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Abstract Severe convection, responsible for hazards such as tornadoes, flash floods, and hail, is usually
preceded by abundant convective available potential energy (CAPE). In this work, we use a Lagrangian
approach to study the buildup of anomalously large values of CAPE from 2012 to 2013 in various regions.
Nearly all extreme values of CAPE arise from surface fluxes underneath a layer of convective inhibition (the
CIN layer) over several diurnal cycles, but the origin of the CIN layer and the diurnal cycle of surface fluxes
differ around the world. In some regions, such as North America and Europe, the air above the boundary layer
must be much warmer than usual to form this CIN layer, whereas in other regions, especially the Middle East
and central Africa, a CIN layer is common. Additionally, high CAPE occurrences that are over land (those in the
Americas, Europe, Africa, and Southeast Asia) tend to lose their CIN layers before the time of maximum CAPE
due to large diurnal cycles of sensible heating, whereas those that occur over coastal waters (in the Middle East,
Northern Australia, South Asia, and the Mediterranean) usually retain substantial convective inhibition.
Uniquely, CAPE in Southeast Australia often builds up due to cooling aloft rather than to boundary layer
warming. These results show that one hoping to understand or predict CAPE patterns must understand a variety
of mechanisms acting in different regions.

Plain Language Summary The energy available to power severe storms that cause events such as
tornadoes and hailstorms is known as convective available potential energy (CAPE). Therefore, these events are
usually preceded by the buildup of anomalously large amounts of CAPE. Here, we study the processes by which
CAPE accumulates in various parts of the world. In nearly all regions, warming and moistening of near-surface
air provides this energy, demonstrating the importance of surface fluxes. However, other characteristics of
CAPE accumulation differ around the world, meaning that one hoping to understand how large CAPE values
arise must consider specific regions. This work is a step toward understanding where and how frequently severe
convective events occur, and if these events will change in the future.

1. Introduction

Severe thunderstorms are among the most dangerous and damaging weather phenomena, producing tornadoes,
flash floods, hail, and strong straight-line winds. Societal impacts of these hazards are vast (Changnon, 1999,
2001; Doswell, 2003) and important to understand in the present and future (Botzen et al., 2010; Chang-
non, 2009). Study of severe convective events uses methods ranging from theoretical and numerical fluid dy-
namics (Bluestein, 2007; Weisman & Klemp, 1982) to observations of large scale environments (e.g., Carlson &
Ludlam, 1968; Yang & Shu, 1985) and has focused on topics including convective initiation by mesoscale
processes (e.g., Doswell, 1987; Johnson & Mapes, 2001), the role of soil moisture (Findell & Eltahir, 2003; Ford
et al., 2023; Lanicci et al., 1987; Schir et al., 1999; Taylor & Ellis, 2006; Zhang et al., 2023), and the influence of
global scale phenomena such as El Nifio (Allen et al., 2015; Cook et al., 2017) and climate change (e.g., Botzen
et al., 2010; Diffenbaugh et al., 2013; Kunkel et al., 2013; Niall & Walsh, 2005).

The goal of this body of work has largely been to understand the physics and quantify the climatology of severe
convective events and estimates exist for worldwide or regional frequencies of tornadoes (H. Brooks et al., 2018;
Krocak & Brooks, 2018; Groenemeijer & Kiihne, 2014), convective environments (H. E. Brooks et al., 2003;
Taszarek, Allen, et al., 2021), and lightning (Kaplan & Lau, 2021). Research often focuses on North America or
the continental United States (Grams et al., 2012; Schneider & Dean, 2008; Schultz et al., 2014), where tornadoes
tend to be relatively common, but similar work has also studied western and central Europe (Groenemeijer &
Kiihne, 2014). Global-scale results for this type of work have shown that the most intense thunderstorms on Earth
occur in the South-Central United States, southeast South America, and equatorial Africa (Zipser et al., 2006), and
that thunderstorm environments are concentrated in equatorial Africa, the central United States, central South
America, and near the Himalayas (H. E. Brooks et al., 2003).
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How convective events will change with warming has also received attention with results indicating little or
unobservable changes with warming of convective events in some regions (Kunkel et al., 2013; Niall &
Walsh, 2005) and increases in observed or projected convective events in others (Botzen et al., 2010; Cao, 2008;
Diffenbaugh et al., 2013; Gensini & Mote, 2015; Hoogewind et al., 2017). Some of this work has focused on
specific aspects of changes with warming, such as nighttime warming (Dessens, 1995) or the strength of updrafts
(Del Genio et al., 2007).

One approach to understanding observed and predicted patterns of severe convective events has been to use
convective available potential energy (CAPE) or the amount of energy available to be released by convection in a
given column of air. CAPE can help illuminate the causes of severe convection (e.g., Chaudhuri, 2012; Mur-
ugavel et al., 2014), although severe convection also requires shear and can occur in low-CAPE environments
(Sherburn & Parker, 2014). CAPE tends to be largest and most variable in the tropics especially over continents
(Riemann-Campe et al., 2009), and the largest CAPE maxima in the world occur over water in the Middle East,
the Bay of Bengal, and off the northern coast of Australia (Taszarek, Allen, et al., 2021). Changes in CAPE
distributions with warming have also been studied, and an overall increase has been predicted and observed with
warming with significant regional variations (Chen & Dai, 2023; Chen et al., 2020; Romps et al., 2014).

Lastly, there has been some work on how CAPE builds up in the time before individual events (Agard &
Emanuel, 2017). It has been shown that convective inhibition (CIN), or a layer of warm air above the boundary
layer, is necessary for the buildup of high CAPE (Carlson et al., 1983), as a “CIN layer” allows for the accu-
mulation of energy in the boundary layer without this energy being drained by convection (although convection
does not always occur when CIN disappears, which may allow further increases in CAPE). Local soil and
vegetation properties play a vital role throughout this process, as surface fluxes impact the creation of a CIN layer
and the accumulation of moisture below that layer (Agard & Emanuel, 2017; Emanuel, 2023; Zhang et al., 2023).
In North America, for example, high CAPE accumulates due to differential advection of anomalously warm air
over a moist surface, forming a CIN layer under which moisture accumulates for one or two diurnal cycles
(Tuckman et al., 2023).

In this paper, we study how CAPE builds up around the world. Reanalysis data are used to track relevant air
parcels backwards from times of large CAPE and observe how these parcels change over time. We characterize
CAPE buildup using four factors: (a) the amount of CIN during the diurnal cycle before the time of peak CAPE,
(b) the proportion of potential energy increase due to boundary layer warming rather than to cooling aloft, (c) how
much warmer the CIN layer is than usual for that area and altitude, and (d) the relative magnitude of the diurnal
cycle of surface fluxes over the day before the time of maximum CAPE. We find that in most regions, the largest
CAPE maxima occur when CAPE builds up over several diurnal cycles. This CAPE buildup is dominated by
surface heating in almost every region studied (except southeast Australia), and most regions require anomalously
warm air above the boundary layer to allow this buildup. However, some regions, such as the Middle East and
northern tropical Africa, have a constant supply of warm air from nearby deserts, creating a near constant CIN
layer. The CIN layer can be broken by strong daytime sensible heating when the CAPE maximum is over land, but
this does not occur when it is over water. These results highlight the need to study severe convective events by
region.

The rest of this paper is organized as follows. Section 2 discusses the data analyzed and the methods used to track
air parcels, identify CAPE maxima in regions of interest, and understand how properties of the relevant air change
over time. Section 3 presents and discusses three examples of high CAPE occurrences and then shows composites
of different categories of CAPE buildup, followed by a discussion of how CAPE buildup differs around the world.
Section 4 discusses these results, their implications, and possible avenues of future research, then the Appendix A
shows the accuracy of convective properties calculated from ERAS reanalysis for a few case studies.

2. Methods
2.1. Data Used

All data shown are from ERA5 global reanalysis (Hersbach et al., 2020) obtained at https://cds.climate.coper-
nicus.eu/. We analyze hourly data on 0.25° resolution from 2012 to 2013 and use multi-linear interpolation, (i.e., a
polynomial linear in all four coordinates fit to the surrounding data points) if values not on a grid point are needed.
A time period of 2 years is chosen so as to maximize the number of CAPE peaks while keeping the amount of data
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Figure 1. The spatial distribution of high CAPE occurrences. Color indicates the 97th percentile of daily maximum CAPE, or
the threshold of CAPE which is exceeded roughly once per month at each location. The blue dots indicate regions in which
the average CIN when CAPE exceeds this threshold is at least 75 (J/kg).

manageable. Reanalysis is not perfect and may have systematic biases when calculating energetic quantities
(Gensini et al., 2014; Taszarek, Pilguj, et al., 2021; Taszarek et al., 2018). However, there is precedent for using
reanalysis to study convective events (H. E. Brooks, 2009; H. E. Brooks et al., 2003; Meukaleuni et al., 2015;
Taszarek, Allen, et al., 2021; Tuckman et al., 2023; Westermayer et al., 2017), and ERAS has been shown to be
the most accurate reanalysis for the study of CAPE (Taszarek, Pilguj, et al., 2021). We discuss using reanalysis
data and compare ERAS to observed soundings for a few cases in Appendix A. We find ERAS to be sufficiently
accurate to be useful in most of the world, but we also show that reanalysis may have large errors in equatorial
Africa and therefore exclude the region from this study.

