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Abstract During the summer season, deep convection over the central United States has a significant
impact on the dynamics and composition of the upper troposphere and lower stratosphere (UTLS). These storms
transport tropospheric air containing trace gases, ice particles, and aerosols into the UTLS, which can affect
chemical and radiative processes over a large region. Because overshooting storms necessarily have strong
updrafts, there is a marked correlation between overshooting and the occurrence of severe weather at the
surface. Heat released by these storms also helps to drive the North American Monsoon Anticyclone (NAMA)
in the UTLS, which partially confines air injected into the stratosphere by overshooting storms. In support of the
Dynamics and Chemistry of the Summer Stratosphere (DCOTSS) project, this study is a climatological analysis
of the environmental factors that affect the occurrence of deep and overshooting storms. Using hourly analyses
of overshooting storms based on GridRad radar data and ERAS reanalyzes, we focus on the roles of convective
available potential energy (CAPE), convective inhibition (CIN), jet location, and other relevant dynamical and
thermodynamic variables. The results show that northward intrusion of airmasses containing moist high CAPE
air from the Gulf of Mexico into the central plains plays a major role in producing the conditions necessary for
overshooting storms with other factors playing secondary roles.

Plain Language Summary Using observations of the atmosphere, this research shows that strong
convective storms, which are most likely to produce heavy rain and severe weather, are regulated primarily by
the amount of energy available to drive the storms and the energy needed to initiate convection. The strongest
storms can also penetrate into the overlying stratosphere, which contains the Earth's protective ozone layer,
carrying air from the lower atmosphere into the stratosphere. This is significant in part because climate models
predict that the amount of energy available for convection will increase as the climate warms. As a result, the
impact of strong convection on the atmosphere and on the stratosphere in particular may increase over coming
decades.

1. Introduction

During the summer season, it is common for thunderstorms over the central United States to overshoot the
tropopause into the lower stratosphere (Cooney et al., 2018; Homeyer & Bowman, 2021; Homeyer et al., 2011; Liu
& Liu, 2016; Poulida et al., 1996; Roach, 1967; Smith et al., 2017; Solomon et al., 2016). Using hourly NEXRAD
radar analyses, Cooney et al. (2018) found ~45,000 individual overshooting events per year across the contiguous
U.S. (CONUS) during the warm season. Because the majority of overshooting events have lifetimes of 20 min or
less (Jellis et al., 2023), the total number of overshoots is actually several times higher. Material from overshooting
convection has been observed in the extratropics well above the 380 K isentropic level, that is, in the “overworld”
stratosphere (M. D. Fromm & Servranckx, 2003; M. Fromm et al., 2000; Holton et al., 1995; Homeyer et al., 2023;
Jost et al., 2004; Livesey et al., 2004; Wang, 2003). Radar analysis shows that the number of overshooting storms
that reach a given altitude above the tropopause falls off exponentially with altitude but ~50% extend above the
380 K isentropic level (Cooney et al., 2018). Because overshooting storms necessarily have strong updrafts, there is
a marked correlation between overshooting and the occurrence of severe weather at the surface (K. Bedka
et al., 2018; Sandmel et al., 2019).

In addition to their impact on the local tropopause layer (Gamelin et al., 2022), heat released by deep convective
storms, both overshooting and non-overshooting, helps to drive the large-scale North American Monsoon An-
ticyclone (NAMA) in the upper troposphere and lower stratosphere (UTLS) (Chang et al., 2021; Siu &
Bowman, 2019; Stensrud, 2013), which partially confines air injected into the stratosphere by overshooting
storms (Chang et al., 2023; Clapp et al., 2019).
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Overshooting storms can have a significant impact on the composition of the extratropical lower stratosphere
(Anderson et al., 2017; Dessler & Sherwood, 2004; Fischer et al., 2003; Frey et al., 2015; Gordon et al., 2023;
Hanisco et al., 2007; Herman et al., 2017; Homeyer et al., 2024; Phoenix & Homeyer, 2021; Poulida et al., 1996;
Smith et al., 2017; Weinstock et al., 2007). These storms transport tropospheric air containing trace gases, ice
particles, and aerosols into the stratosphere, which can affect chemical and radiative processes over a large region.

