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Abstract A 16-year Tropical Rainfall Measuring Mission convective feature (CF) data set and
ERA-Interim reanalysis data are used to examine the nonlinear relationships between thermodynamic
environments and the probability of high-flash rate thunderstorms. First, Bayesian-like probability
functions are established between preselected ERA-Interim thermodynamic variables and the high-flash
rate CFs. Then, the global geographical distribution of high-flash rate thunderstorms is validated by
applying these functions to the reanalysis data. The results suggest that a sole environmental factor has
limited skill to estimate the probability of these events. The combination of four variables, including
Convective Available Potential Energy, convection inhibition, low-level shear, and warm cloud depth, may
be used to derive a geographical distribution of high-flash rate events that is close to the observations. The
strong land-ocean contrast in the frequency of high-flash rate thunderstorms and some hot spot regions
can be closely reproduced based only on these four variables from the reanalysis data. This indicates that the
land-ocean contrast in the occurrence of high-flash rate thunderstorms can be largely interpreted by the
fundamental differences between the thermodynamic conditions over land and ocean.

1. Introduction

Extreme weather events are increasingly drawing our attention due to a growing concern that they will
have an increasing impact on humans and societies, no matter where they occur, exacerbated by natural
and anthropogenic climate change. Despite continuous improvements in observation and modeling tools,
the prediction of these events, especially of intense ones, remains a considerable challenge (Gallus et al.,
2005). The prediction of extreme weather events that produce significant amounts of lightning continues
to be a difficult task and a fascinating scientific challenge because they occur in a wide range of weather
regimes and have various sizes and lifetimes (e.g., Feng et al., 2016; Foote & Mohr, 1979; Wilson
et al., 1998).

While numerical models have proven useful in improving our understanding of thunderstorms in the atmo-
sphere, operational numerical models, with a horizontal grid spacing of about 10 km, have often failed to
predict not only the location and time of convective initiation (Anquetin et al., 2005; Meif3ner et al., 2007)
but also the type and intensity of thunderstorms (e.g., Kain et al., 2013; Mecikalski et al., 2015; Romero
et al., 2015). Alternatively, the statistical approach of meteorological covariates can be used to investigate
the occurrence of these extreme events (Brooks et al., 2003; Brown & Murphy, 1996). Covariates relate envir-
onmental conditions that are well observed in space and time to the weather events of interest. This method
has led to many of the current forecasting approaches for intense thunderstorms. For example, proximity
soundings, where observations from radiosondes are taken in the vicinity of tornadoes, have been used to
understand environmental conditions associated with tornadoes (Rasmussen & Blanchard, 1998).
Parameters calculated from sounding data are widely used to identify the preconvective environments that
favor intense thunderstorms. These parameters and indices generally reflect the potential for the develop-
ment of intense thunderstorms, making it possible to quantify the uncertainty implicit in any forecast
(Kaltenbock et al., 2009; Murphy, 1977).

In the past decades, various thermodynamic and kinematic parameters have been designed to characterize
the conditions that could favor the formation and development of thunderstorms.
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As a forecasting tool for gauging the likelihood of intense thunderstorms, Convective Available Potential
Energy (CAPE) is frequently used in past studies. This is because the relative motion of hydrometeors inside
the cloud depends on the updraft speed. The strength of updraft is directly related to the vertical profile of
CAPE (Blanchard, 1998; Doswell & Evans, 2003; Doswell & Rasmussen, 1994). CAPE has also been used
in cumulus parameterizations in general circulation models (e.g., Moncrieff & Miller, 1976; Washington &
Parkinson, 2005; Ye et al., 1998) and as a predictor of lightning intensity in deep tropical convection
(Williams et al., 1992). As a complementary parameter to CAPE, convection inhibition (CIN) is another vari-
able that plays an important role in the development of intense convection (e.g., Davies, 2004; Mapes, 1998;
Stensrud, 2007). Convection is often widespread but shallow in the absence of CIN (Bennett et al., 2006). The
presence of CIN can allow for the accumulation of heat and moisture, creating the potential for intense con-
vection. In addition to CAPE and CIN, low-level wind shear has also gained wide acceptance by the forecas-
ter community as a parameter to identify potential intense weather (Rotunno et al., 1988; Weisman &
Rotunno, 2004). Weisman and Klemp (1986) suggested that the bulk Richardson number, which combines
CAPE and surface to 6-km wind shear, can be used to differentiate storm type, organization, and lifetime.
Since then, many researchers have used proxies that combine CAPE and wind shear to model the occurrence
of intense convection (e.g., Allen et al., 2015; Diffenbaugh et al., 2013; Sander et al., 2013).

