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ABSTRACT: The effect of warming on severe convective storm potential is commonly explained in terms of changes in
vertically integrated (“bulk”) environmental parameters, such as CAPE and 0-6-km shear. However, such events are
known to depend on the details of the vertical structure of the thermodynamic and kinematic environment that can change
independently of these bulk parameters. This work examines how warming may affect the complete vertical structure of
these environments for fixed ranges of values of high CAPE and bulk shear, using data over the central Great Plains from
two high-performing climate models (CNRM and MPI). To first order, projected changes in the vertical sounding structure
are consistent between the two models: the environment warms approximately uniformly with height at constant relative
humidity, and the shear profile remains relatively constant. The boundary layer becomes slightly drier (—2% to 6% relative
humidity) while the free troposphere becomes slightly moister (+1% to 3%), with a slight increase in moist static energy
deficit aloft with stronger magnitude in CNRM. CNRM indicates enhanced low-level shear and storm-relative helicity asso-
ciated with stronger hodograph curvature in the lowest 2 km, whereas MPI shows near-zero change. Both models strongly
underestimate shear below 1 km compared to ERAS, indicating large uncertainty in projecting subtle changes in the low-
level flow structure in climate models. The evaluation of the net effect of these modest thermodynamic and kinematic
changes on severe convective storm outcomes cannot be ascertained here but could be explored in simulation experiments.

SIGNIFICANCE STATEMENT: Severe thunderstorms and tornadoes cause substantial damage and loss of life each
year, which raise concerns about how they may change as the world warms. We typically use a small number of com-
mon atmospheric parameters to understand how these localized events may change with climate change. However, cli-
mate change may alter the weather patterns that produce these events in ways not captured by these parameters. This
work examines how climate change may alter the complete vertical structure of temperature, moisture, and wind and
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discusses the potential implications of these changes for future severe thunderstorms and tornadoes.
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1. Introduction

Severe convective storms (SCSs) produce large hail, strong
convective wind gusts, and tornadoes, all of which pose a sig-
nificant threat to life and property annually (Ashley 2007;
Strader and Ashley 2015). It is thus of great interest to under-
stand how SCS activity and its associated risks may change in
the future as the climate warms. Future changes in risk are
difficult to assess because severe thunderstorms are too small
in scale to be resolved in modern climate models. Nonethe-
less, recent research using downscaling simulations that can
resolve thunderstorm systems has found that proxies for SCS
activity show broad increases in frequency and severity in the
future over the United States as the climate warms (Ashley
et al. 2023; Trapp et al. 2019; Hoogewind et al. 2017; Gensini
and Mote 2015), with potential shifts in their spatial distribu-
tion and seasonal cycle.

Understanding these future changes in SCS activity is
rooted in our understanding of how SCS outcomes are linked
to the larger-scale thermodynamic environment within which
these storms are generated (Ashley et al. 2023). Environments
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favorable for SCS activity (“SCS environments”) are typically
defined by the combination of a thermodynamic ingredient,
given by convective available potential energy (CAPE), and a
kinematic environmental ingredient, given by a 0-6-km bulk
wind difference (S06; “bulk shear”). Tornado-favorable envi-
ronments are often defined using a third environmental pa-
rameter, storm-relative helicity, that is often calculated within
the lowest 1 km (Coffer et al. 2019, 2020). These parameters
have been widely used to explain the historical spatiotemporal
pattern of severe thunderstorms and tornadoes, particularly
over the United States (Gensini and Brooks 2018; Taszarek
et al. 2021; Coffer et al. 2020; Li et al. 2020; Hoogewind et al.
2017) but also globally (Brooks et al. 2003; Allen et al. 2011;
Taszarek et al. 2020b, 2021; Chen et al. 2020). Note that these
parameters represent necessary but not sufficient conditions
for severe convective storms and tornadoes, as a triggering
mechanism for convective initiation is also required, although
this step is relatively poorly understood and, hence, not easily
incorporated into environmental analyses (e.g., Ashley et al.
2023). In future climate projections, the increase in SCS activity
over North America is explained principally by large projected in-
creases in CAPE (Ashley et al. 2023; Tippett et al. 2015; Gensini
2021; Lepore et al. 2021; Seeley and Romps 2015; Diffenbaugh
et al. 2013; Hoogewind et al. 2017), consistent with a theoretical
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model that predicts a rapid increase in the continental diurnal
maximum CAPE with warming (Agard and Emanuel 2017). Fi-
nally, tropospheric relative humidity is expected to remain rela-
tively constant with warming based on observations and climate
models (Douville et al. 2022), although this outcome has yet to be
evaluated specifically in the context of SCS environments.

However, each of these environmental parameters is “bulk,”
i.e., vertically integrated measures of buoyancy or shear. Sub-
stantial research has shown that there are pathways to change
SCS outcomes, including storm mode and intensity, that are in-
dependent of these bulk measures. This includes dependencies
on the vertical distribution of buoyancy and shear (McCaul and
Weisman 2001), low-level shear profile (Guarriello et al. 2018;
Peters et al. 2023b), low-level thermal and moisture structure
(McCaul and Cohen 2002; Brown and Nowotarski 2019), and
hodograph curvature (Nixon and Allen 2022). Additionally,
SCS outcome is sensitive to free-tropospheric relative humidity
(Chavas and Dawson 2021; Lasher-Trapp et al. 2021; Jo and
Lasher-Trapp 2022), due in part to its strong effects on entrain-
ment dilution that reduces parcel buoyancy and CAPE (Peters
et al. 2020a); however, CAPE itself is nearly insensitive to this
quantity.

Thermodynamic and kinematic profiles are complex, which
makes it difficult to define and interpret variations in their
vertical structure. Recently, Chavas and Dawson (2021) have
developed a simple model for the SCS environmental thermo-
dynamic and kinematic sounding structure comprised of a
boundary layer model and a free-tropospheric model. The
model is consistent with how SCS environments are generated
downstream of the Rocky Mountains (Carlson and Ludlam
1968; Doswell 2001; Agard and Emanuel 2017; Li et al. 2021).
This sounding framework offers a foundation for defining the
vertical structure of an SCS environment based on a relatively
small number of parameters. Hence, the model may also pro-
vide a useful framework for defining key changes in the verti-
cal structure in the future.

How the complete vertical structure of SCS environments,
rather than simply bulk parameters, may change in a future
climate has received relatively little attention to date. To fill
this knowledge gap, we seek to answer the following research
questions:

1) How do the vertical thermodynamic and kinematic struc-
ture of severe convective storm environments change in
high-performing CMIP6 climate model projections over
the central Great Plains?

2) Are the changes consistent between two high-performing
climate models?