Numerous studies have investigated the relationship between the large-scale environment and the occurrence of
convection over the U.S., primarily focused on stability and shear parameters that can be used to improve
forecasts for severe storms producing large hail or tornadoes (Brooks et al., 1994, 2003; Craven & Brooks, 2004;
E. N. Rasmussen & Blanchard, 1998). Climatologies of these environmental parameters have also been inves-
tigated to understand the trends in environments that produce severe weather (Allen et al., 2015; Gensini &
Ashley, 2011; Koch et al., 2021; Tang et al., 2019). Prior work has shown a correlation between the occurrence of
overshooting tops and severe weather (K. M. Bedka, 2011; Marion et al., 2019; Miku§ & Mahovi¢, 2013; Punge
etal., 2017); however, the occurrence of overshooting does not always lead to severe weather, therefore the large-
scale environment for overshooting is not necessarily the same as the environment needed to produce hail or
tornadoes. In addition, studies that depend on severe weather reports are known to have significant biases as well
as spatial and temporal inhomogeneity due to the nature of the observer network (Doswell et al., 2005). Here, we
use high-frequency high-resolution gridded observations of radar reflectivity from the NEXRAD radar network
over a large part of the United States to objectively evaluate the statistical relationships between convective storm
height, overshooting convection, and large-scale environmental variables.

Along with studies of how convection is related to the environment in the current climate, considerable research
has been done on whether storm characteristics are changing and how they might change in the future. Studies
have examined trends in extreme precipitation, severe storm and tornado occurrence, tropical cyclone frequency
and intensity as well as severe snowstorms and ice storms. See, for example, Trapp et al. (2007), Brooks (2013),
Diffenbaugh et al. (2013), Kunkel et al. (2013), Feng et al. (2016), Tippett et al. (2016), Taszarek, Allen, Brooks,
et al. (2021) and the references therein. Clear trends in extreme precipitation have been found, but trends in other
parameters, such as tornado occurrence, are more difficult to discern. Trends in the convective environments,
especially those related to atmospheric stability and storm organization, are correlated with trends in precipitation
and precipitation extremes (Davis et al., 2024; Gizaw et al., 2021; Taszarek, Allen, Marchio, & Brooks, 2021).
However, to our knowledge, none of these studies have examined the relationship between the meteorological
environment and overshooting storms.

Due to our interest in how deep convective storms influence the stratosphere, this study investigates the large-
scale meteorological factors that control the occurrence of deep and overshooting storms over the United
States east of the Rocky Mountains, where overshooting storms are common (Cooney et al., 2018; Liu &
Liu, 2016; Solomon et al., 2016). Our approach is to make statistical comparisons between overshooting con-
vection and the atmospheric environment using a recently developed long-term high-resolution database of radar-
estimated echo top heights for the contiguous U.S. and dynamical and thermodynamical variables known to be
associated with deep convection taken from the ERAS Reanalysis.

2. Data

This study uses 15 years of hourly analyses of deep and overshooting convection for the warm season (April
through August) based on NEXRAD radar observations and hourly ERAS Reanalysis data. These months contain
the vast majority of overshooting events occurring over the U.S. (Solomon et al., 2016). Definitions of deep and
overshooting convection are given in the Methods section.