2.2. Identifying High CAPE Occurrences

We begin our study by identifying high CAPE occurrences in various regions. To do so, the hourly CAPE at each
horizontal grid point in 2012 and 2013 is calculated from reanalysis data by reversibly lifting a near-surface parcel
through the column above it and integrating the resulting buoyancy difference with respect to pressure. This is
given mathematically as

PLNB
CAPE = —R; / (T,, — T,,)dlogp )

Po

where R, is the ideal gas constant of dry air, p is pressure, p; is the original pressure of the lifted parcel, p; g is the
level of neutral buoyancy (usually near the tropopause), Ty, is the virtual temperature of the lifted parcel, and 7,
is the virtual temperature of the environment. The lifted parcel is chosen to originate 25 hPa above the surface so
as to be representative of the mixed layer, and parcel properties are calculated at this level via linear interpolation.
We also define CIN, or Convective Inhibition, as the same integral evaluated from p, to the level of free con-
vection. We refer to this as the “CIN layer,” and in it the buoyancy of the lifted parcel is negative, so CIN
represents the barrier to convection being initiated. Note that CAPE and CIN are defined only when there is at
least one pressure level where the lifted parcel is positively buoyant with respect to the surrounding air, that is,
T,,>T,, for some value of p.

Next, we identify what “high CAPE” corresponds to at each horizontal grid point by calculating the 97th
percentile of daily maximum CAPE at that grid point. The result of this calculation is shown in Figure 1 and
indicates where the highest values of CAPE on Earth occur. Although the 97th percentile is chosen arbitrarily, the
map is similar to previous work that used the 95th percentile (Taszarek, Allen, et al., 2021), indicating that the
qualitative results do not depend on the value chosen. The largest values of CAPE worldwide (>2.5 kJ/kg) appear
in the Persian Gulf, the Red Sea, the western edge of the Bay of Bengal, and off the northern coast of Australia.
Other moderately high CAPE values occur in equatorial Africa, East Asia and just off the coasts of East Asia,
central North America, the Gulf of Mexico, and South America.
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Figure 2. The maxima identified for study (points) in selected regions (boxes, numbers corresponding to the list above). The
size of each point corresponds to the amount of CAPE, whereas the color corresponds to the physical cause of high CAPE,
with red indicating troposphere cooling and blue (green) indicating a large (small) surface flux diurnal cycle. Quantitative
definitions of these values and explanations of their importance are in the following sections. Boxes in this figure indicate
where CAPE peaks were found, regions searched extend across North America (area 4 began at 130°W) and Asia (area 3
extends to 60°N).

To understand whether these extreme CAPE values will lead to severe weather, we are also interested in the CIN
at the time of high CAPE. Even if a near-surface parcel is positively buoyant with respect to much of the free
troposphere (i.e., CAPE is large), if there is a strong enough CIN layer, severe convection is unlikely to occur.
Therefore, Figure 1 also displays which areas have an average of 75 (J/kg) or greater CIN when the daily
maximum CAPE is above the 97th percentile. We see that the Mediterranean, the southern Sahara, the Middle
East, the Bay of Bengal, northern Australia, and the western edge of the high CAPE region of North America all
have substantial CIN when CAPE is large, indicating that severe weather is unlikely to occur.

Based on the CAPE and CIN patterns shown in Figure 1, along with common locations of severe convective
events and our analysis of the reliability of reanalysis data (see Appendix A, we believe reanalysis in Equatorial
Africa may be unreliable), 12 regions are selected to study (listed in order of median CAPE):

. Middle East

. Northern Australia

. South Asia

North America

. Southeast (S.E.) Asia

. Mediterranean

. Southern South America (S.A.)
. Africa

. Southern Africa

. Tropical South America (S.A.)
. Europe

. Southeast (S.E.) Australia

—_—
— OV N LA W~

—_
[\

and identify high CAPE occurrences in each region by the following process. First, the CAPE data are smoothed
via a simple moving mean with a window of 1.25° longitude, 1.25° latitude, and 3 hr. Then, all local maxima in
three dimensions (longitude, latitude, and time) are identified, and the largest of these in each region are chosen
for study. Fifty CAPE maxima are identified in most regions, whereas 25 are identified in southern Africa,
Europe, and the Mediterranean. This number of maxima is chosen as a balance between computational limitations
and having enough maxima to compute meaningful statistics. Figure 2 shows the regions studied, the locations of
CAPE maxima, and aspects of their physical causes. The three types of CAPE peaks are defined in the following
sections.
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2.3. Lagrangian Tracking

Once high CAPE occurrences are identified, we utilize a Lagrangian trajectory approach to study the buildup of
CAPE and the time evolution of relevant quantities. For each CAPE maximum, we select 13 boundary layer
parcels (those with the most CAPE) within two degrees of the latitude and longitude of maximum CAPE, and we
track those parcels by integrating the eastward, northward, and vertical velocities backwards using a 15 min time
step (with velocities interpolated from hourly data). Several parcels are used to minimize noise, and trajectories
are followed for up to 72 hr before the time of maximum CAPE. Once a CIN layer is identified (see next section),
the same procedure is applied to the parcels that end up there. We do not track parcels of the free troposphere that
end up above the surface parcels, as changes to the free troposphere are rarely important to the buildup of CAPE
(shown in Tuckman et al. (2023) and throughout this work).

2.4. Quantities Studied

To study the buildup of CAPE, we calculate several properties of the relevant air parcels. The basic quantities are
the temperature (7)), specific humidity (¢), and geopotential height (z) of each parcel and the vertical column
above it (hereafter, the “seen” column), and these are used to calculate composite quantities. This above parcel
profile is referred to as the “seen” column as it is what the parcel sees above it as it moves. Additionally, the
evaporation and sensible heat flux from the surface are recorded at the horizontal position of the tracked parcel.

Using the basic quantities, we calculate the virtual potential temperature (6y) of each air parcel and the column
above it (seen y) as well as the 6y, of the tracked parcel lifted adiabatically into that column. The difference
between this “lifted 6y, and the seen 0y is referred to as Afy, and is a measure of the buoyancy the tracked parcel
would have at a given height. Below the pressure of the tracked parcel, Ay is defined to be zero.

Although CAPE and CIN are useful quantities, they are vertically integrated and often difficult to interpret, so we
define PCAPE and PCIN as more understandable proxies. PCAPE represents an energy difference between a
boundary layer parcel and the free troposphere, so that it is related to the integrand of CAPE. Specifically

PCAPE = MSE,; — MSEZ;p, )

where the (saturated) moist static energy MSE® is defined as
MSE® = Lg™ + c,T +gz 3)

where L = 2.25 x 10° (J/kg) is the latent heat of vaporization of water, ¢, = 1005 J/(kg K) is the specific heat of
air at constant pressure, g = 9.8 m/s? is the acceleration due to gravity, and ¢* is the saturated specific humidity.
The saturated MSE is used as it is a basis for comparison against the surface parcel if that parcel were lifted into
the free troposphere, where it would be saturated. The MSE* is evaluated at 500 hPa so as to be representative of
the free troposphere.

PCIN, meanwhile, is defined as the most negative Afy, between 600 and 900 hPa, so it is a measure of negative
buoyancy where the boundary layer parcel is most negatively buoyant. If a boundary layer parcel were to ascend,
it would have to pass through this layer, and PCIN is a metric of how much additional energy it would need to do
so. Air representative of the CIN layer is also tracked backwards, and these are chosen as originating above the
boundary layer parcels at the pressure and time of maximum negative buoyancy.

PCAPE and PCIN are useful as we can separate the buildup of CAPE or CIN into a contribution from changes in
the boundary layer (i.e., MSE,; or lifted 6y,) and a contribution from the column above the boundary layer (i.e.,
the MSEZ,,p, OF seen 6y).