Williams et al. (2005) present that an elevated cloud base height may increase the cloud water concentration
in the mixed-phase region. This is important because the presence of ice particles in this region is necessary
for cloud electrification (e.g., Houze, 1993; MacGorman & Rust, 1998; Takahashi, 1978). Higher cloud base
height could result in less entrainment (McCarthy, 1974), stronger updrafts (Williams et al., 2005), and ulti-
mately, higher liquid water content in the mixed-phase zone. In addition, a higher cloud base height also
implies a shallower warm cloud depth (WCD), which is the distance between the cloud base height and
freezing height. A shallower WCD allows less time for droplets to interact for coalescence (Pierce, 1958)
and results in a higher liquid water content in the mixed-phase and charging zone from the freezing of large
raindrops (Rosenfeld & Woodley, 2003). Stolz et al. (2015) also confirmed that lightning density and the aver-
age height of 30-dBZ echoes are higher for storms with a shallower WCD, compared to those with a deeper
WCD. In their multiple linear regression model to predict global lightning activity, they suggested that
WCD, CAPE, and cloud condensation nuclei are among the most influential predictors accounting for the
variation of convective intensity (Stolz et al., 2017).

In addition to the thermodynamic and kinematic factors above, other parameters have been used in
the past to evaluate the potential for intense convection, including low- and middle-level humidity
(e.g., Manzato, 2012; Sherwood et al., 2010; Wissmeier & Goler, 2009), lifted index (LIsgo, €.g., Galway,
1956; Manzato, 2012; Xia et al., 2018), and total column water vapor (TCWV, e.g., Holloway & Neelin,
2009; Schiro et al., 2016; Tompkins & Semie, 2017). Although these parameters may influence convective
activity in different ways, no parameter could characterize the state of the atmosphere on its own.
Therefore, this study explores the influence of these parameters/factors individually and jointly on the
probability of intense thunderstorms.

In past investigations of intense thunderstorms, satellites have provided valuable information about the glo-
bal distribution of intense convection (e.g., Cecil & Blankenship, 2012; Liu & Liu, 2016; Spencer & Santek,
1985; Zipser et al., 2006). The near-uniform global coverage of satellites makes them continue to be the most
efficient tools to advance the understanding of extreme weather events. As one of the most successful mis-
sions during the past decades, the Tropical Rainfall Measuring Mission (TRMM, Kummerow et al., 1998)
has provided us a clear picture of the distribution of thunderstorms and lightning activity across the tropics
and subtropics (Albrecht et al., 2016; Houze et al., 2015; Liu & Zipser, 2005; Zipser et al., 2006). In order to
describe the regional variation of thunderstorms from the perspective of thermodynamic environments,
here we focus on the large-scale thermodynamic environments from reanalysis data sets for intense convec-
tive systems observed by TRMM.

The objective of this study is to investigate the relationships between the thermodynamic variables such as
CAPE, CIN, and low-level wind shear individually as well as jointly and the probability of intense thunder-
storms. Then, these relationships are used to interpret the global geographical frequency distribution of
intense thunderstorms. With this objective, lightning flashes, a commonly used proxy to recognize intense
thunderstorms (e.g., Carey et al., 2003; Lang & Rutledge, 2002; MacGorman & Burgess, 1994), are used to

LIU ET AL.

12,508



100 Journal of Geophysical Research: Atmospheres 10.1029/2019JD031254

'AND SPACESCIENCE

Table 1
Percentage of CFs With More Than 50 Flashes and Mean and Standard Deviation of Selected Intensity Proxies for Those CFs Over Land and Ocean
Percentage of Convective
high-flash rate Maximum 40-dBZ Minimum PCT Minimum PCT precipitation
CFs (%) echo tops (km) at 85 GHz (K) at 37 GHz (K) area (kmz)
Land 0.38 10.7 £ 2.2 111 + 29 211 + 24 3,439 + 3,083
Ocean 0.02 99+19 103 + 25 205 + 24 4,057 + 3,102

identify these rare events. The lightning flashes are observed by the Lightning Imaging Sensor (LIS) on the
TRMM satellite. The LIS provided 16+ years of continuous total lightning observations with high detection
efficiency across the tropics and subtropics after its launch in 1997. The 16 years of TRMM data and analysis
methodology used in this study are introduced in section 2. The results are presented in section 3, which
includes the relationships between several selected atmospheric factors and the occurrence of intense
thunderstorms, the reconstructed geographical distribution and seasonal variation of those events
predicted by these relationships, and the relative importance of these atmospheric variables over
selected regions.

2. Data and Methods

Two data sources are used in this study to investigate the occurrence of intense thunderstorms based on their
relationship to atmospheric variables. One is the database of TRMM convective features (CFs) and their
properties. In addition, the ERA-Interim reanalysis data (Dee et al., 2011) are used to calculate the thermo-
dynamic variables for each CF.

2.1. TRMM Feature Data Sets

The study uses a 16-year (1998-2013) CF data set that is derived from the TRMM version 7 products, with a
coverage of 36°S-36°N. A CF is defined by grouping contiguous convective precipitation pixels observed by
the TRMM Precipitation Radar (Liu et al., 2008). In this analysis, only CFs with at least four contiguous pix-
els (with size ~75 km?) are used, in order to limit the noise. CFs with at least four contiguous pixels are here-
after referred to as CFs. The LIS detects both cloud-to-ground and intracloud lightning activity within ~92 s
of the overpass time after the boost of the satellite orbit in August of 2001 (Albrech et al., 2011). Each LIS
lightning flash is assigned to the nearest Precipitation Radar pixel. Then, the lightning flash count is sum-
marized for each CF. Having collected lightning measurements for over 16 years, LIS has been especially
useful in the effort to understand lightning activity in remote regions of the world that have limited
ground-based observations (Cecil et al., 2014; Virts et al., 2013; Zipser et al., 2006).