To answer these questions, we investigate how the vertical
thermodynamic profiles (temperature, relative humidity, and
moist static energy deficit) and kinematic profiles (wind shear
and storm-relative helicity) in severe storm environments may
change with future warming. We focus here on the central
Great Plains, which is within the primary severe thunderstorm
and tornado hotspot over North America, to minimize geo-
graphic and seasonal variability. There is evidence of a robust
increase in tornadoes over the Southeast United States in recent
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decades (Gensini and Brooks 2018), although the nature and
dynamics of SCS environments are known to differ in this re-
gion. As a result, mixing the two regions is not advisable, but fu-
ture work may seek to expand this analysis to the Southeast
United States. For our analysis, we take advantage of recent
work that identified a small number of climate models that best
reproduce the historical SCS environment climatology over
North America (Chavas and Li 2022). We further use a simple
model for the SCS environmental sounding from Chavas and
Dawson (2021) as a guiding framework to define key parame-
ters that capture the basic vertical thermodynamic and kine-
matic structure, although our results are not specific to that
model in order to keep our findings general.

We detail our methodology in section 2. We present our re-
sults for future changes in the structure of SCS environments
and discuss key outcomes in section 3. Finally, we summarize
conclusions and avenues for future work in section 4.

2. Methodology

This work uses reanalysis and climate model data to examine
future thermodynamic and kinematic changes in the vertical
structure independent of changes in bulk SCS environmental
parameters (CAPE and S06). To do so, we focus our analysis
on a limited geographic region, to minimize regional variability
in the climatology (Taszarek et al. 2020a), and within a fixed
range of values of CAPE and S06, to minimize the effects of fu-
ture changes in CAPE and S06 itself. We use soundings from
March through September in a region over eastern Kansas
and Nebraska within the central Great Plains bounded by
100°-95°W and 38°-43°N (Fig. 1a), which is the same subdo-
main used in Li et al. (2020), to focus on the primary severe
convective storm season. We retain soundings with CAPE be-
tween 3000 and 6000 J kg~ and S06 between 15 and 35 m s~ *
to capture the principal regime of CAPE-S06 values associated
with significant SCS activity in the historical record (Brooks
et al. 2003; Li et al. 2020). Note that we choose a range of fixed
absolute values of CAPE for simplicity to ensure that the actual
CAPE values are similar, rather than a percentile range that
would account for differences in the overall distribution. We
further impose an upper bound on the magnitude of convective
inhibition (CIN) of < 125 J kg™~ following Lepore et al. 2021 to
avoid environments unlikely to allow convective initiation, al-
though results are similar without this criterion; its inclusion
eliminates relatively few soundings as shown below. For both
the thermodynamic and kinematic vertical structure, we first
compare ERAS data to climate model historical experiments to
examine similarities and biases of the models. We then analyze
the changes between the future and historical period for each
climate model.

For climate model analysis, we select two specific CMIP6
climate models (Eyring et al. 2016): MPI-ESM1-2-HR (MPI)
and CNRM-ESM2-1 (CNRM). These two models were identi-
fied by Chavas and Li (2022) as the two highest performing
models in the CMIP6 archive for reproducing the historical
SCS environment climatology over North America. Chavas
and Li (2022) demonstrated that climate models exhibit a very
wide range of variability in the climatological representation
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FIG. 1. (a) Map of gridpoint distributions within our region of interest from the ERAS historical dataset and from
the MPI and CNRM climate model datasets. (b) Joint histogram of CAPE and bulk shear (S06) from the ERAS data-
set for March-September for the period 1980-2014, with box denoting the fixed ranges of CAPE and S06 examined
in this study. (c),(d) As in (b), but for MPI and CNRM, respectively. (e),(f) As in (c),(d), but for the difference be-
tween the future ssp370 (2065-99) and historical periods for each model. CNRM values have been multiplied by the
factor 25/16 to account for its smaller number of grid points for an apples-to-apples comparison with ERAS and MPI.

of severe convective storm environments (spatiotemporal pat-
tern and amplitude) relative to historical data, and thus, it is
important to first select models that can credibly reproduce
the historical record. Although both models perform comparably
well in reproducing the overall SCS environment climatology
over North America, they still may differ in their representation

of such environments specifically over our central Great Plains
region of interest, as will be noted below. This outcome can be
useful to check whether the models yield consistent responses
in the vertical structure despite differing mean-state biases,
which suggests greater robustness; this is a common approach
when working with climate models for which the mean state
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(e.g., global-mean temperature) can vary across models,
but the structure of their responses to forcing (atmospheric
“fingerprint,” e.g., spatial structure of warming due to increased
greenhouse gas concentrations) may be quite similar (Santer
et al. 2013; Zhang et al. 2023). We use the radiative forcing
ssp370 experiment for each model as our future simulation,
which is considered as a more plausible high-end forcing sce-
nario than ssp585 (Pielke et al. 2022). The results for ssp585
are qualitatively similar (not shown). The historical period
used is 1980-2014, and the future period is 2065-99.

We compare the climate model output against the ERAS
reanalysis model-level data for the identical period to match
the climate model historical period (Hersbach et al. 2020).
Model-level data ensure the use of the highest vertical resolu-
tion data available, although the results are similar when using
ERAS pressure-level data (not shown). ERAS is sampled at
0000, 0600, 1200, and 1800 UTC to match the same 6-h output
available from both climate models. ERAS is the highest reso-
lution of existing global long-term reanalysis datasets and per-
forms well in reproducing the climatological spatiotemporal
distribution of SCS environments found in radiosonde obser-
vations (Li et al. 2020). The vertical resolution of ERAS
(137 levels) and the two climate models (95 levels for MPI
and 91 levels for CNRM) differ, so for direct comparison be-
tween ERAS and the climate model data, we linearly interpo-
late the model data in the vertical to match ERAS. The
horizontal resolution for ERAS is Ax = ~31 km, Ax = ~100 km
for MPL, and Ax = ~140 km for CNRM. We downsample
ERAS to every fourth grid point to more closely match the spac-
ing of the models; the grids for each within our domain of inter-
est are displayed in Fig. 1a. ERAS and MPI both contain 25 grid
points with the resolution of MPI being slightly finer, while
CNRM contains 16 grid points. In contrast to the vertical grid,
we do not interpolate data horizontally to the same grid to avoid
mixing soundings at adjacent grid points that represent very dif-
ferent environments, such as in the vicinity of a cold front, which
is not uncommon for SCS environments.

For a given sounding, we define the tropopause as the low-
est altitude where the lapse rate drops below 2 K km ™!
(WMO/OMM/BMO 1992; Chavas and Li 2022) and define
the top of the boundary layer as the height of maximum rela-
tive humidity following Chavas and Dawson (2021). We calcu-
late CAPE, given by

e 1T — T

CAPE = J [ c—— 1

2LFC ve

where g = 9.81 is the acceleration due to gravity; z is the altitude
with subscripts “LFC” and “EL” denoting the level of free con-
vection and equilibrium level, respectively; and 7, is the virtual
temperature with subscripts “p” and “e” denoting parcel and en-
vironment, respectively. CAPE is calculated using the xcape co-
debase (Lepore et al. 2022) for the near-surface (z = 2 m)
parcel as in Chavas and Li (2022). Bulk wind shear within a layer
between bottom altitude z, and top altitude z, is given by the
magnitude of the vector wind difference across the layer,

S(z)e) = IV, = V. | @
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For the standard 0-6-km shear layer (S06), z, = 10 m and
z, = 6000 m. Finally, storm-relative helicity (SRH) is given by

2

(V= C)-(V X V)dz, 3)

Om

SRH,_, = Jl

where V is the wind vector at a given level, C is the storm-
motion vector, and z; is defined in the same manner as with
shear. In our results below, we analyze wind shear variations
between the surface and 6 km and SRH integrated over layers
between the surface and 3 km. All parameters involving wind
(hodographs, wind shear, and SRH) are calculated using the
hodograph, storm-relative helicity, and Bunkers storm motion
functions from MetPy v1.1 (May et al. 2022).