Lastly, we would like to determine if the properties of the CIN layer differ from their long term averages.
Therefore, we define a monthly mean 6y as the column 0y at the position and time of day of the largest PCIN
averaged over the month in which a CAPE maximum takes place.
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Figure 3. Introduction to the first CAPE maximum example. The main panel shows the trajectories of the boundary layer
parcels leading up to the time of maximum CAPE (red) and the parcels that form the CIN layer at the time of maximum PCIN
(green), both displayed for the 60 hr before the time of maximum CAPE as well as the spatial distribution of CAPE at the time
of maximum CAPE. The left panel shows the vertical profile of the virtual potential temperature difference averaged over the
tracked boundary layer parcels at the time of maximum PCIN (blue) and the time of maximum CAPE (red). The title
indicates the day and approximate local sun time of the CAPE maximum.

3. Results

In this section, we present results on how anomalously large CAPE episodes occur. We begin with three ex-
amples, then show composites of three types of high CAPE occurrences, and finally present statistics on how
CAPE builds up differently in various regions of the world.

3.1. Examples

Our first example high CAPE episode, introduced in Figure 3, is typical of those in central North America and
similar to many studied by Tuckman et al. (2023). This CAPE maximum occurred just west of the Great Lakes
region on 4 July 2012 at roughly 3 p.m. local sun time, and the region of large CAPE (about 3 kJ/kg) stretches
from ~260° longitude to Lake Superior and spans a few degrees latitude (main panel of Figure 3). The vertical
profile of A@y (left panel) at the time of maximum CAPE is roughly as expected, being zero in the boundary layer
(>950 hPa), slightly negative but essentially zero for a small layer above that (between 925 and 750 hPa) and large
and positive for remainder of the troposphere (between 750 and 150 hPa). The vertical profile of Ay at the time
of max PCIN, on the other hand, has a significant CIN layer (i.e., layer of negative A#y,) from 700 to 950 hPa and
much less positive area in the free troposphere. The boundary layer parcels at the time of maximum CAPE had
been near the Gulf of Mexico 60 hr before the time of maximum CAPE and moved continuously north with a
small amount of zonal movement (red lines, main panel). The parcels that end up in the CIN layer also came from
the south but from further west over drier soils (green lines).

We now seek to understand the cause of this CAPE maximum by studying how relevant quantities changed in the
days before the time of maximum CAPE (Figure 4). The CAPE following the boundary layer parcels (Figure 4a)
increased significantly on the day of maximum CAPE, starting around sunrise, but there was also substantial
CAPE (1-2 kJ/kg) the day before. There was over 300 J/kg of CIN both the night before the time of maximum
CAPE (-9 hr) and the night before that (—33 hr). The vertical structure of the relevant energetic quantities (i.e.,
A6y) as a function of pressure and time is shown in Figure 4b. The buildup of CAPE (red area) occurred beginning
at around —30 hr and reached from 700 hPa to the top of the troposphere. By examining the seen 6y, that is, the 6y,
profile at the horizontal position of the boundary layer parcels, we can separate the CAPE time series into a
component from boundary layer changes and a component from changes aloft. The seen 6y, contours are mostly
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Figure 4. Relevant quantities over time for the first example of a high CAPE episode. Panel (a) shows the CAPE and CIN
with the CIN scaled by a factor of 5. Note that each quantity is averaged over the parcels tracked, and that they are not defined

if a parcel is negatively buoyant with respect to its entire column. In these cases, the CIN of that parcel is ignored and CAPE

is set to zero, and the average is taken over the remaining parcels. The sun and moon symbols at the top of the panel indicate
approximately 6 a.m. and 6 p.m. local time. Panel (b) shows the virtual potential temperature difference (A6 ) between the
lifted boundary layer parcels and the column above it (color), the virtual potential temperature (6y/) of this column (solid
contours, contour interval 4 K, shown up to 364 K), and the monthly averaged 6y in the region of the boundary layer parcels
when the CIN layer was strongest, all as a function of time and pressure. The tracked parcel pressure over time is indicated by a
green line. Panel (c) shows the relevant quantities for the buildup of PCAPE; boundary layer MSE (red), divided into sensible
energy (orange) and latent energy (pink), and the 500 hPa MSE* (blue). Sensible and Latent energy are adjusted by constant
values so that they fit on the same axis as the full MSE. Panel (d) shows the evaporation (pink, scaled by the latent heat of
vaporization) and surface sensible heat flux (orange) at the horizontal location of the boundary layer parcels.

horizontal above 600 hPa (e.g., the 324 K line), indicating constant seen 6y, and therefore that buildup of CAPE is
not a result of changes to the free troposphere. We can quantitatively measure the importance of boundary layer
processes for CAPE buildup using PCAPE, that is, comparing changes in the boundary layer MSE to changes in
500 hPa MSE* (Figure 4c). Over the two days before the time of maximum CAPE, the boundary layer MSE has a
strong diurnal cycle and increases significantly (by ~15 kJ/kg), whereas the 500 hPa MSE* barely changes. This
indicates that PCAPE builds up due to changes in the boundary layer not changes aloft.

The CIN, meanwhile, is represented by regions of negative Afy, between 900 and 750 hPa in Figure 4b. The
change in CIN over the several days before the time of maximum CAPE is mostly due to processes above the
boundary layer, as the 312 K line of seen 6}, moves down starting from around —54 hr. This indicates an increase
in 800 hPa temperature, which increases CIN, as it will be harder for the boundary layer parcel to be lighter than
this air. The diurnal cycle of CIN, on the other hand, is controlled mostly by the surface parcels, as on each day,
the 316 and 312 K contours are mostly flat. In order to understand how this day of high CAPE differs from
ordinary days, we examine the average nearby 8y profile averaged over the month in which the CAPE maximum
occurs at the time of day of maximum PCIN. The upper troposphere during this event is similar to its monthly
mean with the 324 K contours lining up almost perfectly in the last 12 hr, whereas the lower free troposphere is
much warmer than usual. Specifically, the air of the CIN layer (blue region the night before maximum CAPE)
seems to be about 4 K (one contour) warmer than the monthly mean. This indicates that the CIN layer air during
the buildup of CAPE (—30 to 0 hr) is anomalously warm for the region.

As the CAPE buildup is due to an increase in boundary layer MSE, we can divide that increase into a latent energy
component (i.e., Lg, Figure 4c) and a sensible energy component (c,7 + gz). We see that most of the diurnal
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Figure 5. Same as Figure 3 but for the second example of a high CAPE episode.

cycle is coming from the sensible component, whereas the overall increase in low level MSE is coming from the
latent component. In this Lagrangian analysis, advection is implicitly included, so it is likely that changes in
energy come from the surface (Figure 4d). Both evaporation and sensible surface fluxes have very strong diurnal
cycles, which generally correspond to the large increases in MSE. The decreases in sensible energy occur at night,
when the sensible surface flux is small or negative and the air parcels are cooling through longwave radiation
emission. Although the overall buildup of boundary layer energy is dominated by evaporation, the surface
sensible heating is essential to the decrease of CIN on the day of maximum CAPE. In other words, the buildup of
moisture increases CAPE and PCAPE, but it is the daytime surface sensible heating starting from —9 hr that leads
to CIN decreasing from ~300 (J/kg) to near zero.

To summarize the first example, CAPE accumulates over the 2 days before the time of maximum CAPE due to a
monotonic increase in boundary layer latent energy. Processes in the free troposphere are not directly important
for the buildup of CAPE, but the CIN which precedes CAPE is due to the formation of a CIN layer, which is 4 K
warmer than the long time mean for the area. This CIN allows MSE to build up underneath it without the CAPE
being used by convection. Then, the CIN layer disappears just before the time of maximum CAPE due to daytime
sensible heating. All of this is in agreement with Tuckman et al. (2023), where it is shown that these features are
typical for large CAPE values over North America. We label this type of CAPE maximum as “land surface
CAPE” due to the importance of surface fluxes and their diurnal cycles over land, and other maxima of this type
are shown as blue dots in Figure 2.

Our second example high CAPE occurrence happened over the Persian Gulf on 17 August 2013 at 10 a.m. local
time (Figure 5). The region of high CAPE covers most of the Persian Gulf and has CAPE values of up to 6 (kJ/kg).
However, the vertical profile of Ay at the time of maximum CAPE (left panel) shows that there is still CIN at this
time, likely preventing convection. The boundary layer parcels mostly arrived at the area of high CAPE from
nearby land, but they had been over the Persian Gulf for some time. In contrast, the parcels which make up the
CIN layer came directly from elevated land just a few hours before.