A total of ~25 million CFs from 16-year TRMM observations are used in this study. The large sample size of
CFs over the TRMM domain makes it possible to examine these rare events across the tropics and subtropics.
With a focus on convection that produces intense weather, we define CFs with more than 50 flashes (>32
flashes/min; about the top 0.38% flash rate over land and 0.02% over ocean) as intense thunderstorms in this
study. To verify that the CFs with more than 50 flashes are indeed intense, mean values of a few other proxies
for convective intensity, including the maximum 40-dBZ echo top height and minimum brightness tempera-
ture at the 85- and 37-GHz channels, are listed in Table 1. CFs with more than 50 flashes are mostly mesos-
cale convective systems with large precipitating area (>3,000 km?). These CFs have mean maximum 40-dBZ
echo top height greater than ~10 km and mean minimum 85-GHz PCT less than 112 K over both land and
ocean. Events with 40-dBZ echo tops reaching 10 km are the most extreme top 0.1% of precipitating features
in Zipser et al. (2006). Wu et al. (2016) and Houze et al. (2015) also used 10-km 40-dBZ echo top height as the
criteria for the most intense convection over the Himalayas. Therefore, though the criterion of 50 flashes in
this study is arbitrary, the selected CF events are verified as intense by other convective intensity proxies.

As shown in Figure 1, thunderstorms, especially intense ones, exhibit a strong preference for formation near
major mountain ranges, such as the east of the Rockies and Andes, south of the Himalayas, and the west of
the Mitumba mountain (Figure 1b). This is similar to the climatology map of intense thunderstorms depicted
by prior studies (e.g., Mohr & Zipser, 1996; Zipser et al., 2006; Cecil & Blankenship, 2012; Matsui et al., 2016).
As noted in Figure 1a, more CFs are sampled in subtropical latitudes due to the low inclination orbit. Here
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Figure 1. (a) Geographical distribution of the population of TRMM CFs. (b) Geographical distribution of the population of
TRMM CFs with more than 50 flashes. (c) Geographical distribution of the percentage of TRMM CFs with more than
50 flashes; boxes with less than 500 CFs have been left blank. The distribution is created on a 2° X 2° grid from 16 years
(1998-2013) of TRMM observations.

we are interested in the likelihood of high-flash rate thunderstorms under specific thermodynamic and
kinematic environments. Therefore, we focus on the probability of a CF being intense under different
environments. In each 2° x 2° grid, the percentage of intense CFs is defined as the number of CFs with
more than 50 flashes divided by the total number of CFs with at least four contiguous pixels, multiplied
by 100 (%). The geographical distribution of the percentage of intense CFs (those with more than 50
flashes) is shown in Figure 1c. Similar to the population distribution in Figure 1b, a higher percentage of
intense CFs is found over land than over ocean, with a strong preference over several specific regions,
such as Argentina, Congo, Northern Pakistan, and the south central United States, which is consistent with
Zipser et al. (2006).

2.2. Thermodynamic Environments From ERA-Interim Reanalysis Data Set

The 0.75° resolution 6 hourly ERA-Interim reanalysis data (Dee et al., 2011) are used to provide the large-
scale thermodynamic environments for each TRMM-identified intense CF. The base-state variables used
in this study include fields of temperature (T), horizontal wind (u and v), geopotential heights, relative
humidity (RH) at 37 pressure levels, and 2-m temperature. First, these fields are temporally interpolated
to the CF time from 6 hourly ERA-Interim data. Then, the nearest profile to the CF is chosen from the
0.75° x 0.75° grids. For each CF, 10 levels of the atmospheric profiles are selected from the original 37 levels
(Liu et al., 2008).

Additionally, a few other parameters are derived from these base-state variables. CAPE and CIN are com-
puted using the algorithms outlined by Emanuel (1994). They are the areas enclosed between the environ-
mental temperature profile and the path of a rising air parcel between two specific height levels. The
positive area between the level of free convection and the level of neutral buoyancy is defined as CAPE,
while the negative area between the level of lifting and the level of free convection is defined as CIN. The
most unstable CAPE (hereinafter referred to as CAPE) is used in this study. It is calculated by lifting
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parcels from multiple pressure levels between the surface and about 700 hPa and finding the highest CAPE
value. The low-level wind shear (SHEAR_3 ) is defined as the difference in the horizontal wind between 1
and 3 km above ground level. The WCD is calculated by subtracting the lifting condensation level (LCL)
from the freezing level (height of the 0 °C isotherm). The specific humidity at the near surface (SHL) is cal-
culated from the 2-m dew point temperature and surface pressure, while the relative humidity at the middle
level (RHM) is averaged over the 700- to 500-hPa layer. Then, these parameters are temporally and spatially
interpolated to the time and location of each CF. The lifted index (LIsqyo) is calculated as the difference
between the environmental temperature and the temperature of a rising air parcel at 500 hPa.

All of these arbitrarily selected variables reflect certain corresponding physical processes, though some of
them are more often employed in data analysis, while others are more often employed in modeling contexts,
mostly due to historical as well as practical reasons. Note that all of these variables can be both calculated
from observations, if the relevant atmospheric variables are properly measured, or obtained from the
model outputs.