The climatological joint histogram of CAPE and S06 for
ERAS is shown in Fig. 1b and for the historical periods in
MPI and CNRM, respectively, in Figs. 1c and 1d. Our fixed
ranges of high CAPE and S06 values are highlighted by the
red box, which is the same in each subplot. Because CNRM
contains fewer grid points than ERAS and MPI, we rescale
the histogram data for CNRM by the factor 25/16 to account
for its smaller number of grid points for an apples-to-apples
comparison across all datasets. Both models do very well in
reproducing the structure of the climatological joint distribu-
tion of CAPE and S06. Relative frequencies peak at moderate
S06 (10-15 m s~ ') and small values of CAPE, and the largest
CAPE values are associated with these moderate values of
S06, consistent with past work (Li et al. 2020; Taszarek et al.
2020b). Within our phase space subset of interest (the box),
CNRM captures both the structure and magnitude very well,
while MPI captures the structure, but its magnitude has a
clear high bias. Future changes in this joint distribution relative
to historical within each model are shown in Figs. 1le and 1f. In
the future, in both models, the phase space distribution shifts
principally rightwards, associated with an increase in the fre-
quency of relatively high CAPE (>3000 J kg~ ') but minimal
change in S06 (Figs. le.f), again consistent with past research
(Lepore et al. 2021). Within our phase space subset of interest,
this shift represents an increase in the absolute frequency of
such environments (predominantly red colors). Overall, then,
both models perform reasonably well in reproducing the clima-
tology of SCS environments, with MPI better capturing the
overall magnitude of the joint histogram, consistent with the
findings of Chavas and Li (2022), but CNRM better capturing
the magnitude specifically within our specific CAPE-S06 subset.

The monthly and diurnal frequency distributions of our fi-
nal sounding datasets are shown in Fig. 2. In ERAS, the sea-
sonal cycle of SCS environments (Fig. 2a) closely follows the
seasonal cycle of observed severe thunderstorm hazards and
tornadoes for this region (Figs. 5 and 6 of Taszarek et al.
2020a), with a rapid increase from March through June, a
peak in June/July, and then, a rapid decrease from July
through October. CNRM does very well in reproducing the
ERAS seasonal cycle structure and amplitude, particularly for
April through July, with a moderate high bias in August and
September. Meanwhile, MPI also captures the structure but
exhibits a strong high bias in magnitude that is consistent
throughout the season. In the future, both models exhibit a
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FIG. 2. (a) Monthly frequency of final subset for ERAS, MPI historical and ssp370 future, and CNRM historical and
ssp370 future. (b) Diurnal frequency of final subset (0000/0600/1200/1800 UTC). (c) Frequency distribution of CIN within
final subset in 20 J kg~ ! bins starting from 0. (d) Frequency distribution of LCL within final subset in 500-m bins starting
from 0. CNRM values have been multiplied by the factor 25/16 to account for its smaller number of grid points for an ap-

ples-to-apples comparison with ERAS and MPI.

shift in the seasonal cycle toward earlier months (May/June)
as has been found in recent work (Ashley et al. 2023).

The diurnal cycle (Fig. 2b) is skewed strongly toward after-
noon/evening as expected, with the vast majority of soundings
in ERAS at 0000 UTC (~55%) and 1800 UTC (~45%) and
very few events at 0600 and 1200 UTC. While 1800 UTC may
seem early relative to the typical timing of convective storm oc-
currence in the late afternoon (Fig. 8 of Taszarek et al. 2020a),
this difference likely reflects a lag between the gradual daytime
generation of these soundings and the initiation of convection
itself. CNRM captures the ERAS diurnal cycle structure and
amplitude well, although its distribution is shifted toward 1800
UTC, i.e., a bias toward too early in the day. MPI again cap-
tures the gross diurnal cycle structure with an overall strong
high bias in magnitude, but notably, it exhibits a similar timing
bias toward 1800 UTC as CNRM. This early timing bias may
be associated with the known and early timing bias in inland
precipitation itself that has been persistent in climate models
possibly tied to deficiencies in convective parameterizations
(Christopoulos and Schneider 2021). In the future, the distribu-
tion of soundings across the diurnal cycle remains relatively
constant. We note that it is possible as this timing bias could re-
sult in biases in model projections of changes in SCS environ-
ments, although we are unable to evaluate this possibility here.

Finally, we examine the frequency distributions of CIN
(Fig. 2¢) and of lifted condensation level (LCL; Fig. 2d). CIN

frequency peaks at relatively small values in ERAS as well as
in both climate models. There is a long tail of relatively low fre-
quencies for higher CIN values up to our upper-bound thresh-
old, and as a result, this criterion is already met for nearly all
soundings that met our CAPE and S06 thresholds. MPI yields
similar relative frequencies to ERAS, while CNRM is skewed
more strongly toward smaller values. Both models reproduce
the CIN distributions within SCS environments found in ERAS
relatively well. In the future, the relative frequency shifts to-
ward slightly higher CIN, as the frequency of the lowest CIN
bin increases by a significantly smaller percentage (+10%) than
the higher bins (e.g., +25% for 60-80 J kg™ '). This increase in
CIN with warming has been found in numerous past downscal-
ing studies (e.g., Ashley et al. 2023).

As for the LCL, in ERAS, the frequency distribution peaks
at 10001500 m though with relatively high frequency within
500-1000 m as well. Both models are biased toward slightly
lower LCLs, with slightly higher frequencies at 500-1000 m in
CNRM and a more pronounced low-LCL bias in MPI. Both
climate models show a shift in their relative frequencies to-
ward higher LCLs, suggesting a shift toward the drier bound-
ary layer as will be found below.

Overall, the above examination of the spatial, seasonal, and
diurnal variability lends credence that our sounding database
is broadly representative of environments favorable for severe
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TABLE 1. Key quantities calculated from the mean thermodynamic profiles from ERAS, MPI, and CNRM, including those
relevant to the SCS sounding model of Chavas and Dawson (2021). Values are the mean with interquartile range (25th-75th
percentiles) in parentheses. Range not included for boundary layer height as this quantity can be noisy for individual cases. The
asterisk denotes that the future change is statistically significant at the 95% confidence level.