2.1. Radar Data

GridRad is a gridded set of radar reflectivity data from the U.S. NEXRAD WSR-88D operational radar network
(Bowman & Homeyer, 2017; Cooney et al., 2018; Homeyer & Bowman, 2021; Solomon et al., 2016). The
GridRad algorithm merges NEXRAD data from 143 radars throughout the contiguous United States (CONUS)
onto a three-dimensional rectangular grid with a horizontal resolution of 1/48° in longitude and latitude (~0.02°
or ~2 km). The vertical resolution is 0.5 km from 1 to 7 and 1 km from 7 to 22 km (28 levels). GridRad analyses
are computed at hourly synoptic times (0000, 0100, ...) for the months of April through August of 2008-2022
using the GridRad version 4.2 algorithm (Homeyer & Bowman, 2020).
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2.2. Meteorological Data

Meteorological variables are from the European Centre for Medium-Range Weather Forecasts (ECMWEF)
Reanalysis version 5 (ERAS) (Hersbach et al., 2020). The native resolution of the ERAS forecast and data
assimilation system is TL639 (31 km) with 137 hybrid sigma-pressure levels. Here, we use hourly analyses on a
regular 0.75° X 0.75° longitude-latitude grid with 37 unevenly spaced pressure levels. For this study, we use the
following ERAS derived thermodynamic variables known to be related to convective initiation and intensity:
most unstable convective available potential energy (CAPE) and convective inhibition (CIN). Comparisons
between radiosondes and global assimilated analyses show that analyses generally represent convective pa-
rameters reasonably well in the extratropics (Pilguj et al., 2022; Taszarek, Allen, Marchio, & Brooks, 2021). The
following additional variables are computed or extracted from the three-dimensional ERAS analyses: jet speed
(maximum horizontal wind speed in the layer between 500 and 100 hPa), lapse rate in the lowest 4 km of the
stratosphere (y = —dT/dz), magnitude of the vertical shear of the horizontal wind between the surface and 6 km
above the surface (JAv]), pressure-weighted relative humidity for the layer from 700 to 300 hPa (RH), the large-
scale hydrostatic vertical velocity @ at 500 hPa, and the altitude of the lapse rate tropopause.

ERAS temperature T and geopotential height Z are used to calculate the lapse rate tropopause using the WMO
definition (WMO, 1957) defined as the lowest altitude at which the lapse rate decreases to 2 K km™' or less and
the average lapse rate between this altitude and all higher altitudes within 2 km does not exceed 2 K km™'. The
tropopause altitude is used to identify deep and overshooting storms as discussed below. Comparisons of the lapse
rate tropopause altitude derived from radiosondes and the earlier ERA-Interim Reanalysis can be found in
Solomon et al. (2016). Results using ERAS are similar.

3. Methods
3.1. Echo Top Identification

Each vertical column of GridRad reflectivity data is searched for the presence of convective radar echoes. The
convective echo top altitude z,,,, is defined to be the highest grid box in a column with a reflectivity value >15
dBZ, providing also that the two grid boxes immediately below contain valid reflectivity values. In addition, the
maximum reflectivity in the column must be >30 dBZ. If all three conditions are not satisfied, no convective echo
top is identified. The 15 and 30 dBZ thresholds are selected through sensitivity testing, examination of a large
number of individual overshooting events, and comparison with data from the CloudSat Cloud Profiling Radar
(Bowman & Homeyer, 2017; Cooney et al., 2018; Homeyer, 2014; Jellis et al., 2023; Solomon et al., 2016). Errors
in the echo top height are comparable to the vertical resolution of the ERAS Reanalysis (~1 km) used to estimate
the tropopause height and are essentially unbiased (Cooney et al., 2018; Figure 2). The secondary criteria help to
remove noise due to measurement errors and non-meteorological artifacts caused by phenomena such as sun
spikes and chaff.

Two categories of convection are considered in this analysis, which we label as deep and overshooting. Deep and
overshooting convection are identified by interpolating the hourly ERAS tropopause altitude z,,,, to the higher-
resolution GridRad grid using bilinear interpolation in longitude and latitude. Where there are convective echo
tops, the tropopause-relative altitude of the echo top is computed as z,,; = Zeeno — Zugp- De€p convection is
defined as locations with z,,; > —3 km. Overshooting convection exists in columns with z,,; > 0 km. Note that
the two categories are not independent, as all of the overshooting columns are also included in the deep convection
category. Demonstration of reanalysis tropopause identification applied to the GridRad reflectivity can be seen in
Solomon et al. (2016) (their Figure 6) and in Cooney et al. (2018) (their Figure 3).