The time evolution of the relevant quantities for this second example are shown in Figure 6. CAPE begins to
increase in the final 36 hr (Figure 6a), but there is CIN above the boundary layer parcels going back to at least
25 hr before that. The CIN is remarkably constant over this time; its diurnal cycle is small due to the large heat
capacity of the Persian Gulf. By looking at the vertical structure of Ay, and the background 6y, we see that the
small increase in CIN the night before the CAPE maximum matches closely with a warming of the region between
700 and 850 hPa, demonstrated by the 320 K line moving down. However, the monthly mean 6y, profile indicates
that the air, which forms the CIN layer is only 2 K warmer than usual (compared to 4 K in the first example). It is
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Figure 6. Same as Figure 4 but for the second example of a high CAPE episode.

likely that hot desert air from the surrounding regions is often advected over the cool moist surface of the Persian
Gulf, leading to a consistently strong CIN layer. Meanwhile, CAPE builds up due to increasing A8y, above this
layer, reaching from 700 hPa to the top of the troposphere. This CAPE increase is not controlled by the free
troposphere; the 0y, contours in the upper troposphere are mostly flat. Additionally, the seen 500 hPa MSE* does
not change significantly for the 60 hr before the time of maximum CAPE (blue line, Figure 6¢) just as in the first
example. However, the buildup of boundary layer MSE has a different character here than in the first example; the
boundary layer sensible energy is almost completely constant, having no diurnal cycle. The latent energy in-
creases monotonically and significantly as dry boundary layer air moistens over the Gulf, although the rate at
which it is increasing has a small diurnal cycle. Both these features match the surface fluxes at the position of the
boundary layer parcels, where there is strong evaporation and very little sensible heating starting from around
—56 hr. In other words, the dry and warm air that has moved over the Persian Gulf (at —56 hr) is receiving energy
through evaporation but little or no sensible heat from the cool and wet surface. The resulting large increase in
humidity without sensible heating leads to a very unstable profile (i.e., high values of CAPE), but there is no way
for the boundary layer to become warm enough to overcome the CIN layer created from the surrounding
desert air.

To summarize, a relatively cool moist surface adjacent to a hot dry surface can lead to high CAPE and CIN by air
from the dry surface being advected over the moist surface. The hot dry air will form a layer of large 8y, (i.e., a CIN
layer), which cannot be overcome due to a lack of daytime sensible heat from the surface, but the buildup of
humidity in the boundary layer will mean that the column is unstable to deep convection and have significant
CAPE. It is likely that the extraordinarily high CAPE arises simply from boundary layer parcels remaining over
water for a significant amount of time (~48 hr, visible in Figure 6d). The longer a parcel is over water, the more its
relative humidity will increase without its temperature changing, leading to large CAPE even if evaporation is not
anomalously large. As the contrast between the cool, wet water surface, and the nearby hot, dry land is vital for
this mechanism, we label this type of high CAPE occurrence “land-sea CAPE,” and similar peaks are shown as
green dots in Figure 2.

Our final example CAPE maximum occurred on 19 September 2013 off the coast of Eastern Australia at roughly
midnight local sun time (Figure 7). There was significantly less CAPE in this example than the others, at most 2
(kJ/kg), there was very little CIN at the time of maximum CAPE (left panel), and little CIN at the time of
maximum PCIN the night before. The boundary layer parcels arrived at the location of maximum CAPE from the
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Figure 7. Same as Figure 3 but for the third example of a high CAPE episode.

north, having been over water for at least 60 hr before the event, whereas the CIN layer parcels arrived from the
West, where they were over land (i.e., Australia).

Figure 8 shows the time evolution of relevant quantities for this high CAPE occurrence. The CAPE builds up over
the 24 hr before the time of maximum CAPE but not due to the normal diurnal cycle, as the maximum CAPE is at

midnight. There is some CIN in the area of the boundary layer parcels going all the way back to 48 hr before the

time of maximum CAPE, but the CIN decreases quickly in the last few hours. We see how this case differs from
the others based on the vertical structure of 8y, (Figure 8b). Although A8y, looks as it does in the other cases with a
layer of CIN around 900 hPa and a larger layer of positive buoyancy from 800 to 300 hPa, the 6y, profiles are quite
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Figure 8. Same as Figure 4 but for the third example of a high CAPE episode.
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Figure 9. A composite of 256 “land surface CAPE” maxima. The quantities shown are the same as in Figure 4 but averaged
across many maxima at a given time before that maximum. The monthly mean 6y, is averaged across that of each maximum.

different. Specifically, the seen 6y contours rise dramatically in the 24 hr leading up to the time of maximum
CAPE, indicating free troposphere cooling. CAPE can be thought of as a difference between a boundary layer
MSE and free troposphere MSE* and in the other cases CAPE built up from an increase in boundary layer MSE,
whereas in this case it grows due to a decrease in free troposphere MSE*. This is shown more explicitly in
Figure 8c; the boundary layer MSE does not change significantly in the lead-up to the event, whereas the 500 hPa
MSE"* decreases significantly. As the free troposphere is controlling this CAPE buildup, other quantities, such as
the CIN layer and surface fluxes, are not as relevant as they were in the previous cases. Due to the importance of
free troposphere cooling for the buildup of an energy difference, we refer to this type of CAPE as “Troposphere
Cooling CAPE,” and similar occurrences are shown as red dots in Figure 2.

3.2. Composites

In this section, we study composites for each of the three types of high CAPE occurrences discussed above. To
calculate these composites, we separate the studied CAPE maxima (Figure 2) into categories by defining an
advection factor and surface flux factor. The advection factor is defined as the proportion of PCAPE increase over
the 24 hr before the time of maximum CAPE that is due to a decrease in 500 hPa MSE*, and any occurrence with
an advection factor greater than 1/3 is labeled a troposphere cooling CAPE maximum. The surface flux factor,
defined as the maximum surface flux divided by the maximum + minimum surface flux over the final diurnal
cycle, is used to separate the remaining events into land surface CAPE (surface flux factor>0.85) and land-sea
CAPE. These factors are also used to color the dots in Figure 2, with the amount of red indicating the advec-
tion factor and the blue-green axis representing the surface flux factor.

A composite of land surface CAPE occurrences, that is, those with a large increase in boundary layer MSE and a
strong diurnal cycle of surface fluxes, is shown in Figure 9. These events have a small CAPE increase the day
before the day of maximum CAPE, but most CAPE buildup occurs on that day (Figure 8a). The CIN broadly
increases from 2 days before the event up until a few hours before the event, when strong diurnal sensible heating
decreases it to almost zero at the time of maximum CAPE. The CAPE accumulation is due almost entirely to
changes in the boundary layer, as the free troposphere (<700 hPa) does not cool significantly over the 60 hr before
these events (Figure 8b). The CIN buildup, on the other hand, has a significant contribution from the warming of
the region between 950 and 750 hPa, which ends up several degrees warmer than the monthly mean at the same
location. This implies that anomalously warm air needs to be advected over the boundary layer parcels in order to
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Figure 10. Same as Figure 9, composited across 152 “land-sea CAPE” maxima.

create a CIN layer that allows the CAPE to build up. Note that the temperature in this layer changes on the
timescale of several days, whereas the diurnal cycle of CIN is mostly controlled by near-surface properties.
Meanwhile, boundary layer MSE is increasing due to the accumulation of latent energy (Figure 8c) and has a
diurnal cycle due to the sensible component of MSE. The seen MSE* does not change significantly over this time,
though it has a small diurnal cycle (Figure 8c). As these events are occurring over land (by design), the surface
fluxes have a large diurnal cycle (Figure 8d). Importantly, the daytime sensible heating on the day of maximum
CAPE causes CIN to almost entirely vanish.

To summarize, CAPE builds up in “land surface CAPE” occurrences because anomalously warm CIN layer air
traps boundary layer air for one or 2 days, allowing moisture to accumulate in the boundary layer, which increases
CAPE. Then, the diurnal cycle of sensible energy erodes CIN, possibly initiating convection.