MPI-ESM1-2-HR CNRM-ESM2-1
ERAS
HIST FUT HIST FUT
2-6-km lapse rate 7.2 (6.8, 7.6) 7.3 (6.9,7.7) 7.1 (6.7, 7.5)* 7.2 (6.8, 7.6) 7.2 (6.7, 7.6)*
(K km™1)
2-10-km lapse rate 7.3 (7.1, 7.6) 7.4 (7.2,7.6) 7.3 (7.0, 7.5)* 7.5(7.3,7.7) 74 (71, 7.7)*
(K km™1)
Tropopause temp ~ 207.8 (204.9, 210.4) 207.8 (204.9, 210.4) 213.5 (211.3, 215.9)* 208.6 (206.7, 210.6) 210.0 (207.5, 212.5)*
(K)
Tropopause height 14.8 (14.7, 14.9) 13.9 (13.8, 14.0) 14.0 (13.9, 14.2)* 13.1 (12.9, 13.2) 13.2 (13.1, 13.4)*
(km)
0-1-km avg RH 64.0 (56.2, 72.7) 71.8 (63.7, 80.5) 65.2 (53.6, 76.7)* 66.7 (54.2, 80.2) 64.5 (49.3, 80.4)*
(%)

1-2-km RH lapse
rate (% km™!)

20.8 (3.4, 36.7) 19.0 (4.6, 32.3)

2-6-km avg RH 40.4 (29.7, 50.2) 47.0 (34.2, 58.2)
(%)

2-10-km avg RH 35.9 (26.1, 44.5) 46.1 (33.4,57.9)
(%)

BL Height (km)
BL MSE (kJ kg™ 1)
BL DSE (kJ kg™ 1)
2-6-km avg MSE
deficit (kJ kg™ ')
2-10-km avg MSE
deficit (kJ kg™')

0.7

342.6 (339.4, 346.1)

308.8 (306.8, 310.6)
17.5 (14.8,20.2)

0.4

3453 (341.8, 349.1)

307.6 (305.4, 309.6)
16.6 (13.8, 19.4)

15.6 (12.9, 18.1) 154 (12.8, 17.8)

14.7 (1.3, 26.6)* 62 (—42,162) 5.0 (6.0, 15.5)*

48.6 (36.4, 59.8)* 59.8 (49.1, 71.2) 61.2 (51.2, 72.4)*

485 (36.6, 59.7)* 53.8 (42.8, 65.4) 56.2 (46.1, 67.2)*
0.7

348.9 (345.4, 353.0)*

310.2 (3072, 313.2)*

16.7 (137, 19.6)

0.8

335.3 (332.4, 338.6)

305.9 (303.5, 308.1)
14.6 (12.4, 16.5)

11
340.4 (336.3, 344.8)*
308.6 (305.4, 311.5)*
14.8 (12.3, 17.0)*
15.6 (12.9, 18.2)*

13.3 (11.3, 15.0) 13.9 (11.7, 15.9)*

convective storms and that our two climate models perform
reasonably well in reproducing these environments. For our
region and the CAPE-S06 subset of interest, CNRM appears to
be the slightly better model given its much smaller amplitude
bias. As noted above, the contrasting mean-state amplitude
biases provide useful context for our analysis, as responses of
the vertical structure to forcing that are consistent between the
two models suggest that they are less likely to be sensitive to
biases in the climate model mean state.

3. Results
a. Changes in thermodynamic vertical structure
1) TEMPERATURE

We begin by examining changes in the thermodynamic ver-
tical structure simulated by both models. For all of the analy-
ses below, values of some key quantities, including those
relevant to the framework of Chavas and Dawson (2021), are
provided in Table 1 for additional reference.

Mean temperature profiles from both models for the histori-
cal climate are compared with ERAS in Fig. 3a. MPI performs
well in reproducing the vertical structure of temperature found
in ERAS, with temperatures decreasing rapidly with height
above the surface within a well-mixed boundary layer and then
decreasing more slowly above the boundary layer before de-
creasing more rapidly again through the free troposphere. The
model compares well with ERAS, with small biases of <1 K in

magnitude through the depth of the troposphere. CNRM also
reproduces the vertical structure of the temperature profile,
though with a substantial overall cool bias of approximately 5 K
throughout the troposphere; the bias is smaller (3.5 K) within
the boundary layer. The result that MPI better captures mean-
state temperature is consistent with Chavas and Li (2022).
While these contrasts in gross temperature bias between models
may seem surprising, it is common for climate models to have
differing mean-state biases yet exhibit similar structural re-
sponses to forcing, as noted earlier.

Despite different magnitudes of mean bias, both models
closely match the mean lapse rate within the free troposphere
found in ERAS of 7.2 K km ™" for 2-6 km and 7.3 K km ™" for
2-10 km, respectively (Table 1). Moreover, both models
closely match the tropopause temperature of 208 K. Both
models also capture the magnitude of variability in tempera-
ture, with a relatively small variability of <3 K magnitude in
the interquartile range throughout the troposphere (Fig. 3a).
The primary qualitative difference in the vertical thermal
structure between the models is that MPI better captures the
transition layer of reduced lapse rate separating the boundary
layer and free troposphere found in ERAS.

Future changes in the simulated temperature profiles for
each model are shown in Fig. 3b. Both models project future
thermal structures that are qualitatively similar to their his-
toric simulations but simply shifted nearly uniformly warmer
through the depth of the troposphere by approximately 2 K.
CNRM warms slightly more than MPI at all levels above
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FIG. 3. (a) Mean vertical profiles of temperature from ERAS
and the historic runs of MPI and CNRM. The shaded area repre-
sents the interquartile range (25th—75th percentiles), and the differ-
ence plot shows the differences between the ERAS and MPI, and
ERAS5 and CNRM. (b) As in (a), but for the historic and future
runs of MPI and CNRM. The difference plot shows the differences
between the future and historic simulations of each model.

1 km. In both models, the free-tropospheric lapse rates de-
crease very slightly (Table 1), by 0-0.2 K km ™' for both the
2-6-km and 2-10-km layers. The tropopause temperature
warms by 1.4 K in CNRM and 5.7 K in MPI, while the tropo-
pause height increases slightly. This is in contrast to the ex-
pectation of an upward expansion of the troposphere at fixed
tropopause temperature (Singh and O’Gorman 2012; Seeley
et al. 2019; Thompson et al. 2019). Moreover, the thermal
structure sharpens around the tropopause including a sharper
temperature increase above the tropopause, which may have
impacts on the depth and strength of overshooting tops (O’Neill
et al. 2021).

Overall, despite some significant differences in historical ver-
tical thermal structure biases between the two models, their fu-
ture climate responses are similar. This outcome gives greater
confidence in the ability to use these models to quantify future
changes in the thermal structure of SCS environments.