For each hourly analysis of both the deep and overshooting convection categories, horizontally contiguous
overshooting columns are grouped together to form regions, which we use as a simple objective definition of a
storm. Columns are considered to be contiguous if they are connected at either the sides or the corners. To further
reduce potentially false convective identifications, regions containing four or fewer columns are removed from
the analysis (Cooney et al., 2018).
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3.2. Conditional Averages

To make climatological comparisons of the ERAS environmental variables with the radar-based convection
analyses, both data sets are averaged over 24 hr diurnal periods. Because the minimum in convection and
overshooting over the U.S. occurs near 1500 UTC, the diurnal averaging periods run from 1600 UTC on one day
to 1500 UTC the following day. This keeps the daily active phases of individual diurnal cycles together. Similarly,
hourly convective region properties are composited over the same 24 hr periods and binned to the 0.75° ERAS
grid, giving daily values for the months of April through August of 2008-2022. Binned quantities include such
things as the number of overshooting regions per ERAS grid box and the average of the maximum altitudes of the
regions in the grid box.

Finally, climatological monthly averages of the daily ERAS variables are computed for each 0.75° grid box
conditioned on the following.

. All days (unconditional means)

. Days with overshooting convection present

. Days with no overshooting convection present

. Days with deep or overshooting convection present

. Days with no deep or overshooting convection present

. Days with deep convection present but no overshooting convection present

AN AW =

The approach is similar to that used by Feng et al. (2016), who analyzed the environmental conditions associated
with increases in longer duration and high precipitation mesoscale convective systems. Note that days with no
overshooting convection (condition 3) may have deep convection, shallow convection, or no convection. Because
the number of days with deep or overshooting convection is generally much less than the number of days without
convection, the conditional averages for conditions 3, 5, and 6 are similar to the unconditional means.

Because the goal is to understand how the synoptic-scale environment regulates deep and overshooting con-
vection, we focus on two comparisons: days with deep convection (condition 4, which includes overshooting) to
days without (condition 5) and days with overshooting (condition 2) to days with deep-but-not-overshooting
convection (condition 6).

4. Results

Deep and overshooting storms are infrequent west of 105°W and over the New England states relative to the
central plains, the coast of the Gulf of Mexico, and the southern part of the Atlantic coast. Also, NEXRAD radar
coverage is less dense in the western U.S., particularly in the interior of the Rocky Mountains and in the Great
Basin, which reduces the coverage and quality of the GridRad reflectivity fields. Therefore, results are presented
here only for longitudes between 110°W and 70°W; this region includes the vast majority of deep and over-
shooting storms that occur in the contiguous U.S. (Cooney et al., 2018).

4.1. Primary Environmental Factors Affecting Deep Convection

This section compares results from condition 4 (deep or overshooting convection present) referred to here simply
as deep convection with condition 5 (no deep or overshooting convection present). Figure 1 shows the clima-
tological monthly geographical distribution of deep convective regions for April through July (red shading).
Results for August are similar to July. The northward migration of convective events over the course of the warm
season is apparent with the largest number of events occurring in May and June, which is consistent with the
results of Cooney et al. (2018) for overshooting storms. Deep and overshooting convection tends to increase
through the summer along the southern and eastern coastal and near shore regions. The monthly geographical
distributions of overshooting convection are very similar to those for deep convection, although, unsurprisingly,
deep convection is roughly four times more frequent than overshooting convection. See Figure 10 in Cooney
et al. (2018) for maps of overshooting convection occurrence.

