As in Fig. 14, but for secondary tropopause altitude when present.

with findings in past studies using an ozone tropopause (e.g.,
Bethan et al. 1996).

Criteria for multiple tropopause identification using the po-
tential temperature gradient 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 com-
pared to the LRT definition, as done for the primary tropo-
pause altitude. It was demonstrated that 1) fewer double
tropopauses are identified by the PTGT definition (Table 2
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and Fig. 15), 2) when both the LRT and PTGT identify a
DT, they are in close agreement (Fig. 13), and 3) cases
where only the PTGT identifies 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.

In conclusion, 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,
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FIG. 16. Pole-to-pole vertical cross sections of MERRA-2 output for the four times in
Fig. 14. Horizontal wind speeds are shown by the red color-filled contours (every 10 ms™ !,
starting at 20 m s~ 1), potential temperature (in K) is shown by the black contours, potential
vorticity above 4 km is shown by the purple contours (every 2 PVU from *2 to 6 PVU),
PTGT altitudes are shown by the green circles, PTGT secondary tropopause altitudes
are shown by the green diamonds, LRT altitudes are shown by the gray circles, and LRT
secondary tropopause altitudes are shown by the gray diamonds.
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tropopause climatology, and long-term tropopause variabil-
ity and change.
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