2) RELATIVE HUMIDITY

We next examine the vertical structure of relative humidity
(RH) in Fig. 4. Note that we focus on relative humidity rather
than absolute humidity since we are examining changes in the
moisture structure across a range of temperatures and tropo-
spheric relative humidity is expected to remain relatively cons-
tant with warming as noted in introduction. Mean RH profiles
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from both models for the historical climate are compared with
ERAS in Fig. 4a. MPI performs well in reproducing the gross
vertical structure of RH found in ERAS, with RH increasing
with height above the surface toward a local maximum near the
top of the well-mixed boundary layer and then decreasing
sharply up to approximately 2.5-km altitude before becoming
relatively constant with height through the rest of the free tro-
posphere. The model is moister than ERAS, with a moist RH
bias of 8% within the lowest 1 km, near-zero bias through the
1-2-km transition layer, and a moist RH bias of 5%-15% within
the free troposphere (7% for 2-6 km mean; 10% for 2-10-km
mean). MPI does capture the mean 1-2-km RH lapse rate of
20% found in ERAS. CNRM also reproduces the vertical struc-
ture of the RH profile, though with a smaller boundary layer
bias and larger moist bias through both the transition layer and
lower free troposphere below 6 km, with a peak moist bias of
22% at 3-km altitude. This latter moist bias indicates a much
slower decrease in the RH between the moist boundary layer
and drier free troposphere (1-2-km RH lapse rate of 6% ). This
behavior is consistent with the weaker thermal transition layer
(Fig. 3a), which suggests stronger shallow convective mixing
through the top of the boundary layer and into the lower free
troposphere in CNRM (e.g., Hu et al. 2022).

Note that there is a much larger range of variability in RH
across soundings relative to temperature (cf. width of inter-
quartile shading with Fig. 3a). These ranges of variability are
also well captured by the models. This distinction is a clear in-
dication of how free-tropospheric moisture can vary widely
on short spatial and temporal scales, as its local structure de-
pends on the transport by antecedent convection and the me-
soscale and synoptic-scale flow, all of which may vary strongly
in space and time. In contrast, free-tropospheric temperatures
are much more strongly constrained by the larger-scale dy-
namics of the midlatitude atmosphere.

Despite their different mean bias structures, both models
do capture the gross vertical structure of RH, with the pri-
mary contrast in the transition layer between the boundary
layer and the free troposphere. Moreover, both models repro-
duce the magnitude of variability in the RH.

Future changes in the simulated RH profiles for each model
are shown in Fig. 4b. Both models project weak future
changes in the RH, with slightly higher RH through the mid-
dle and upper free troposphere and slightly lower RH in the
boundary layer. In the free troposphere, RH in both models
increases by approximately 1.5% for the 2-6-km mean and
2.3% for the 2-10-km mean (Table 1). A larger increase in
the RH occurs near the top of the free troposphere. At low
levels, MPI and CNRM RH decreases by 6.5% and 2.2%, re-
spectively, for the 0-1-km mean. In the transition layer, the
1-2-km RH lapse rate decreases slightly in both models
(=4.3% in MPI and —1.2% in CNRM). Overall, the future
climate responses of both models are again quite similar de-
spite significant differences in their historical biases.

3) MOIST STATIC ENERGY DEFICIT

Finally, we examine the vertical structure of the moist static
energy (MSE) deficit profile due to its close link to entrain-
ment. The MSE deficit is defined as the difference between
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FI1G. 4. (a) Mean vertical profiles of RH from ERAS and the historic runs of MPI and CNRM.
The shaded area represents the interquartile range (25th-75th percentiles), and the difference
plot shows the differences between the ERAS and MPI, and ERAS and CNRM. (b) As in (a),
but for the historic and future ssp370 runs of MPI and CNRM. The difference plot shows the dif-
ferences between the future and historic simulations of each model. In (b), a filled circle indicates

that the means are statistically significantly different at the 95% confidence level.

the MSE of the parcel at the lowest model level (LML) and
the MSE of the environment at each level:

MSE((z) = MSE(z ;) — MSE(2). 4)

The MSE is the sum of potential, sensible, and latent energies,
ie.,

MSE =gz, + C,T + L q,, 5)

where C,, is the specific heat capacity of air, L, is the specific
latent heat of vaporization of water, z, = z + z, . is the geo-
potential height with z, . being the geopotential height of
the surface, and ¢, is the water vapor mass fraction (specific
humidity); we neglect the latent energy content of water ice
as it is generally small. Its dry counterpart, dry static energy
(DSE), neglects the latent energy term. The DSE and MSE

are closely analogous to dry and equivalent potential temper-
ature, respectively (Betts 1974; Chavas and Dawson 2021;
Chavas and Peters 2023). The MSE deficit represents the en-
ergy difference between a parcel rising through a deep con-
vective cloud and the surrounding near-cloud environment.
To keep the calculation simple, the parcel MSE is assumed to
be adiabatically conserved, thereby neglecting the MSE sink
due to buoyancy (Peters et al. 2022). Entrainment is a process
that mixes a parcel with the environmental air, and the energy
a parcel loses per unit height is commonly parameterized in
classical plume updraft models as proportional to the MSE
deficit (e.g., Betts 1975; Zhang 2009). This process dilutes the
buoyancy of rising air parcels and hence reduces the true
CAPE realized by the parcel (Peters et al. 2023a). Thus, an in-
crease in MSE deficit would imply an increase in entrainment
in deep convective clouds, all else equal.
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confidence level.

Since the MSE deficit profile is calculated from the MSE
profile itself, we begin with vertical profiles of DSE and MSE
for both models and ERAS in Fig. 5a. Model biases in DSE
profiles are unsurprisingly very similar to biases in tempera-
ture discussed previously (Fig. 3). Biases in MSE combine the
energetic effects of biases from temperature and moisture.
This yields an MSE bias structure that is very similar to the
DSE in the free troposphere, where the latent energy content
is much smaller than sensible energy, but more similar to the
relative humidity bias within the boundary layer, where the la-
tent energy content is much larger. MPI reproduces the full
vertical profiles of MSE and DSE remarkably well, while
CNRM also reproduces their structures but with a systematic
low bias that is relatively constant with height.

Mean MSE deficit profiles from both models for the histori-
cal climate are compared with ERAS in Fig. 5b. Both models
perform well in reproducing the MSE deficit as compared to
ERAS, with errors of <4 kJ kg™' for CNRM and <2 kJ kg™
for MPI throughout the troposphere. The largest errors are
located near the boundary layer top and are likely associated
with discrepancies in the boundary layer height. This is partic-
ularly true for MPI due to its bias in the boundary layer height
(Table 1), whereas this bias is small in CNRM. Notably, the
variability in the MSE deficit profiles is much smaller than for
relative humidity (Fig. 4), suggesting that there may be strong
covariability between the boundary layer and free-tropospheric
MSE; this question is intriguing but lies beyond the scope of
this work.

Future changes in the DSE and MSE profiles are shown in
Fig. 5c. DSE increases relatively uniformly with height in line
with changes in the temperature found above. MSE also in-
creases relatively uniformly with height, though with slightly
larger increases in the lowest 2 km particularly in CNRM.
This outcome is not obvious from our previous analyses, but
given that MSE is approximately conserved in deep convec-
tion, this suggests that to first order, convection (as parame-
terized in the models) acts to mix MSE vertically and hence
homogenize its changes in a convectively active region.

Future changes in the MSE deficit profile are shown in
Fig. 5d. MPI projects near-zero change in MSE deficit within
the troposphere up to 10 km, while CNRM projects a small
decrease of up to 1 kJ kg™* beneath 4 km and a small increase
of 1 kJ kg™' between 4 and 10 km. The structure of change is
similar between the two models, with the largest magnitude
changes occurring near the tropopause. The modest increase
in MSE deficit in the free troposphere is consistent with the
finding that the MSE profile increases relatively uniformly
with height as noted above, with a slight increase in the MSE
within the boundary layer in CNRM.