The contours in Figure 1 indicate the conditional mean CAPE for each grid box for days with and without
deep convection present (blue and black, respectively). For both conditions, CAPE generally increases from
April through July as the northward flow around the western side of the Bermuda High strengthens
along with the frequency of Great Plains Low-Level Jet (GPLLJ) occurrence (Blackadar, 1957; Holton, 1967,
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Figure 1. Average number of deep convective regions per grid box per month for 2008-2022 (red) and CAPE (J kg™') conditioned on the presence (blue) or absence
(black) of deep convection. Contour levels are 200, 400, 600, 800, 1,000, 1,500, and 2,000 J kg’l. The heavy black rectangle on the June map is used to compute the area

averages shown in Figure 4.

Lettau & Davidson, 1957; Parish, 2017; Ting & Wang, 2006; Whiteman et al., 1997). Both of these cir-
culation features, at different scales, bring warm humid air from the Gulf of Mexico into the central and
eastern U.S. The dominant feature in the monthly CAPE distributions is a broad tongue of high CAPE air
that extends from the Gulf of Mexico northward into the Central Plains. In regions with frequent deep
convection, differences in CAPE between days with and without deep convection are generally on the order
of 400 J kg~!. CAPE also tends to be higher above the warm Gulf Stream and along the coast of the Gulf of
Mexico and the Atlantic Ocean. These regions, the central plains and the coasts of the Gulf of Mexico and
Atlantic Ocean, coincide with local maxima in deep convection. There is a notable minimum in both deep
convection and overshooting in a broad band in the eastern U.S. east of the Mississippi River particularly
over the Appalachian Mountains.

Significantly, deep convection is not concentrated where CAPE is largest but instead occurs most frequently
along the northern gradient of the tongue of high CAPE air over the Central Plains. Locations with deep con-
vection generally have average CAPE values between 200 and 1500 J kg™', but deep convection is weak or absent
in the southern U.S. despite similarly high CAPE values. The exception is the presence of some deep storms along
the Gulf and Atlantic coasts and over Florida, particularly in June and July, which are likely due to convective
initiation by land-sea interactions (e.g., sea-breeze circulations). Diurnal periods with deep convection have
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Figure 2. Average number of deep convective regions per grid box per month for 2008—2022 (red, same as Figure 1), conditional mean CIN (J kg™!) in the absence of

deep convection (black, contour levels 20, 40, 100, 200 J kg_1 ), and the difference in conditional mean CIN (J kg_l) between days with and without deep convection
(blue, contour levels 20, 60, 100, 150 J kg_l).

average values of CAPE that are ~200-600 J kg™! greater than periods without deep convection, but it is clear that
the magnitude of CAPE alone does not control the existence of deep convection.

Another factor with a clear effect on the occurrence of deep convection is convective inhibition (CIN) shown in
Figure 2. These maps show the conditional mean CIN for days with no deep convection (black) and the difference
between the conditional mean CIN for days with and without deep convection (with minus without in blue). The
overall geographical distribution of CIN is similar to that of CAPE, but the difference in CIN between the two
cases is largest in regions with frequent deep convection particularly in June and July. During the peak months of
May and June, deep convection is most likely to occur in locations where the difference in CIN between days with
and without deep convection is ~60-100 J kg™'. For example, in June the average CIN is ~ 100 J kg™' and the
CIN difference is 80100 J kg~! over the northern plains states, where deep convection is most common. In
regions over eastern Texas and Louisiana where deep convection is infrequent, the average CIN is ~200 J kg™
and the CIN difference is only 2060 J kg™'. Although this yields a combination of large CAPE and CIN in both
regions, Solomon et al. (2016) showed that the tropopause is on average more than 3 km higher while the 10-dBZ
radar echo top frequency within 3 km of the tropopause (our definition of deep convection) is lower in the
southeast compared to the northern plains. This suggests that regions with a lower tropopause and large CIN lead
to accumulation of CAPE that is released through convection that is able to reach closer to the lower tropopause,
whereas environments with a high tropopause even with comparably high CAPE and CIN, or environments with
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Figure 3. (a) Scatterplot of the differences between CAPE and CIN for days with and without deep convection during June.
Differences are defined as the conditional means for days with deep convection minus days without deep convection.