2.3. Bayesian-Like Models to Describe the Regional Variation of Thunderstorms

Because CFs with more than 50 flashes have large areas that are likely in excess of an ERA-Interim grid box,
they are unlikely to coexist with nonintense CFs within the same ERA-Interim grid. We assume that intense
and nonintense thunderstorms are mutually exclusive for this analysis. In other words, these two types of
events do not occur at the same time under the same environments. In the Bayesian-like model, the prob-
ability of intense thunderstorms can be denoted as P (intense thunderstorms|C), where C is a condition with
a predictor variable, such as CAPE and CIN. The approach is to use equation (1) to calculate the probability
of intense thunderstorms.

P(CFﬂ50‘C)

P(CEan|C) ®

P(intense thunderstorms|C) =

where P (intense thunderstorms| C) is the probability of intense thunderstorms under the condition (C) with
avalue of a certain predictor variable. P (CFgs50|C) is the number of CFs with more than 50 flashes under the
condition C, while P (CFy|C) is the number of total CFs under the same condition (C). Here the condition C
refers to a grid point with surface precipitation and a specific large-scale environment, such as a value of
CAPE and CIN or a combination of two or more variables as an environmental condition associated with
the probability of intense thunderstorms. Here, two methods are considered. The first one explores the rela-
tionship between atmospheric variables and the probability of intense CFs based on CFs over the whole
TRMM domain (36°S-36°N), including both land and ocean. The second considers the land and ocean sepa-
rately for the analysis. Then, the probability of intense thunderstorms calculated by the Bayesian-like model
is used to reconstruct their geographical distribution from atmospheric variables from ERA-Interim to better
understand the regional and seasonal variation of these events.

3. Results
3.1. Relationships Between Thermodynamic Variables and Probability of Intense CFs

The relationship between one specific atmospheric variable and the percentage of CFs with more than 50
flashes is shown in Figure 2. The percentage is calculated as the number of CFs with more than 50 flashes
(solid lines) divided by the total number of CFs (dotted lines) in each bin. Intense CFs have a higher prob-
ability of occurring over land than over ocean, which is consistent with previous studies (Cecil &
Blankenship, 2012; Spencer & Santek, 1985; Zipser et al., 2006). The probability of intense convection
remains relatively low when there is a low CAPE (<1,000 J/kg; Figure 2a). Then the probability increases
rapidly with increasing CAPE until sample size (dotted lines) becomes small enough (CAPE >4,000 J/kg)
that the estimates might be inaccurate. With a peak with CIN values between 120 and 200 J/kg, the probabil-
ity of intense CFs associated with CIN increases with increasing CIN and then starts to decrease when the
value exceeds 200 J/kg (Figure 2b). Over the ocean, the variation in the probability of intense thunderstorms
associated with CIN is small. This is because the magnitude of CIN is relatively smaller over ocean than over
land (Williams & Renno, 1993). Over land, high CIN could allow CAPE to build up rapidly through a sup-
pression of entrainment under conditions of surface heating and boundary layer growth (Parker, 2002).

LIU ET AL.

12,511



.
Journal of Geophysical Research: Atmospheres 10.1029/2019JD031254
(a) CAPE (b) CIN
2.00 4/ — Land— Ocean— All [ 2.00 E 10
Newararras, o 3 10t 175 4, ..
= F ~ . L 10t
— [ & 1507 S
Q = 3 =
s £ F = o5 .3
o F g o F 10 %
£ [ S £ 100 s
o L 10t & s 3
;5 3 10 EL § 0.75 L 10-1 E‘
I 8 0.50 &
F 107 0.25 - L 107
i 0.00
T T T T T T T T T
0 1000 2000 3000 4000 0 50 100 150 200 250 300
CAPE (J/kg) CIN (J/kg)
(©) SHEAR; _3km (d) WCD
3 10t
E g 3
B 3 5z 8 0t
& L 100 £ S 2
g E s 8 g
g g8 8 8
o [ g 0 g
. Lo £ ° £
E & n
b L 100
E 1072
T T T T T T T T T
0 5 10 15 20 25 30 0 1 2 3 4 5
SHEAR; - 3 (M/5) WCD (km)

Figure 2. Percentage of CFs with more than 50 flashes versus one specific thermodynamic variable. (a) CAPE, (b) CIN,
(c) SHEAR]_3 km, and (d) WCD. The dotted red (blue) lines indicate the total number contributing to each bin for the
TRMM CFs over land (ocean). The percentage is calculated as the number of CFs with more than 50 flashes divided by the
total number of CFs in each bin. The solid lines are for land (solid), ocean (blue), and all regions (black) in 36°S-36°N.