The situation is quite different for land-sea CAPE occurrences, a composite for which is shown in Figure 10.
Rather than having diurnal cycles, CAPE builds up smoothly over the 36 hr before the time of maximum CAPE,
and CIN decreases over most of this time. Once again, the free troposphere does not play a significant role in the
CAPE buildup, as the contours above 700 hPa are flat (Figure 10b), and the seen MSE* does not change while
CAPE is increasing (Figure 10c). Although there is some warming of the layer between 900 and 700 hPa before
land-sea CAPE maxima, it is a much smaller effect than in the case of land surface CAPE maxima. For example,
although the 308 K contour does drop slowly over the days before the event, it is always within a few degrees of
climatology. The 312 K contour also moves down, but the difference from climatology is significantly smaller
than in the previous composite. Instead, the relevant boundary layer parcels seem to be trapped under warm air for
several days, implying that it is not so unusual for there to be CIN in these regions. The CAPE eventually builds up
due to a large increase in latent energy in the boundary layer (Figure 10c, pink line), which is occurring day and
night. There is almost no change in sensible energy, indicating that CIN eventually decreases due to the lifted
condensation level lowering not the potential temperature of the boundary layer increasing. This can also be seen
from the bottom of the red region moving down in Figure 10b. These changes in boundary layer energy match the
surface fluxes, where evaporation is large and constant and sensible heating is negligible. This is to be expected
for parcels over water, as oceans and seas have too large a heat capacity for there to be a significant diurnal cycle.

Land-sea CAPE maxima occur when boundary layer air receives moisture from the surface while trapped under a
warm CIN layer, presumably from nearby land. These CIN layers are warmer than the monthly mean for the area
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Figure 11. Same as Figure 9, composited across 211 “troposphere cooling CAPE” maxima.

but not by very much. In other words, there is often CIN in these regions, and it is merely the large buildup of
water vapor in the boundary layer that leads to anomalously high CAPE.

Our final type of CAPE maximum, shown in Figure 11, is troposphere cooling CAPE in which a significant
proportion (>1/3) of the PCAPE increase is due to a decrease in free troposphere MSE". In these events, CAPE
increases over the 2 days before the time of maximum CAPE with most of the increase happening on the day of
the maximum (Figure 11a). Both the CAPE and CIN have diurnal cycles with the night before the CAPE
maximum having the most CIN. Although the relevant example shown occurred over water, and therefore had a
small diurnal cycle, about a quarter of troposphere cooling CAPE occurrences found were over land (surface flux
factor <0.85), and it is these peaks that contribute to the diurnal cycle in the composite. The structure of changes
in the @y profiles (Figure 11b) is quite different from those that lead to the other categories of CAPE maxima.
Specifically, the 8, contours in the free troposphere (<700 hPa) tilt upwards over the 14 hr before the time of
maximum CAPE with a total change of a several degrees. The 6y, begins warmer than the monthly mean but ends
up colder, indicating that it is anomalously cold air for the area causing this energy difference. The change in free
troposphere energy can also be seen in the composite of 500 hPa MSE* (blue line, Figure 11c), which in this
composite decreases significantly. The boundary layer MSE also plays a large role in the CAPE energy buildup,
increasing by about 10 (kJ/kg). This is mostly due to the fact that events are included in this composite if at least 1/
3 of the PCAPE increase came from troposphere cooling. Some events will have even more of the energy dif-
ference coming from cooling of the troposphere as with the sample event shown in Figures 7 and 8, and some will
be closer to land surface events. As previously, the buildup of boundary layer MSE is mostly due to an increase in
latent energy, whereas the sensible energy contributes a diurnal cycle.

To summarize, troposphere cooling events occur because there is anomalously cool air in the free troposphere
above boundary layer parcels whose MSE may or may not be increasing. This is quite different from the other
CAPE types in which the free troposphere does not play a significant role in the buildup of CAPE.

3.3. Regional Statistics

Having identified relevant characteristics of CAPE buildup, we wish to understand the distribution of the relevant
statistics in each region (Figure 12). First, we show the distribution of CAPE values across the CAPE maxima in
each region in the left panel with the regions sorted by the median CAPE value. The highest CAPE values
worldwide are nearly all over the Persian Gulf or the Red Sea with the 25th percentile event there (~4.5 kJ/kg)
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Figure 12. Statistics across CAPE maxima in each region for several relevant quantities: maximum CAPE (left panel), the minimum CIN the day before the day of
maximum CAPE (second panel), the troposphere cooling factor (third panel), the CIN layer warming (fourth panel), and the surface flux factor (fifth panel). Each panel
shows a box chart for each region, displaying the median (center line), the interquartile range (outlined box), and the minimum and maximum values (error bars)
excluding outliers (defined as more than 1.5 times the interquartile range away from the box). Roughly 50 CAPE maxima are used in most regions, whereas 25 are used
in South Africa, Europe, and the Mediterranean. The median value of minimum CIN in the Middle East is 203 J/kg, this is not shown so that smaller values can be
distinguished, and any large values represent sufficient inhibition to prevent convection.

having more CAPE than the 75th percentile in any other region. The other regions which have a significant
number of maxima around 4 (kJ/kg) are northern Australia and South Asia, whose CAPE maxima are almost
exclusively on the sea side of a land-sea boundary. The regions which have the largest CAPE maxima over land,
such as North America and Southeast Asia, most often have CAPE values around 3.5 (kJ/kg). Other regions have
maximum CAPE values just over 2 (kJ/kg), whereas southeast (SE) Australia has maxima of less than 2 (kJ/kg).

Our next statistic of interest is one not discussed previously. All of the sample events and composites indicated
CAPE building up over several days with at least some CIN preventing convection on the day before the time of
maximum CAPE. However, it is not necessarily the case that CAPE builds up over several days in every case.
Therefore, in the second panel of Figure 12, we display the minimum CIN between 12 and 36 hr before the time of
maximum CAPE. If this value is large enough to prevent convection, then the tracked parcel will have been
trapped during the previous diurnal cycle, so CAPE is likely to have built up over several days. However, if this
value is small, then CAPE most likely built up entirely on the day of the maximum. In most regions, including the
Middle East, northern Australia, South Asia, North America, the Mediterranean, southern Africa, and Europe,
more than half of events have significant (>50 J/kg) CIN, indicating that the most convectively unstable profiles
exist when CAPE is allowed to build up over more than 1 day. Note that this choice of 50 (J/kg) is arbitrary, as the
amount of CIN which is needed to prevent convection will depend on several factors. In some other regions,
including Southeast Asia, southern South America, and southeast Australia, there are fewer, but still several,
events in which CAPE builds up over more than one diurnal cycle. Lastly, in tropical South America and Africa,
nearly all events have no CIN the day before the time of peak CAPE, so the largest CAPE occurrences in those
regions do not require the presence of a CIN layer over several days. This does not mean there was no CIN layer,
as the night before the time of peak CAPE will likely have CIN even if the day before did not.

Our third statistic of interest is the troposphere cooling factor, that is, what proportion of the increase in PCAPE
over the 24 hr before the time of maximum CAPE is due to free troposphere cooling. A value of one indicates that
the boundary layer MSE has not changed, whereas a value of zero indicates that the 500 hPa MSE" has not
changed. Most regions have medians around zero, indicating that CAPE builds up due to an increase in boundary
layer MSE not the cooling of the free troposphere. However, there are a few regions whose distributions are to the
right of the others: North America, southern South America, and southeast Australia. In North America, the
distribution of the troposphere cooling factor has less variance than in other regions, and some events have a
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roughly zero troposphere cooling factor but many have a troposphere cooling factor between 1/4 and 1/2. In
southern South America, some occurrences have a factor of around a half but most have smaller values. In
southeast Australia nearly all high CAPE events are due to troposphere cooling with a median troposphere cooling
factor of almost 3/4. Overall, CAPE buildup is caused by boundary layer MSE increases in most of the world, but
free troposphere cooling plays a small role in North America, a significant role in southern South America and a
dominant role in the ocean regions off of Southeast Australia. There are also a few events scattered throughout
other regions in which troposphere cooling plays a role (red dots in Figure 2), but these are rare.

As increases in boundary layer MSE are vital in causing CAPE buildup, a CIN layer is required to prevent
convection while the MSE is increasing. Therefore, we use “inhibition layer warming” to understand the origin of
the CIN layer, and it is defined as the seen 6y at the pressure of maximum negative buoyancy and time of
maximum PCIN subtracted from the monthly mean 8y, for that location, pressure, and time of day. In other words,
if an event has far more CIN than usual for that area, it will have a large inhibition layer warming value, whereas if
there is always a CIN layer in a certain area, we would expect little or no inhibition layer warming.