(b) Histogram of the number of deep convection regions calculated by binning the data in panel (a). Values are normalized by
the maximum value; the contour interval is 0.1. In panel (b) the percentages indicate the fraction of deep convection regions
that occur in each quadrant.

low CIN, are more likely to result in release of energy through shallower convection that is not able to reach
within 3 km of the tropopause.

To further evaluate the joint role of CAPE and CIN on deep convection, Figure 3a shows a scatterplot of the
difference in conditional mean CAPE and CIN between days with and without deep convection for each grid box
within the entire analysis domain. Because some of the points in Figure 3a correspond to locations where deep
convection is not common, the data in the scatterplot are binned in two dimensions, and the total number of deep
convective regions are computed for each bin (Figure 3b). This weights the data more heavily toward locations
where deep convection is more frequent. The fractions of deep convective events that occur within each quadrant
are also shown in panel (b). Virtually all deep convection (99.5%) occurs on days when CAPE is larger than it is
on days without deep convection (CAPE difference > 0). CIN also plays a major role with 84.3% of deep
convection occurring on days when CIN is larger than it is on days without deep convection (CIN difference > 0).

Thus only 15.7% of the deep convection occurs on days when the CIN dif-

ference is negative, and only a negligible fraction (0.5%) occurs in locations

— where both CAPE and CIN differences are negative (lower left quadrant).

r2=0.80

Figures 1-3, which focus on the climatological time-averaged variation of
deep convection occurrence, show that CAPE, CIN, and deep convection
have clear geographical relationships with each other. To provide another
view of the relationship between environmental variables and deep convec-
tion, we examine the time variation of convection in relation to CAPE and
CIN. For this purpose, daily area averages of deep convective and ERAS
parameters are computed for the parts of the domain where deep convection is
most frequent. The averaging area for June is outlined by the solid black
rectangle in Figure 1. During June, for example, there are 450 daily area-
averaged samples of convective and environmental parameters (15 years X
30 days per month). Because CIN plays an important role in regulating

1

5

1
10
Area averaged VCAPE/2 (m/s)

{5 o0 25 convective initiation, while 4/CAPE/2, the theoretical updraft velocity of a
buoyant parcel, is related to the intensity of convection, we next look for
relationships between those parameters and deep convection. The results can

Figure 4. Scatterplot of daily area-averaged CIN versus \/CAPE/2 for June
within the sub-domain defined in Figure 1. Plot symbol area is proportional
to the area of deep convection occurring within the sub-domain on the
corresponding day. The minimum plot symbol area is 1% of the largest
symbol to ensure that all plot symbols are visible.

be seen in Figure 4, where the 4/CAPE/2 is used as the independent variable.
Transformation of the raw CAPE values to velocity units results in a more
linear relationship between two variables. In Figure 4, the area of each
plotting symbol is proportional to the area of deep convection occurring on
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Figure 5. Scatterplot of daily area-averaged deep convective area versus selected ERAS variables for the month of June
within the sub-domain defined in Figure 1. Red lines are linear least squares fits to the data. Regression parameters are given
in Table 1.

that day. From this it is apparent that as CAPE and CIN increase, coverage by deep convection also increases. The
two quantities are highly correlated with each other (r = 0.90). Results are similar for the other months. These
relationships will be discussed further in the next section.