Overall, the thermodynamic structure to first order warms
relatively uniformly with height at approximately constant rela-
tive humidity. There is a slight drying of the boundary layer and
slight moistening of the free troposphere, and there is a slight
increase in the MSE deficit aloft. These projected changes are
similar between our two model simulations despite differences
in their representation of the historical climate. This outcome
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FI1G. 6. (a) Composite hodographs for ERAS and the historic runs of MPI and CNRM. Dots correspond in order to
the altitudes (0.5, 1, 2, 3, 4, 5, and 6 km), and the Bunkers storm motion is shown, plotted as an “M.” (b) As in (a),
but for composite vector shear profiles, calculated by first subtracting the 10-m wind from each individual hodograph
and then rotating the result such that the 0-3-km shear lies along the positive x axis (bottom row) following
Nixon and Allen (2022). (c),(d) As in (a),(b), but for the future ssp370 and the historic runs of MPI and CNRM.

provides greater confidence in the robustness of the projected
changes.

b. Changes in kinematic structure

We now examine the vertical structure of the lower-
tropospheric winds associated with SCS environments.
Figure 6 displays the composite hodographs (top row) as
well as composite vector shear profiles calculated by first
subtracting the 10-m wind from each individual hodograph
and then rotating the result such that the 0-3-km shear lies
along the positive x axis (bottom row) following Nixon and
Allen (2022). The former provides insight into the true mean
flow structure and its geographic orientation, while the latter
represents a shear-relative composite that is more precise for

examining the composite shear structure relevant to thunder-
storm dynamics particularly within the 0-3-km layer. Because
the qualitative flow structure is quite similar across hodographs,
the results are not fundamentally different between the two

approaches; we present both as they complement one another.
Figure 7 then displays the vertical structure of vertical shear
and storm-relative helicity calculated from the hodograph data-
base (note: this analysis is calculated for each individual hodo-
graph and so is independent of the composites). For all of the
analyses below, values of some key quantities, including those
relevant to the framework of Chavas and Dawson (2021), are
provided in Table 2 for additional reference.

Mean hodographs from both models for the historical cli-
mate are compared with ERAS in Fig. 6a, with the rotated
vector shear profiles in Fig. 6b. MPI and CNRM are both
quite similar to one another, and both reproduce the qualita-
tive L-shaped vertical structure of the hodograph common in
SCS environments (Guarriello et al. 2018; Coffer et al. 2020,
Chavas and Dawson 2021) and also found in ERAS. This
structure is characterized by a boundary layer of predomi-
nantly southerly shear in the lowest 0.5 km, with the southerly
component of the flow increasing in magnitude with height.
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cantly different at the 95% confidence level.

Overlying this boundary layer flow is a layer of predominantly
westerly shear as the flow transitions from principally south-
erly to southwesterly to westerly moving upward to 6-km alti-
tude. In ERAS, the shear in the lower free-troposphere has a
northerly component that results in a sharper wind direction
shift moving across the boundary layer top before becoming
unidirectional similar to the models. Both simulations have a
weaker southerly wind speed in the lowest 2 km, resulting in a
hodograph that is shifted slightly to the south relative to
ERAS. However, the Bunkers storm-motion vector of both
models are similar to one another and are also shifted south-
eastward of the ERA5 vector by 1-2 m s~ '. Hence, the storm-
relative flow does not change significantly, consistent with the
similar hodograph translation at all heights. The surface flow
vector is also very similar in both models. The lone notable
difference between the two model hodographs is the shear be-
tween 0.5 and 2 km, where the wind vector changes more

rapidly within the 0.5-1-km layer in MPI and within the 1-2-km
layer in CNRM. The interpretation is similar for the composite
rotated shear profiles (Fig. 6b): the shear structure is very simi-
lar between the two models below 4 km and is notably flatter
than in ERAS. The differing low-level hodograph structure al-
ters the shear distribution within the 0.5-2-km layer, which we
discuss next.

Figure 7a shows bulk shear from the surface up to layer-top
altitudes from 500-m to 6-km altitude, calculated from each
individual hodograph in our dataset. Figure 7b displays the
vertical profile of bulk shear (units: m s') calculated layer-
wise within 500-m depth layers. The former directly visualizes
the integrated bulk shear over any desired layer depth, while
the latter visualizes the vertical distribution of shear biases
(note though that integrated bulk shear biases need not equal
the sum of the layerwise biases since shear is a vector differ-
ence). In each case, we show the differences relative to ERAS
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TABLE 2. Key quantities calculated from the mean hodographs from ERAS, MPI, and CNRM, including those relevant to the SCS
sounding model of Chavas and Dawson (2021). Values are the mean with interquartile range (25th-75th percentiles) in parentheses.
“Hbl” refers to the boundary layer height. The asterisk denotes that the future change is statistically significant at the 95%

confidence level.

MPI-ESM1-2-HR CNRM-ESM2-1
ERAS
HIST FUT HIST FUT

Zonal surface U (m s~ ') —0.9 (-24,05) —15(-32,01) —1.7 (=34, —0.0)* —12(-3.0,0.6) —16(-3.3,0.1)*
Meridional surface V (m's ') 27(06,50)  21(-14,56) 2.0 (—13,55)* 1.7 (-08,40) 24 (—02,50)*
Total shear 0-Hbl (m s ") 8.4 (4.7,11.2) 2.9 (1.3, 3.9) 4.0 (1.9, 5.3)* 3.4 (1.6, 4.5) 5.0 (2.3, 6.8)*
Zonal 0-Hbl U (m s~ ') 16 (-1.6,47) —02(~11,06) 0.7 (038, 2.0)* 11(-01,22) 2.1 (0.1,3.5)*
Meridional 0-Hbl V (m s~ ") 38 (—14,88)  1.6(-02,3.1) 2.5 (0.2, 4.4)* 2.1 (02, 3.5) 3.1 (0.3, 5.4)*
Total shear Hbl-3 km (m s~ ') 116 (86, 144) 126 (9.8,15.0)  12.1(93,147)* 109 (83,132) 9.9 (7.5, 122)*
Zonal Hbl-3 km U (m s ™) 85(53,11.7) 103 (7.4,13.1) 9.3 (6.2, 12.3)* 89 (6.1,115) 7.6 (5.0, 10.2)*
Meridional Hbl-3 km V (ms™') 3.6 (—83,09) —08(—-62,41) —18(-73,30* —19(-60,20) —18(—6.0,22)*
Total shear 3-6 km (m s~ ) 92 (64,11.7) 9.4 (7.0, 11.6) 9.3 (6.8, 11.5)* 9.1 (6.6,11.3) 9.4 (6.8, 11.6)*
Zonal 3-6 km U (m s ') 62 (3.0, 9.3) 72 (4.6, 9.9) 6.9 (4.1, 9.5)* 72 (47,9.7) 7.1 (4.5, 9.7)*
Meridional 3-6 km V (ms™!) 2.9 (—6.8,09) —2.1(-57,13) —18(=57,18)* 0.0 (=3.8,34) —04 (—44,3.6)*