Convection tends to be more widespread but shallower over the ocean under lower CIN conditions in
comparison to that over land. The probability of intense events as it relates to wind shear shows a
bimodal dependence on the shear (Figure 3c), which has also been suggested in a prior study
(Westermayer et al., 2016). They have explained this bimodal distribution of the probability of
thunderstorms related to wind shear by a combination of two effects. First, towering cumulus clouds are
not tilted and are more likely to develop into intense thunderstorms in a weak shear environment than in
a strong shear one. On the other hand, strong wind shear usually occurs in the vicinity of fronts or jets,
which could help initiate and maintain the well-organized systems once they form. However, moderate
wind shear is detrimental to the isolated storms and is not sufficient to initiate organized convection by
the frontal systems. The pattern of the probability of intense thunderstorms as a function of WCD shows
a peak when WCD values are between 2 and 3 km, though most of the CFs have WCD deeper than 3.5 km.

Figure 3 shows the population of total CFs (contours) and probability of intense CFs (color fill) as a function
of two environmental variables, based on CFs over the whole TRMM domain. The number of samples is suf-
ficiently large, as shown by the gray contours. These represent the two-dimensional histogram of the popu-
lation of CFs as a function of two of the four variables: CAPE, CIN, SHEAR;_3 1m, and WCD. Environments
with small CAPE (<1,000 J/kg) are not favorable for intense thunderstorms (Figure 3a). In environments
with moderate CAPE (1,000-2,500 J/kg), the probability of intense CFs associated with moderate CIN
(100-200 J/kg) is higher than that associated with small CIN (<50 J/kg). This implies that CIN may help
accumulate the moist static energy and increase the potential for intense thunderstorms in environments
with moderate CAPE. Environments with large CAPE (>3,000 J/kg) and small CIN (<100 J/kg) are also
favorable for intense convection. As a widely accepted factor for identifying intense weather days, larger
low-level wind shear is associated with a higher probability of intense CFs for a constant value of CAPE
(Figure 3b). Under an unstable environment with CAPE >2,000 J/kg, shallower WCD is favorable for
intense thunderstorms (Figure 3c). This is consistent with the results shown by Stolz et al. (2015) that the
total lightning density increases with decreasing WCD. With moderate CIN (100-200 J/kg), an
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Figure 3. Percentage of CFs with more than 50 flashes versus two specific thermodynamic variables jointly. (a) CAPE
and CIN, (b) CAPE and SHEAR_3 xm, (c) CAPE and WCD, and (d) CIN and SHEAR;_3 k. Contours represent the
distribution of the population of CFs. The color fill shows the percentage of CFs with more than 50 flashes as a function of
two variables.

environment with stronger low-level wind shear is more favorable for intense thunderstorms than an
environment with weaker wind shear (Figure 3d).

3.2. Reconstruct the Probability of Intense Thunderstorms From Thermodynamic Variables

As shown in Figures 2 and 3, the relationships between the probability of intense thunderstorms and their
environmental variables have major implications for understanding which environments are able to support
intense thunderstorms. Therefore, the relationships computed from equation (1) are used as lookup tables to
examine the regional variation of intense thunderstorms.

3.2.1. Using one thermodynamic variable

The probability of intense thunderstorms is estimated by applying the lookup tables to one environmental
variable, which is derived from 6 hourly ERA-Interim reanalysis data with a 0.75° x 0.75° horizontal resolu-
tion. Note that the probability of intense CFs is conditional in Figure 2. In other words, it is the probability of
intense thunderstorms under the condition that a CF occurs. Therefore, the precondition of precipitation rate
greater than zero (millimeter per hour) is considered in order to apply the lookup tables. The precipitation
rate is derived from the 3 hourly, 0.25° x 0.25° TRMM 3B42 (v7) precipitation products (Huffman et al.,
2007). To be consistent with the resolution of ERA-Interim reanalysis data, the TRMM 3B42 data are linearly
interpolated onto the same ERA-Interim 0.75° x 0.75° grid. Then, on each reanalysis grid point with precipi-
tation greater than zero, the probability of intense thunderstorms is estimated by applying the lookup tables.
To further explore the geographical distribution of intense thunderstorms, the average of the probability of
intense thunderstorms is reconstructed on a 2° X 2° grid, as shown in Figures 4 and 5.

Figure 4 shows the reconstructed geographical distribution of the probability of intense thunderstorms from
one environmental variable, based on the lookup table created for the whole TRMM domain without consid-
eration of land versus ocean in Figure 2. Unsurprisingly, the performance is poor when only one environ-
mental factor is considered to estimate the probability of intense thunderstorms. The geographical
distribution in Figure 4a reveals that regions with higher probability of intense thunderstorms estimated
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Figure 4. Estimated geographical distribution of the percentage of intense thunderstorms based on individual environ-
mental variables. (a) CAPE, (b) CIN, and (c) SHEAR;_3 k. The probability of intense thunderstorms is estimated
using the lookup tables shown in Figure 2. Thermodynamic variables are derived from 6 hourly ERA-Interim reanalysis
data with a 0.75° X 0.75° horizontal resolution. “All” means that land and ocean are considered together when lookup
tables are created.

from CAPE, such as the Gulf of Mexico, the Amazon, central Africa, and the Maritime Continents, are asso-
ciated with higher potential energy. However, these regions are not favorable for intense thunderstorms as
shown in Figure 1c. This implies that an atmosphere with high moist potential energy alone is insufficient
for intense convection. Regions with relative high probability of intense thunderstorms estimated by CIN
are found over land, especially downstream of major mountain ranges. This indicates that large topographi-
cal features may play an important role in creating CIN (e.g., Hanley et al., 2011; Peckham & Wicker, 2000;
Rasmussen & Houze, 2016). Low-level wind shear alone is not capable of estimating the probability of intense
thunderstorms (Figure 4c). That is why the combination of CAPE and shear is commonly used to identify the
potential for intense weather (e.g., Allen et al., 2015; Diffenbaugh et al., 2013; Sander et al., 2013).