4.2. Secondary Environmental Factors Affecting Deep Convection

To evaluate the importance of other environmental factors for deep convection, linear fits are calculated inde-
pendently between each environmental variable and the deep convective area using the daily area averages dis-
cussed in the preceding section. The goal here is not to build a statistical model to predict deep convection but to
estimate the relative contribution of different factors to its occurrence. Scatterplots for selected variables are shown
in Figure 5 for June, and a summary of the statistical relationships is given in Table 1 sorted by the magnitude of the
linear correlation r. Given the chaotic nature of convection, it is not surprising that there is substantial scatter in all
of the variables. As expected, CAPE (not shown) and CIN (panel a) are the dominant factors related to deep
convection with the large-scale mid-tropospheric vertical velocity ws, (panel b), mid-tropospheric humidity RH
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Table 1 (panel c), the 1,000 hPa geopotential height Z;, (panel d, used in place of sea

Linear Regression Results for Deep Convective Area for June Sorted by the
Magnitude of the Correlation Coefficient r

Variable r P b

CIN* 0.63 0.40 168 £ 19.2
CAPE* 0.61 0.37 29.5 +3.55
@500 -0.52 027 -—1.68-10° + 2.54-10*
1,000 hPa Z* —0.39 0.15 —202 + 449
Mid-tropospheric RH* 026 0.07 514 = 180
Lower-stratospheric lapse rate* —0.15 0.02 —4.59-10% + 2.81-10°
Jet speed —0.08 0.01 —253 + 288
Tropopause altitude 0.08 0.01 1.65 = 1.82
Lower-tropospheric bulk shear 0.03 0.00 134 + 475
Multiple 0.72 0.51

Note. For variables indicated with an asterisk, the slope of the regression fit b

is significantly different from zero at the 95% confidence level. The variable

“multiple” is for the simultaneous multiple linear regression of the first six

independent variables in the table.

a) CAPE

level pressure), and lower stratospheric stability y (not shown) also exhibiting
statistically significant but weaker relationships. Values are similar for other
months as well as for overshooting convection, although the ordering of the
variables differs somewhat from month to month. The other variables tested
(jet speed, tropopause altitude, and lower-tropospheric bulk shear) do not have
statistically significant relationships with deep convective area. The last line in
Table 1 shows the multiple correlation coefficient r and corresponding % for a
simultaneous linear regression using the first six factors in the table. Together
these variables explain ~50% of the total variance in the regionally averaged
daily deep convective area.

4.3. Environmental Differences Between Overshooting and Deep-But-
Not-Overshooting Convection

Because overshooting convection (condition 2) is qualitatively different from
deep-but-not-overshooting convection (condition 6), in that the former pene-
trates into the stratosphere, here we look at environmental differences between
the two cases. Figure 6 compares CAPE and CIN for those two cases for the
month of June along with the case with no deep or overshooting convection
(condition 5). Comparing, for example, the 600 J kg~" contours for CAPE, the
progressive increases in CAPE from cases with no-deep (black), to deep-but-
not-overshooting (blue), to overshooting convection (red) are readily apparent.
Similar changes can be seen with, for example, for the 200 J kg™' CIN
contours.

The joint roles of CAPE and CIN in distinguishing between overshooting convection and deep-but-not-
overshooting convection are shown in Figure 7. The combined effects are similar to the comparison between
deep and no deep convection shown in Figure 3b. In this case, the partitioning is slightly more distinct with 91.4%
of overshooting convection occurring on days when both CAPE and CIN are larger than they are on days with

deep-but-not-overshooting convection (upper right quadrant). The importance of secondary environmental var-

iables is very similar to that seen in Table 1 for deep convection.

5. Discussion and Conclusions

This study uses 15 years of hourly GridRad convective echo top heights along with ERAS-derived tropopause
heights to identify deep and overshooting storms over the contiguous U.S. Environmental parameters known to be

b) CIN

50°

45°

40°

35°

30°

250 -

-110°

-90°

-70°

-110°

-90° -70°

Figure 6. Conditional mean CAPE (a) and CIN (b) in J kg™' during June for cases with no deep or overshooting convection (black), deep-but-not-overshooting
convection (blue), and overshooting convection (red). For clarity convective occurrence (shading) is omitted and contours are shown only at 600, 1,000, and 2,000 J
kg~! for CAPE and 100 and 200 J kg~! for CIN.
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200 —— ) related to storm intensity, such as CAPE, CIN, and wind shear are also taken