as percentages to compare the magnitude of the change across
different layer depths. In ERAS, integrated bulk shear is
small near the surface (7 m s~! at 250 m) and then increases
at a relatively constant rate with height, from 10 m s™' at
2 km up to nearly 20 m s~ at 6 km. This behavior is also evi-
dent in the layerwise bulk shear profile that decreases rapidly
from 8 m s~ ! in the lowest 500 m to 4 m s~ ' between 1 and
2 km and then further decreases gradually toward 2 m s *
above 4 km. Both models are similar to one another in repro-
ducing this overall structure, consistent with their very similar
hodographs, but both substantially underestimate low-level
shear (>50% underestimation for 0-500-m shear). CNRM
underestimations are slightly larger in the lowest 1.5 km rela-
tive to MPI owing to the different distribution of shear within
0.5-1.5 km described above. The models also consistently un-
derestimate layerwise shear by 20% above 2 km, although
these biases translate to relatively small biases (<5%) when
integrated in a deeper-layer shear of 5-6 km (Fig. 7a). Hence,
both models do very well in reproducing S06 yet exhibit large
low biases in bulk shear for layers closer to the surface.
Similarly, Fig. 7c shows SRH up to layer-top altitudes from
0.5 to 3 km. In ERAS, SRH gradually increases with increas-
ing layer-top altitude as expected given the two-layer struc-
ture of the hodograph. The results are again qualitatively
similar for the two models. Both models have a moderate low
bias in SRH relative to ERAS at all levels, with MPI having
consistently smaller biases than CNRM. The bias is the small-
est for the 0-3-km layer (=10% and —30% for MPI and
CNRM, respectively) and increases in magnitude moving to-
ward shallower layers. Since SRH is equal to twice the vector
area of the hodograph layer relative to the storm-motion vec-
tor, the low bias in SRH in the two models arises due to the
weaker southerly component of the flow in the lowest 1 km of
their hodographs relative to ERAS in Fig. 6a (i.e., flatter shear
profile in Fig. 6b). However, MPI exhibits slightly stronger
curvature within this layer that is closer to that found in
ERAS, and hence, the magnitude of its SRH biases is consis-
tently smaller. This difference can also be interpreted as due
to the low bias in shear in the lowest 1 km seen in Fig. 7b, as

this low shear bias is effectively integrated upward with height
to yield the low biases in SRH, an effect amplified for the
shallowest layers.

Future changes in the simulated hodographs in each model
are shown in Fig. 6¢, with changes in the rotated vector shear
profiles in Fig. 6d. The hodograph and storm-motion vector
for MPI remain nearly constant, while for CNRM, they are to
first-order simply translated north-northwestward. As a result,
the shear-rotated hodographs are nearly constant for both
models, with the exception of CNRM exhibiting slightly stron-
ger curvature in the lowest 1 km due to slightly stronger
southerly shear.

The change in integrated bulk shear is shown in Fig. 7d,
and changes in the vertical distribution of bulk shear are
shown in Fig. 7e, along with the percentage differences in fu-
ture relative to historical for each. The percent change in inte-
grated bulk shear is relatively small (<+2%) for all layer-top
altitudes > 2 km and in both models, consistent with the mini-
mal change in shear-relative hodographs found above. Recall
that for our analysis, we restricted our range of S06 values to
focus on future changes in the vertical structure for a given
value of bulk environmental parameters, and hence, the 0—6-km
wind shear is nearly constant in both models. In the lowest
1 km, MPI exhibits only a small decrease in shear integrated
bulk shear, as again its shear-relative hodograph changes mini-
mally. In contrast, in CNRM, integrated bulk shear increases
within the lowest 1 km, with the largest increase of 40% for
0-500 m. This strong increase in near-surface shear in CNRM is
associated with the stronger southerly near-surface shear in the
hodograph noted above. These outcomes are also evident in
the changes in layerwise bulk shear profiles, with the lone nota-
ble difference being that CNRM exhibits more substantial in-
creases in shear within the 2-5-km layer associated with a subtle
reduction in the curvature of the hodograph (Fig. 7a), although
these layerwise directional shear changes have a relatively small
impact when integrated over a deeper layer such as for S06.
Overall, the wind shear changes over all layer depths are mod-
est, except for an enhanced shear within the lowest 1 km in only
one of the two models, indicating significant uncertainty in this
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outcome. Moreover, it is important to note that the model
biases relative to ERAS were also the largest in the lowest 1 km
and were similar between the two models, which further re-
duces confidence in determining which model outcome might
be considered more likely.

The change in SRH is shown in Fig. 7f, along with the per-
centage differences in future relative to historical. The quali-
tative structure of the changes in SRH mirrors the changes in
integrated bulk shear discussed above (Fig. 7d). For MPI,
SRH changes are very small (<5%) given that the hodograph
remains nearly constant. Meanwhile, CNRM shows an in-
crease in SRH over all layer depths. Changes are smaller for
the layer-top altitudes of 1.5-3 km (+5%-10%), whereas for
1 km and below, SRH increases more strongly, including
+25% for the 0-500-m layer. This increase in SRH is associ-
ated with the increase in the curvature of the CNRM shear-
rotated hodograph within the lowest 1.5 km. Hence, both
models show consistent small increases in both deeper-layer
SRH but differ for future changes in SRH within the lowest
1 km. This outcome again reflects significant uncertainty in the
representation of the detailed structure of the near-surface
wind shear.

Overall, for the kinematic fields, the two models behave
quite similarly to one another in both their representation of
the historical climate (and hence their biases too) and in their
projected changes in these fields with future climate change,
with the stark exception of shear within the lowest 1 km
where the two models give divergent outcomes. Both models
project minimal changes to the hodograph shape and the bulk
shear and SRH above 2 km. CNRM shows enhanced hodo-
graph curvature within the lowest 2 km that translates to en-
hanced shear and SRH particularly within the lowest 1 km,
whereas MPI shows minimal change at all levels. Hence, this
outcome is highly uncertain.

c. Interannual variability

Finally, we briefly examine the representation of interan-
nual variability in the annual-mean vertical structure of SCS
environments and its projected changes with warming. Figure 8
displays the full range of variability, defined here as maximum
minus minimum, in the annual-mean vertical profiles of relative
humidity, integrated bulk shear, and SRH (note: all datasets are
the same period length of 35 years). We focus on the most basic
of our quantities but omit temperature simply because its vari-
ability is already quite small for the full database (Fig. 3).

For the historical climate, ERAS indicates that there exists
a substantial range of interannual variability in all three quan-
tities. For RH (Fig. 8a), the range of variability in ERAS of
15%-20% through the troposphere is reasonably well cap-
tured by the models. CNRM is particularly close to ERAS in
the middle and upper free troposphere, while MPI exhibits
larger variability in the 4-6-km layer. Future changes in the
simulated interannual range for RH are relatively modest for
CNRM, while for MPI, the future range reduces at midlevels
to align closely with CNRM.