The regional statistics of inhibition layer warming are shown in the fourth panel of Figure 12. Tuckman
et al. (2023) showed that CAPE maxima over North America are usually preceded by the presence of a CIN layer,
which is anomalously warm for the area, and our results agree, showing that CAPE builds up in North America
under an inhibition layer which, in the median, is 5 K warmer than the monthly mean. This is similar to the
regional distribution in southern South America and less extreme than in Europe, where the median high CAPE
occurrence is preceded by 10 K of inhibition layer warming. In other regions, however, CAPE is accompanied by
less inhibition layer warming. Northern Australia, South Asia, Southeast Asia, the Mediterranean, and South
Africa all have distributions centered between 2 and 5 K, whereas the Middle East, Africa, and tropical South
America all have distributions indicating that very little inhibition layer warming is necessary for the buildup of
CAPE. In Africa and the Middle East, the buildup of CAPE does not require an anomalously warm CIN layer, but
extra moisture accumulation underneath a consistently warm CIN layer, probably originating over the Sahara. In
tropical South America, however, the lack of inhibition layer warming is likely due to the fact that CAPE there
tends to build up over only 1 day. Southeast Australia has a very wide distribution for inhibition layer warming,
but this is not meaningful as most of the CAPE arises from free troposphere cooling.

Our final statistic used to characterize CAPE maxima, the surface flux factor, distinguishes land-sea CAPE
maxima from land surface maxima (fifth panel of Figure 12). This factor is defined as the maximum total surface
flux over the 24 hr before the time of maximum CAPE divided by the maximum plus minimum surface flux over
the same period. If the surface fluxes reach zero at any point over the diurnal cycle, this factor will be 1, whereas if
the surface flux is constant, it will be 1/2. Values close to 1 indicate that the boundary layer parcels are over land,
whereas values closer to 1/2 indicate that the boundary layer parcels are over water. The CAPE peaks in each
region mostly fall into one of these categories with events over Africa, eastern Asia, Europe, and the Americas
having high surface flux factors and events in the Middle East and South Asia having low surface flux factors (see
also Figure 2). In northern Australia, most events seem to have surface flux factors indicating ocean (<0.9), but a
significant number are around one. In southeast Australia, there is an extremely wide distribution with some
events having boundary layer parcels, which came from land and some from the surrounding ocean. It makes
sense that the boundary layer parcel behavior would be less consistent in southeast Australia, as it is troposphere
cooling that controls when these events occur rather than boundary layer warming. This statistic is especially
relevant to convective initiation, as a small surface flux factor likely indicates that there will not be enough
daytime sensible heating to overcome CIN after moisture builds up in the boundary layer. This can be seen as the
leftover CIN at the time of maximum CAPE in the land-sea composite (Figure 10).

It is worth noting that the regional differences in inhibition layer warming do not line up particularly well with the
differences in surface flux factors despite land-sea CAPE generally having less inhibition layer warming than land
surface CAPE. For example, both the Middle East and northern Africa tend to have very little inhibition layer
warming with a median of less than 1.5 K, but these regions have very different surface flux factors. The lack of
inhibition layer warming is simply due to the proximity to the Sahara or Arabian deserts, whereas the Middle East
tends to have maxima over water and Africa tends to have maxima over land. We chose to divide CAPE maxima
into land surface CAPE and land-sea CAPE based on the surface flux factor as it has more of a bimodal dis-
tribution and is important for convective initiation, but one could also define a type of CAPE maximum with large
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inhibition layer warming and one with little inhibition layer warming. To understand how CAPE tends to build up
in a region, it is vital to understand both the diurnal cycle of surface fluxes and the origin of the CIN layer.

4. Conclusion

Severe convective events are usually associated with the release of CAPE. Therefore, studying how and why
CAPE accumulates helps us understand the climatology and variability of severe convective events. We use three
principal factors to characterize the origin of high CAPE at a given time: (a) a troposphere cooling factor, (b) an
inhibition layer warming factor, and (c) a surface flux factor. The troposphere cooling factor represents the extent
to which CAPE builds up due to cooling aloft rather than to increases in boundary layer moist static energy, and
we find that only in southeast Australia is CAPE buildup dominated by troposphere cooling. Many CAPE maxima
in North America and southern South America have some contribution from troposphere cooling, and elsewhere
CAPE buildup is entirely controlled by increases in boundary layer MSE.

As CAPE buildup tends to be due to boundary layer warming or moistening, CIN is required to prevent con-
vection while energy is accumulating in the boundary layer. Our second quantity used to characterize CAPE
maxima is therefore the inhibition layer warming, indicating whether a CIN layer requires anomalously warm air
for that area or if that layer is always warm. We find that near the Sahara or the Arabian Peninsula (i.e., in central
Africa and the Middle East), the inhibition layer does not need to be significantly warmer than usual to allow for
the buildup of CAPE. In most regions around the world, inhibition layer warming of 2-5 K can allow for the
buildup of CAPE, whereas in North America and Europe, significantly more inhibition layer warming (5-10 K)
occurs before a high CAPE occurrence. Some regions, such as tropical South America, have CAPE maxima in
which the energy buildup occurs over only one diurnal cycle, therefore not requiring the presence of a CIN layer
on the previous day.

Our last identifying characteristic, the surface flux factor, is a measure of the diurnal cycle in surface fluxes over
the day before a CAPE maximum. This diurnal cycle is important for convection as a lack of daytime sensible
heating can prevent boundary layer air from overcoming the CIN layer and therefore prevent the initiation of deep
convection. High CAPE occurrences over land, such as those in the Americas, Africa, and Europe, tend to have
large values of surface flux factors and therefore may have enough sensible heating for CIN to become very small.
However, high CAPE occurrences in other regions tend to be over the ocean or seas and are unlikely to receive
enough sensible heat from the surface to trigger deep convection.

These results have significant implications for the study of CAPE and therefore severe convective events. First,
they show that if we wish to understand convective events, we must consider the local environment, as CAPE
builds up in different ways in different regions. This is also true if we want to understand how CAPE will change
under global warming or given a shift in land types; we must consider each region separately. The study of how
climate change will affect severe convective events is underway (Botzen et al., 2010; Del Genio et al., 2007;
Dessens, 1995; Kunkel et al., 2013; Seeley & Romps, 2015; Trapp & Hoogewind, 2016; Trapp et al., 2007) and
often focuses on specific regions (Chen et al., 2020; Gensini & Mote, 2015; Hoogewind et al., 2017; Pucik
et al., 2017), but work on how CAPE buildup will change with warming may provide useful insights.

Second, our results emphasize the importance of surface properties for the buildup of CAPE. In most of the world,
boundary layer energy buildup is the principal cause of CAPE, and the changes in boundary layer energy match
reasonably well with local surface fluxes. Therefore, in order for there to be CAPE buildup, there must be suf-
ficiently high total surface fluxes to yield high enough low-level MSE, and there must be enough evaporation for
boundary layer MSE and CAPE to build up before the sensible heating overcomes the CIN. Of critical importance
in land surface CAPE cases is the partitioning between latent and sensible heating during diurnal surface heating.
Emanuel (2023) showed that this partitioning as well as the total surface flux is highly sensitive to soil and
vegetation properties.

This work has made progress toward understanding CAPE buildup and how it differs among various regions.
However, we have not explained quantitatively why the Middle East, Northern Australia, and South Asia have
larger CAPE maxima than the rest of the world, or why troposphere cooling CAPE maxima tend to be of smaller
magnitude than others. Additionally, our results agree with previous work that suggests the importance of surface
moisture gradients in the buildup of CAPE (Emanuel, 2023) but only qualitatively. Using the knowledge gained in
this work, it may be possible to identify the fundamental drivers of the magnitude and frequency of CAPE maxima
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by looking at local surface properties and near-surface wind in various regions (Li et al., 2024; Munday
etal., 2023). This is an important step in quantitatively predicting and understanding CAPE maxima and therefore
severe convective events.

Appendix A: Use of Reanalysis Data

ERAS reanalysis data was a vital tool in conducting this research, as it allows Lagrangian tracking of parcels of air
and estimation of air properties anywhere in the world. Although there is precedent for using ERAS to analyze
CAPE, it certainly has biases and errors, so in this appendix, we use a few case studies to compare ERAS to
observations. We explore differences between observed soundings and reanalysis, discuss implications for our
results, and show why equatorial Africa was excluded from our analysis despite having severe convective events
and high CAPE occurrences. This appendix is not a systematic study, but it gives a sense of how we expect
reanalysis to compare to observations in various regions and what types of differences there will be.

We use sounding data retrieved from https://weather.uwyo.edu/upperair/sounding.html and compare them to the
reanalysis data described in Section 2. In equatorial Africa, few soundings are available from this source, so we
use soundings taken in Ouesso, Congo from https://data.ceda.ac.uk/badc/ukmo-rad/data/congo/ouesso. ERAS
reanalysis is run on a spectral grid of finite resolution, whereas observed soundings are taken at a specific point in
space, so we would not expect perfect matches even if reanalysis data had no bias. Specifically, sounding data
should be far more variable, while reanalysis should be smoother. In this appendix, we give eight examples of
comparisons between reanalysis and sounding data from six different locations. We conclude that although there
is certainly some error in reanalysis everywhere in the world; in most cases, these errors are rare or small enough
that we believe our conclusions are valid. Over equatorial Africa, on the other hand, observations are rare and
often differ enough from reanalysis data that our methods cannot be used to draw conclusions about high CAPE
occurrences in that region.