0.5% 91.4% from the ERAS reanalysis. Both sets of data are averaged into 24-hr (daily)

periods centered on the late afternoon to early evening peak in convective

100 | activity and then binned to the 0.75° X 0.75° ERAS grid. The echo top

heights are used to stratify the environmental variables based on the presence
or absence of deep convection (echo tops heights 3 km below the tropopause

CIN Difference (J/kg)
o

or higher) and overshooting convection (echo top heights at or above the
tropopause). Deep and overshooting convection follow similar patterns over
the course of the warm season, moving northward into the central plains as the
season progresses (Figures 1 and 2 and Cooney et al. (2018)). These storms
also occur along the coast of the Gulf of Mexico and the southern part of the
Atlantic coast of the U.S. and the nearshore waters with a minimum aligned
with the Appalachian Mountains.

7.1% ]

Il

-100 F

1.0%

200 L
-500

0

500 1000
CAPE Difference (J/kg)

The location of deep and overshooting storms is closely connected to the
seasonally evolving distribution of CAPE, although CAPE alone does not

Figure 7. As in Figure 3b, but CAPE and CIN differences are for days with ~ fully explain where storms occur. In June, July, and August, CAPE is large in
overshooting convection minus days with deep-but-not-overshooting the southern part of the U.S., but deep and overshooting storms are not except
convection. The percentages indicate the fraction of overshooting regions near the coast. Storms are most frequent along the northern flank of the tongue

that occur in each quadrant.

of high CAPE in the central plains, where CIN is also large. This could be

because increased CIN allows more instability to accumulate, which when
released produces stronger storms. In areas with smaller CIN, convection may occur more easily, so that moderate
convection is able to remove the instability. Comparisons of days with and without deep convection show that
both CAPE and CIN are substantially larger on days with deep convection than days without. Differences in
CAPE and CIN between days with deep-but-not-overshooting convection and days with overshooting convection
are similar in magnitude to the differences between days without and with deep convection. Thus, CAPE and CIN,
which have the strongest correlation with measures of convection (Table 1), both increase substantially as the
depth of convection increases from no-deep, to deep-but-not-overshooting, to overshooting.

Other environmental variables that show statistically significant, but weaker, relationships to overshooting
convection are @sq, 1,000 hPa Z, mid-tropospheric relative humidity, and lower-stratospheric stability. The
strong relationship with CAPE compared to these other environmental variables is consistent with Feng
et al. (2016), who found that upward trends in the frequency and duration of intense storms over the U.S. are
related to increased southerly winds at 850 hPa over the central plains and a corresponding increase in surface
specific humidity, which could increase CAPE. Unlike Brooks (2013), however, our analysis finds that wind
shear does not seem to play a significant role in the occurrence of deep and overshooting convection, although
here we focus on the tops of convective systems, where Brooks (2013) focused on the low-level storm charac-
teristics of severe weather and tornadoes.

In pseudo-global warming 4 km convection-permitting simulations, K. L. Rasmussen et al. (2020) find a sig-
nificant increase in strong convection when perturbed with the RCP8.5 emissions scenario. This increase is
attributed to increases in both CAPE and CIN, such that only parcels with strong external lift could overcome the
enhanced CIN to realize the increased CAPE. Likewise in a CESM RCP8.5 simulation, Chen et al. (2020) found
increases in CAPE and CIN over land due to changes in the low-level specific and relative humidity, such that
parcels have a higher level of free convection (LFC) but greater buoyancy above the LFC. The results presented
here, along with the aforementioned studies and other climate model simulations showing enhanced environments
for severe storms as the climate warms (Diffenbaugh et al., 2013; Trapp & Hoogewind, 2016), suggest that the
impact of continental tropopause overshooting convection on the overlying stratosphere could increase in coming
decades. Simulations of how the convective environment will change in a warming climate can be combined with
the relationships identified here to estimate how deep and overshooting convection as well as their stratospheric
impacts might change in the future.
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