3.2.2. Using two thermodynamic variables

The percentages of intense thunderstorm as function of two thermodynamic variables in Figure 3 are used as
lookup tables to estimate the probability of intense thunderstorms. There is a clear improvement in the per-
formance of the estimation when a combination of two environmental variables is used to reconstruct the
geographical distribution of intense thunderstorms (Figure 5). A combination of CAPE and CIN can repro-
duce the probability of intense thunderstorms over a few specific regions, such as the vicinity of the
Himalayas, West Africa, and central Africa. The underestimation over West Africa and Argentina by
CAPE and CIN indicates the important role of other factors, such as wind shear, in the probability of intense
thunderstorms (Figure 5a). Figure 5b shows that the probability of intense thunderstorms tends to be under-
estimated downstream of major mountain ranges when CIN is not considered. This confirms the results
shown in previous studies (e.g., Houze et al., 2007; Rasmussen & Houze, 2011; Romatschke et al., 2010) that
dry warm air flowing off the mountains provides a cap; therefore, the high moist energy air has more CIN to
overcome. In this case, convective instability can be stored and accumulated in the environment. Under
these conditions, intense convection is more likely to develop once the accumulated instability can be

LIU ET AL.

12,514



AAAAAAAAAAAA
'AND SPACESCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD031254

Latitude(*)
o
N
Percentage (%)

Latitude( )
o
N
Percentage (%)

Estimated by CIN & SHEAR; _ 3, (All)

S

Latitude(*)
o
N
Percentage (%)

—180 -120 —-60 0 60 120 180
Longitude(*°)

Figure 5. Same as Figure 4, but estimated with two variables. (a) CAPE and CIN, (b) CAPE and SHEAR;_3 kny, and (c)
CIN and SHEAR;_3 km.

released explosively. It is worth noting that the distinct difference of the probability in intense
thunderstorms between land and ocean can be separated by only two environmental variables, though
still overestimating over ocean.

3.2.3. Probability of intense thunderstorms using CAPE, CIN, and SHEAR; 3 i,

Prior studies (e.g., Mapes, 1997; Raymond & Herman, 2011; Weisman & Klemp, 1986) have made efforts to
estimate the occurrence of intense thunderstorms from a few environmental factors, individually and by
using two variables jointly. Here, the sufficiently large number of samples from 16-year TRMM observations
enables us to add more information to estimate the probability of intense thunderstorms. Using a similar
approach, lookup tables using three variables have been created, and the geographical distribution of intense
thunderstorms has been estimated with these lookup tables using ERA-Interim fields. The best results are
obtained from the combination of CAPE, CIN, and SHEAR;_3 i, (Figure 6). Compared to the observations
in Figure 1c, the geographical distribution of thunderstorms percentage is closely reproduced, in both mag-
nitude and general distribution pattern. For example, Argentina, another hot spot for intense thunderstorms,
starts to stand out when adding the third factor (Figure 6a). However, the occurrence is still overestimated
over ocean. When lookup tables of land and ocean are used separately, the estimated probability of intense
thunderstorms over ocean is close to the observations shown in Figure 1c. In addition, the combination of
these three factors gives a good delineation of the favorable environment for intense thunderstorms over
the southwest United States and Colombia, locations shown to be favorable for intense thunderstorms.
3.2.4. Consideration of four thermodynamic variables

Pushing the limit of the samples further, a fourth factor is added in the process of reproducing the distribu-
tion of intense thunderstorms. We tested several variables including LCL, SHL, RHM, LIsq9, TCWV, and
WCD. Here, the one with the best performance (WCD) is displayed in Figure 7. The combination of these
four factors in Figure 7a captures these hot spots of intense thunderstorms with more than 50 flashes shown
in Figure 1c, despite some overestimation over the Arabian Sea. When we apply the lookup table that con-
siders the land and ocean separately, further improvement is seen over oceans, the south central United
States, and Argentina.
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Figure 6. Same as Figures 4 and 5, but estimated with three variables: CAPE, CIN, and SHEAR;_3 k. (a) No separation
of land and ocean. (b) Considering land and ocean separately.