Our first example is from the beginning of July 2012, near Minneapolis, Minnesota, United States (45°N,
93.25°W in reanalysis, MPX station for soundings) and is chosen due to its proximity to the first sample CAPE
maximum displayed in Figure 3. At the time of each sounding from July 1 to 6, the A8y, of parcels lifted from 975,
950, 925, and 900 hPa are calculated throughout the relevant column for the soundings and reanalysis. The
resulting CAPE and CIN are also computed, and these results are displayed in Figure A1l with the parcel lifted
form 925 hPa represented by lines, and the error bars representing the range of values achieved from the other
lifted parcels. Although these are not technically “uncertainties,” the error bars indicate the range of possible
values achieved, and we can understand these ranges as being due to variability in one data set that may or may not
exist in the other.

In both reanalysis and soundings, there is a substantial amount of CAPE over the first 3 days of July 2012, a local
minimum of CAPE at 6 a.m. local time on July 3rd, then another period of some CAPE over the next few days.
However, the amount of CAPE is quantitatively different with consistently less CAPE in reanalysis than in
soundings. Meanwhile, there is a small amount of CIN in both reanalysis and soundings throughout this period
with slightly more CIN in reanalysis.

Although the values of CAPE are important, the vertical structure of buoyancy is of more direct relevance to the
conclusions of this work. Therefore, we show A#y, at the time of each sounding in the bottom panels. The ac-
curacy of reanalysis as well as the size of the error bars in the soundings varies significantly over this period. In
most snapshots, reanalysis Ay is within uncertainty at almost every vertical level, and it does especially well in
the first, fourth, fifth, seventh, and eleventh time steps. However, reanalysis is sometimes significantly different
from the sounding, such as on July 1 at 6 p.m. (3rd column); more detail about this time is shown in Figure A2. At
that time, the temperature (left panel) is an extremely good match between reanalysis and soundings with very few
discrepancies and none in the lower troposphere. However, the humidity (middle panel) is quite different in
reanalysis and soundings, especially in the lower levels, where the sounding humidity is significantly larger. This
has a large effect on Ay (right column), as that humidity becomes excess buoyancy above the lifted condensation
level.

By contrast, on July 2nd, at 6 p.m. (fifth panel, and Figure A3) the reanalysis and sounding A8\ are very similar.
The range of sounding values due to lifting from different pressures is large, and we can look at the temperature
(left panel) and humidity (central panel) to understand why. The temperature is once again a near perfect match
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Figure A1. Comparing reanalysis (dashed) and sounding (solid) data for Minneapolis in the first 6 days of July 2012. Time series of CAPE (top panel) and CIN (middle
panel) are shown as well as vertical profiles of Afy (lower panels, parcel lifted from 925 hPa) every 12 hr from midnight GMT (~6 p.m. local time) on July 1 to noon
GMT on July 6 (~6 a.m. local time). Vertical dashed lines indicate zero. The ticks indicate midnight/noon GMT, or 6 p.m./a.m. local time. Error bars indicate the range of
results achieved by lifting from 975, 950, 925, and 900 hPa. Note that the first sounding is from 6 p.m. June 30, local time, as this corresponds to midnight, July 1, UTC.

between reanalysis and humidity with small differences in the middle troposphere. The sounding humidity,
however, is much more variable in the lower troposphere. The low level humidity variability creates wide error
bars in Ay (right panel) for the sounding, as the buoyancy is very sensitive to the humidity of the lifted parcel.
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Figure A2. Temperature (left), mixing ratio (middle) and Aéy, profiles for reanalysis (orange) and sounding (red) data from 1
July 2012, 6 p.m., near Minneapolis, USA. The error bars in the third panel correspond to the range of Afy achieved from
lifting the parcels at 975, 950, 925, and 900 hPa.
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Figure A3. As for Figure A2 but for July 2, 6 p.m.

We show a third sample time in which the sounding has large error bars on Ay, but the “best estimate” from the
soundings does not match reanalysis well. On July 3rd, 6 a.m. (6th snapshot in Figures Al and A4), there is a
substantial CAPE and CIN in both reanalysis and the sounding. The best estimate from the sounding has less CIN
and more CAPE, but the uncertainty includes the values of reanalysis. This is because the near surface humidity of
the sounding is extremely variable below 900 hPa. The exact choice of which of these parcels to lift will
dramatically change the sounding Afy, but not that of reanalysis. As with the other soundings, the temperature
matches well. At first glance, it would appear that this is an example of reanalysis having significant bias
compared to the sounding, but it may simply be due to the nature of the reanalysis product.
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Figure A4. As for Figure A2 but for July 3, 6 a.m.
TUCKMAN AND EMANUEL 19 of 30



I Vedl .
A\I Journal of Geophysical Research: Atmospheres 10.1029/202471D041833
June 1-6, 2012, Minneapolis (45 N, 93.25 W)

S 6pm 6am 6pm 6am 6pm Bam 6pm 6am 6pm 6§1m 6pm 6am

é 6 :’—W‘ T T I I I T T I I =
<4 —Soundings m
wor .
So=—= t ; t i t t

——Reanalysis
——Soundings

e

coooo
NhO®
CIN (J/kg)

w
o
o

(9]
o
o

Pressure (hPa)

900 [

-10

1300

1600

1900

L L L L n " L s

0 -10 10 -10 10 -10 10 -10 10 Aby 10 10 -10 10 -10 10 -10 10 -10 10 -10 10

Figure AS5. Same as Figure A1 but for June. The ticks indicate midnight/noon GMT or 6 p.m./am local time.

Next, we wish to look at soundings from Minneapolis at a time of low CAPE. Figure A5 shows the same
quantities as Figure A1 but for June 2012. Both reanalysis and soundings show no CAPE and undefined/no CIN
for these days. The vertical structure of Ady, matches very well between the two data sources in this case with the
exception of June 3rd, 6 a.m.

At that time, there is significantly more negative buoyancy above 700 hPa in the sounding than in reanalysis.
Figure A6 demonstrates that this is due to low level humidity being smaller in the reanalysis data than in the
sounding.
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Figure A6. As for Figure A2 but for June 3, at 6 p.m.
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Figure A7. Same as Figure A1 but for Iguazu falls in the first 6 days of December 2012. The ticks indicate midnight/noon GMT or 8 p.m./a.m. local time.

Overall, we believe that the reanalysis does a reasonable, but not perfect, job of matching observations in
Minneapolis, Minnesota, a region with relatively abundant observations. The nature of reanalysis, as a gridded
product with finite resolution, implies that the data will be artificially smoothed, and this can dramatically change
convective properties when applied to low level humidity. Additionally, there are several examples of reanalysis
systematically underestimating or overestimating low level humidity, but we cannot determine from the data here
whether this is also due to the averaging over a large area.

Our second sample location is Iguazu falls, Brazil (25.5°S, 54.5°W in reanalysis, the SBFI station for soundings),
and we examine the first few days of December 2012 (Figure A7). Overall, the quality of the match between
reanalysis and observations here is similar to in Minneapolis with reanalysis being within uncertainty of most
soundings but having a few large discrepancies (on December 3 and December 5 at 8 p.m. local time). It is worth
noting that at the two times where reanalysis does not match the sounding, the uncertainty in the soundings is
large.

A snapshot at a time with large uncertainty is given in Figure A8 from December 3 at 8 p.m. As with the soundings
over Minnesota, it is clear that the large uncertainty in the sounding A8y is due to variations in lower level
humidity. The differences between sounding and reanalysis at other times are, as before, due to biases in low level
humidity (not shown).

Our third example location is Majuro, an equatorial Pacific island, chosen due to its representing an ocean climate.
This is important as many of our high CAPE occurrences take place over water, but soundings tend to be over
land. Figure A9 shows CAPE, CIN, and A#y in soundings and reanalysis for the first 6 days of July 2012. Almost
all of the A8y profiles match well between reanalysis and observations with the exception of 4 July 2012, at 11 p.
m. Additionally, the first two soundings have large uncertainties.

The large uncertainties in Majuro, just as in previous examples, are due to variable low level humidity (e.g.,
Figure A10). Interestingly, the sudden changes in humidity in this example may be due to observational error, as it
is unlikely that humidity changes as quickly with height as is indicated by the observations.