Together with the combination of CAPE, CIN, and SHEAR _3 i, the best performance of the fourth factor is
from WCD. In this study, we use lightning flashes as a proxy to identify intense thunderstorms, which
involves storm electrification. Electrification has been suggested to be associated with the mass of cloud
ice particles in the appropriate temperature range of 0 °C to —40 °C in models (e.g., Baker et al., 1995;
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= N

0.4
0.2
0.1

Latitude(*)
Percentage (%)

0.03

0.01

Latitude( )
o
N
Percentage (%)

1
-180 -120 —-60 0 60 120 180
Longitude(*°)

Figure 7. Same as Figures 4-6, but estimated by four variables: CAPE, CIN, SHEAR;_3 km, and WCD. (a) No separation
of land and ocean. (b) Considering land and ocean separately.
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Table 2

Mean and Spatial Correlations Between the Observed Percentage of CFs With >50 Flashes and Estimated Percentage of Intense Thunderstorms by Individual and Joint
Atmospheric Factors

Land and ocean separately Land and ocean together
Land Ocean Land Ocean
Atmospheric factors Mean R Mean R Mean R Mean R
Observations 0.53 0.10
One CAPE 0.26 0.38 0.03 0.29 0.09 0.29 0.07 0.25
CIN 0.33 0.52 0.03 0.32 0.14 0.51 0.09 0.31
SHEAR; 3 xm 0.40 0.27 0.04 0.30 0.12 0.23 0.10 0.21
Two CAPE + CIN 0.30 0.56 0.03 0.35 0.19 0.55 0.07 0.36
CAPE + SHEAR; 3 1 0.30 0.54 0.03 0.38 0.14 0.48 0.08 0.35
CIN + SHEAR; 3 xm 0.37 0.63 0.04 0.38 0.17 0.64 0.10 0.40
Three CAPE + CIN + SHEAR;_3 xm 0.31 0.59 0.03 0.41 0.21 0.59 0.07 0.41
Four CAPE + CIN + SHEAR;_3 xm + TCWV 0.39 0.61 0.06 0.44 0.29 0.60 0.10 0.42
CAPE + CIN + SHEAR; 3 xm, + LCL 0.47 0.63 0.06 0.43 0.41 0.62 0.09 0.44
CAPE + CIN + SHEAR;_3 xm + SHL 0.42 0.63 0.07 0.53 0.31 0.64 0.09 0.54
CAPE + CIN + SHEAR;_3 xm + RHM 0.45 0.63 0.07 0.45 0.34 0.61 0.11 0.44
CAPE + CIN + SHEAR;_3 xpy, + LI500 0.66 0.50 0.07 0.33 0.51 0.49 0.16 0.36
CAPE + CIN + SHEAR_3 xm + WCD 0.41 0.66 0.06 0.53 0.30 0.65 0.08 0.53

Sherwood et al., 2006). WCD, the difference between the LCL and the freezing height, is directly related to
the warm rain process and amount of water being lifted to the mixed-phase levels; this could be one of the
reasons why WCD is helpful in the estimation of thunderstorms with more lightning flashes.

In summary, Table 2 lists the mean and spatial correlations between the observed percentage of CFs with
more than 50 flashes and the estimated percentage of intense thunderstorms by individual and joint thermo-
dynamic variables. The difference in the spatial correlations between the observed and estimated probability
of intense thunderstorms tends to decrease when more factors are considered. Moreover, better performance
is found when land and ocean are considered separately than when considering land and ocean together.
This implies that factors considered cannot fully represent the contrast in the environmental conditions over
land and ocean. When more factors are considered, the differences in the performance between the two
types of lookup tables become smaller, suggesting that the combination of more factors can capture more
of the physical processes for the land versus ocean contrast. The best performance is from the combination
of CAPE, CIN, SHEAR;_3 km, and WCD, which is reflected in the highest spatial correlation between the
observed and estimated probability of intense thunderstorms. The second highest spatial correlation
between the observation and the estimation is associated with the first three and SHL. This indicates that
the low-level moisture, which has been emphasized in modeling contexts (e.g., Droegemeier &
Wilhelmson, 1985; Reap & MacGorman, 1989; Yano et al., 2013), is another important factor in the estima-
tion of intense thunderstorms. The relatively high spatial correlations for LCL and RHM suggest that they
are also useful in the prediction of intense thunderstorms. TCWYV, a useful predictor for large precipitating
systems (Chen et al., 2017), with the combination of CAPE, CIN, and SHEAR _3 i, does not show good per-
formance in the estimation of intense thunderstorms with high-flash rate. The spatial correlation related to
LIsq is relatively low, compared to other variables. One reason for this is because instability information has
already been included in the analysis by using CAPE. Although both LIsy, and CAPE have been used as
measures of instability, CAPE often provides a better overall profile of instability than LIsy,, which uses a
single atmospheric layer.

3.3. The Seasonal Variation of Intense Thunderstorms Over Selected Regions

Because the relationship between intense thunderstorms and large-scale environments could vary in differ-
ent seasons, efforts are made here to determine the seasonal variation of intense thunderstorms from the
four thermodynamic variables and their correlation with the observations over selected regions (Figure 8).
These regions include Argentina (ARGEN), Himalaya (HIMA), West Africa (WAFRICA), central Africa
(CAFRICA), and the south central United States (SCUS; boxes shown in Figure 1c). The seasonal variation
of intense thunderstorms over ARGEN is smaller than that over the other selected regions. Over CAFRICA,
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= CAFRICA (R:0.91)== WAFRICA (R:0.89) . . . . . . .

SCUS (R0.45) tions. With two peaks in spring and fall, the estimated seasonal variation
of intense thunderstorms is consistent with the observation over HIMA

and WAFRICA. The underestimation (overestimation) of the second peak

-7 in September for HIMA (WAFRICA) confirms that the favorable environ-
=3 N _ ment for intense thunderstorms varies in different seasons, even in the
NGE= same region. Over SCUS, more than 40% of thunderstorms during April,

10 12 May, and June are found to be associated with drylines (e.g., Peterson,

1983; Rhea, 1966; Schaefer, 1974), boundaries between moist air from

Figure 8. Seasonal variations of the observed (solid lines) and estimated  the Gulf of Mexico and dry air from arid regions in northern Mexico, east-
(dashed lines) percentages of intense thunderstorms over selected regions  ern New Mexico, and western Texas. However, none of the variables used

(as shown in Figure 1c): ARGEN, HIMA, WAFRICA, CAFRICA, and SCUS.
The correlations between the observed and estimated percentages of intense
thunderstorms over different regions are shown in the legend. The estimated

here are good representative parameters for these boundaries. This might
be one of the reasons that the peak of intense thunderstorms is found in

seasonal variations are created based on the four atmospheric variables: summer (June, July, and August) by thermodynamic variables while the

CAPE, CIN, SHEAR;_3 i, and WCD.

observed peak of intense thunderstorms occurs in spring and early sum-
mer (April, May, and June).

4. Discussion

Caution must be taken in interpreting the results here. First, the ERA-Interim reanalysis data have uncer-
tainties resulting from the forecast model, data assimilation, and data sources used (Courtier et al., 1994;
Dee et al., 2011; Uppala et al., 2008). The calculation of CAPE is still open to debate because of the various
assumptions about the parcel level of origin, characteristics of parcel moisture and temperature, ascent path,
and the presence or absence of the ice phase (Craven et al., 2002; Doswell & Rasmussen, 1994; Emanuel,
1994; Williams & Renno, 1993). Also, it is known that the potential energy would be released almost instan-
taneously once it is triggered by sufficient lifting, such as synoptic ascent, low-level convergence, and oro-
graphic lifting (e.g.,Berry & Thorncroft, 2005 ; Houze et al., 2007 ; Mekonnen et al., 2006 ; Rasmussen &
Houze, 2016). Second, here we have discussed the convective precipitation with high lightning rates, which
involves electrification processes. Though we refer these samples as convectively intense, the relationships to
thermodynamic variables might vary for intense convective clouds if differently identified, such as by
intense radar echoes at high altitudes. Consideration should be given in the application to different types
of systems. For example, TCWV has been suggested to be strongly associated with the large-size precipitation
systems (Zhou et al., 2013; Chen et al., 2017). Third, the effects of aerosol in the estimation of thunderstorms
are not considered in this study because of the considerable uncertainty of their role in deep convection and
lightning (e.g., Koren et al., 2012; Lee, 2012; Wall et al., 2014; Williams & Stanfill, 2002). In addition, even if
the environment is favorable for an intense thunderstorm, it does not mean one would occur. For example,
here we have not discussed the mechanism of initiation of convection. Even with these limitations, the
investigation in this study demonstrates that it is possible to utilize the satellite observed historical events
and reanalysis data to understand the relationships between large-scale environments and subgrid scale con-
vective processes. The approach used here can be developed further to parameterize proxies for thunder-
storms in climate models, reanalysis, and numerical weather prediction models.

5. Summary

The analysis of a 16-year TRMM CFs data set has shown that the probability of high-flash rate thunderstorms
is related to their thermodynamic and kinematic environmental variables. Those environmental variables,
derived from the ERA-Interim reanalysis data, include CAPE, CIN, SHEAR; 3 m, WCD, LCL, TCWV,
SHL, RHM, and LIsq,. Each corresponds to certain physical processes. In order to examine the relationships
between thermodynamic environments and the occurrence of high-flash rate thunderstorms, Bayesian-like
models are built on the probability of intense CFs and their collocated ERA-Interim environmental variables.

Two types of lookup tables have been built based on the relationship between the probability of those events
and the environmental conditions. One considers the whole TRMM domain including both land and ocean,
while the other considers land and ocean separately. Then, those lookup tables have been used to recon-
struct the geographical distribution of high-flash rate thunderstorms across the tropics and subtropics.
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The relationships between single, as well as a combination of two or more environmental variables, and the
probability of high-flash rate thunderstorms are examined. It is shown that any single thermodynamic or
kinematic variable alone cannot fully represent the global geographical distribution of high-flash rate thun-
derstorms. The general pattern of the geographical distribution derived from a combination of the four vari-
ables CAPE, CIN, SHEAR; 3 km, and WCD agrees well with the TRMM observations. The estimated
seasonal variation of high-flash rate events from these four variables over various selected regions captures
the two peaks in the seasonal variation of high-flash rate thunderstorms occurring in June and September
over HIMA and WAFRICA and small variations over CAFRICA and ARGEN.

All these results suggest that the high-flash rate thunderstorms, mainly found in certain regions and seasons,
can be largely interpreted by the specific combinations of favorable thermodynamic and kinematic environ-
ments. While this study focuses on high-flash rate thunderstorms, we speculate that similar results would
have resulted if intense thunderstorms had been defined by other intensity proxies, such as the minimum
PCT at 85 and 37 GHz and maximum 40-dBZ echo top heights.
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