The time in which Majuro profiles do not match between reanalysis and soundings is shown in Figure A11. This is
the most extreme example so far of reanalysis not being reliable, as it systematically underestimates humidity and
temperature everywhere below 650 hPa. This leads to a large difference in A8y, above this layer. Although this
discrepancy is concerning, it is the exception, and most reanalysis data studied in Majuro is within uncertainty of
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Figure A8. As for Figure A2 but for Iguazu Falls, Brazil, on 1 December 2012, at 8 a.m.

the soundings. It is also worth noting that the uncertainty in Ay, from this sounding includes zero (Xu &

Emanuel, 1989).

Another ocean-like climate, that of Puerto Princesa in the Philippines, is explored in Figure A12. In this example,
reanalysis overestimates A6y, almost half the time (first, fifth, sixth, eight, and tenth panels) and is roughly ac-
curate the rest of the time. However, even when this overestimation occurs, reanalysis is often within uncertainty
of the soundings. These examples (not shown) are similar to previous ones where reanalysis overestimates low
level humidity, but the mixing ratio in the soundings is highly variable near the surface.
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Figure A9. Same as Figure Al but for Majuro in the first 6 days of July 2012. The ticks indicate midnight/noon GMT or 11 a.m./p.m. local time.
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Figure A10. As for Figure A2 but for Majuro, Marshall Islands, on 1 July 2012, at 11 a.m.

In Iguazu falls and the two ocean climates studied, there are important and somewhat frequent errors in reanalysis.
Despite this, on most days, the reanalysis Ay, profile is plausible given the nature of the product, and we believe
that our conclusions will not be affected by the times when reanalysis systematically overestimates or un-
derestimates the near-surface humidity in these regions.

Finally, we wish to assess reanalysis in a region where there are relatively few observations, that is, tropical
Africa. We first study soundings from Ouesso, Congo and then from Ouagadougou, Burkina Faso. The soundings
in equatorial Africa (Ouesso) are rare and differ significantly from reanalysis. However, soundings from just
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As for Figure A2 but for Majuro, Marshall Islands, on 1 July 2012, at 11 a.m.
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Figure A12. Same as Figure A1 but for Puerto Princesa in the first 6 days of May 2012. The ticks indicate midnight/noon GMT or 8 a.m./p.m. local time.

south of the Sahara (i.e., those from Ouagadougou) match reanalysis better. The sounding data from Ouesso were
retrieved from https://data.ceda.ac.uk/badc/ukmo-rad/data/congo/ouesso.

We analyze two sets of soundings from Ouesso, first from 1 to 6 August 2013 and then from 1 to 6 December
2012. In the first time series (Figure A13), the reanalysis data consistently have more CAPE than the soundings
with significant CAPE nearly every afternoon. Although CAPE does not match well, the vertical structure of A8y,

August 1-6 2013, Ouesso, Congo (1.5 N, 16 E)
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Figure A13. Same as Figure Al but for Ouesso in the first 6 days of August 2012. The ticks indicate midnight/noon GMT or 1 a.m./p.m. local time.
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Figure A14. As for Figure A2 but for Ouesso, Congo, on 5 August 2012, at 1 a.m.

is much better. Specifically, although there are very few data points from the soundings, they tend to be within
uncertainty of reanalysis with the largest exception of August 6, at 1 p.m.

Soundings that do not compare well between reanalysis and soundings in Ouesso will be discussed later, first we
look in more detail at a well-represented sounding that of August 5, 1 a.m. (Figure A14). In this example, the
humidity at low levels is slightly higher in soundings than in reanalysis, but the values are similar. However, the
mid-troposphere temperature is slightly lower in reanalysis, leading to a more positive A8y in that region. Unlike
in previous examples, the vertical resolution of reanalysis is better than that of the sounding, so reanalysis can
appear more variable.

Remaining in Ouesso, we now study soundings from December 2012 (Figure A15). Here, reanalysis is much
worse at capturing the sounding structure than in all previous examples. The total amount of CAPE is significantly
higher in reanalysis than in soundings at almost all times, and it is rarely within uncertainty.

For the A@y, profiles, reanalysis is not within uncertainty of the sounding for much of the free troposphere in about
half of the soundings. The soundings are incomplete at some times, an example of which is shown in Figure A16.
At this time, the sounding reached only about 400 hPa. Regardless, we see that reanalysis has excess humidity in
the lower troposphere, leading to excess A8y throughout the part of the column for which we have data. In this
case, the sounding does not reach the level of neutral buoyancy, and so the total amount of CAPE is not
meaningful.

Next, we show the reason for the anomalously large error bars in the 11th panel of Figure A13. In this example,
the reported temperature and dew point temperature at 970 hPa are unreasonable (359 and 355 K, respectively,
Figure A17). This leads to a large amount of A#y when lifting from this level of the atmosphere, causing a huge
uncertainty. Overall, soundings from Ouesso do not match reanalysis as well as those of the previous locations.

Our last set of soundings is from Ouagadougou, Burkina Faso, taken during the beginning of July 2012
(Figure A18). These soundings, retrieved from https://weather.uwyo.edu/upperair/sounding.html, are available
only once every 24 hr and reach only around 300 hPa. The total sounding CAPE is not meaningful, as the height of
the level of neutral buoyancy is unknown. Therefore, we focus on the vertical profile of A6y,. Overall, reanalysis
matches the soundings rather well except for a large difference on July 1 and a large uncertainty in the sounding on
July 4.
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Figure A15. Same as Figure A1 but for Ouesso in the first 6 days of December 2012. The ticks indicate midnight/noon GMT or 1 a.m./p.m. local time. Soundings that do
not reach the top of the plot or that have extreme values (December 2nd at 1 p.m., December 3rd at 1 a.m., December 4th at a.m., and December 6 at 1 a.m.) are due to
incomplete or unreasonable data.

The first of these is examined in Figure A19. As with previous examples, the temperature matches well between
reanalysis and soundings, but the lower level humidity is significantly different. Specifically, a drier lower
troposphere leads to decreased Ay in the mid-troposphere.

Our final example sounding is from 4 July 2012 in Ouagadougou (Figure A20). As with previous examples in
which the sounding A8y, has a large uncertainty, the lower-level humidity is highly variable. Specifically, there is
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Figure A16. As for Figure A2 but for Ouesso, Congo, on 3 December 2012, at 1 a.m.
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Figure A17. As for Figure A2 but for Ouesso, Congo, on 6 December 2012, at 1 a.m.

a significant increase in humidity at around 950 hPa, and lifting parcels from below this level will lead to a much
lower Ay than from above this level. The reanalysis data is much smoother, but even significantly above this
level, reanalysis humidity is still lower than that of the sounding. It is unlikely for humidity to be as variable as the
sounding indicates on large spatial scales, so it makes sense that reanalysis would be smoother. However, the

overall dryness in reanalysis may be due to bias rather than smoothing.

July 1-6, 2012, Ouagadougou, Burkino Faso (12.25 N, 1.25 W)
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Figure A18. Same as Figure Al but for Ougadougou in the first 6 days of July 2012. The ticks indicate midnight/noon local time.
TUCKMAN AND EMANUEL 27 of 30



I .¥Yedl .
NI Journal of Geophysical Research: Atmospheres 10.1029/2024JD041833

ADVANCING EARTH
AND SPACE SCIENCES

July 0, 12pm, Ouagadougou

Reanalysis
—Sounding
300 - 7 1 g
©
o
=
o
=
% 600 1 r 1t 1
o
o
900 - 1 7 1 r 1
-100 -50 0 50 0 5 10 15 -10 0 10
T(C) Mixing Ratio (g/kg) A 0V

Figure A19. As for Figure A2 but for Ouagadougou, Burkino Faso, on 1 July 2012, at noon.

In summary, most of our sample soundings were a reasonable match for reanalysis. However, in equatorial Africa,
data is rare and can give results quite different from reanalysis. Specifically, a significant proportion of the
observations we looked at in Ouesso, Congo, did not have uncertainties, which were consistent with ERAS data.
Therefore, we do not believe our Lagrangian method of tracking air properties would be reliable in this region.
Specifically, we do not study high CAPE occurrences between 4°N and 15°S in Africa. In other regions, although
there are certainly times when reanalysis does not match observations well, these times are relatively rare and
likely due to the nature of reanalysis products rather than errors. Therefore, we believe that reanalysis represents
the Earth system well enough in most regions to make use of it in the way we have in this work.
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Figure A20. As for Figure A2 but for Ouagadougou, Burkino Faso, on 4 July 2012, at noon.
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