For integrated bulk shear, the range in ERA5 is 45 m s !
above 1 km and a smaller range at low levels. Both models
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exhibit a similar qualitative structure as ERAS but a smaller
magnitude below 3 km that is consistent between the two
models. Above 3 km, CNRM has a slightly larger range than
ERAS, while MPI has a smaller range. Future changes in the
range are small for MPI, whereas for CNRM, the range de-
creases for deeper layers. Similarly, ERAS exhibits significant
interannual variability in SRH (Fig. 8c) that is underestimated
by both MPI and CNRM, with very similar results between
the two models. Future changes in variability are again small
for MPI, but there is an increase in variability for CNRM at
all levels. These changes in variability parallel that of the
mean discussed above, wherein the kinematic structure in
MPI remains relatively constant, while there is a future in-
crease in low-level shear in CNRM.

Overall, the vertical thermodynamic and kinematic struc-
ture of these SCS environments can vary substantially from
year to year, presumably owing to larger-scale climate vari-
ability, but the processes that control this variability may not
be adequately captured in climate models. The low bias in
kinematic variability in climate models indicates that the
models cannot properly capture variability in the low-level
hodograph even on interannual time scales. This is perhaps
not surprising, as the complex interactions of the low-level
flow with land surfaces and terrain may be at least partially
captured in ERAS, owing to its higher resolution and its data
assimilation scheme, but is unlikely to be reproduced by
lower-resolution climate models. Additionally, there may be
biases in capturing the variability of the vertical structure of
the mean-state (i.e., non-SCS environment) flow field itself.
Because the two models differ substantially in their represen-
tation of projected future changes to the kinematic profile,
there is significant uncertainty in how its interannual variabil-
ity may change with warming. What drives differences in the
representation of interannual variability of the low-level wind
field in climate models is beyond the scope of this study but is
a worthy topic for future research.

d. Implications

Given recent work finding that tornadogenesis depends
most strongly on shear in the lowest 1 km and possibly even
lowest 0.5 km (Coffer et al. 2019, 2020), the increase in low-
level shear suggests that the SRH ingredient for tornadogene-
sis could be enhanced when supercells form from a fixed bulk
environment. However, the reduced boundary layer RH also
increases the LCL, which is known to have a negative rela-
tionship with tornadogenesis (Thompson et al. 2004). Moreover,
other less well-understood factors that influence tornadoes (e.g.,
updraft width) may change with warming as well that could po-
tentially offset the changes in the shear structure analyzed here.
Moreover, the poor representation of low-level shear in the his-
torical climate as compared to ERAS, coupled with the lack of
clear agreement in the structure of its projected change between
our two models, indicates that this conclusion must be made
with substantial caveat.

Meanwhile, an increase in MSE deficit found in CNRM
would suggest the possibility of enhanced entrainment dilution.
An increase in entrainment dilution may result in a reduction in
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the frequency of severe convective storms by reducing the true
parcel CAPE from its undiluted value (Peters et al. 2020b,
2023a). The above interpretation is consistent with recent high-
resolution regional modeling studies that find an increase in the
frequency of SCS environments yet a decrease in the frequency
of SCS activity over the central Great Plains region studied
here (Ashley et al. 2023). This finding is typically ascribed to in-
creases in convective inhibition, although changes in entrain-
ment may play a similar role and are worthy of deeper study.
Additionally, the slight decrease in the boundary layer relative
humidity may increase LCLs, which may exacerbate these en-
trainment effects.

Overall, the vertical structure of these SCS soundings re-
mains relatively constant with warming. Evaluation of the net
effect of the modest changes to the vertical structure de-
scribed above on severe thunderstorms and tornadoes them-
selves is too complex to be ascertained here, particularly
given the deeper uncertainty associated with the most notable
change (low-level shear).

4. Conclusions

Recent evidence suggests that severe thunderstorms and possi-
bly tornadoes may become more frequent and/or intense in the
future. Our understanding of this behavior is typically explained
via changes in common vertically integrated (i.e., “bulk”) varia-
bles, such as CAPE and 0-6-km shear. However, the vertical
structure of thermodynamic and kinematic profiles in severe con-
vective storm environments possess many more degrees of free-
dom that can change independently of these standard bulk
parameters. This work examined how climate change may affect
the complete vertical structure of these environments for a fixed
range of values of CAPE and S06, using soundings over the
central Great Plains from two high-performing climate models
for the high-end forcing ssp370 scenario. Hence, our results may
be thought of as probing future climate changes in severe convec-
tive storm environments not associated with changes in CAPE
and S06.

We summarize our primary results as follows:

1) Changes in the thermodynamic structure: temperature
profiles warm relatively uniformly, with free-tropospheric
lapse rates decreasing slightly. Relative humidity remains
relatively constant, with the boundary layer becoming
slightly drier (=2% to —6%) while the free troposphere
becoming slightly moister (+2%). Free-tropospheric moist
static energy deficit slightly increases aloft, with a deeper-
layer increase in CNRM, consistent with the finding that
MSE itself increases relatively uniformly with height with
a slightly larger increase within the boundary layer.

2) Changes in the kinematic structure: Hodographs become
more strongly curved in CNRM, due to slightly stronger
southerly/southeasterly flow between 500 m and 1.5 km
relative to flow near the surface, while the shear profile
above 3 km remains largely unchanged. This behavior re-
sults in stronger wind shear within the lowest 1.5 km and
greater storm-relative helicity within the lowest 1.5 km
(which enhances SRH through all layers up to 3 km).
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However, there is little change in the hodograph in MPI
at any level.

3) Opverall, to first order, the vertical structure of SCS sound-
ings warms approximately uniformly with height at constant
relative humidity and the shear profile remains constant.
There is a slight drying of the boundary layer and slight
moistening of the free troposphere, and there is a slight in-
crease in the MSE deficit aloft. CNRM shows an increase
in low-level shear and 0-1-km SRH, but this change is not
found in MPI, indicating that climate model projections for
subtle changes in the low-level flow structure may be espe-
cially uncertain. Evaluation of the net response of these
changes on severe thunderstorms and tornadoes themselves
is too complex to be ascertained here.

4) There is substantial interannual variability in the vertical
structure of relative humidity, bulk shear, and SRH within
SCS environments. The kinematic variability particularly at
low levels is strongly underestimated in the models, indicat-
ing significant uncertainty in the model representation of
variability in the low-level wind field.

The findings of a slight reduction in the free-tropospheric
lapse rate and boundary layer relative humidity with warming
within our fixed ranges of CAPE and S06 are consistent with
similar findings in Wang and Moyer (2023) for the entire dis-
tribution over summertime North America. We reiterate that
such changes would be on top of changes associated with the
expected large increases in CAPE with warming that would
likely increase the intensity, and possibly frequency, of severe
convective storms as noted in past studies. The relatively
modest changes in the vertical structure found here suggest
that changes in CAPE itself will still likely be the most impor-
tant change in future SCS environments.

Our effort is a starting point for considering the full vertical
structure of the thermodynamic and kinematic environment
from climate models to better understand how severe thun-
derstorms and tornadoes may change with climate change.
There remain multiple avenues for future work. Analysis of
changes in the vertical structure could be extended to other
geographic regions, particularly the Southeast United States,
where the nature of severe thunderstorm environments and
events are known to differ in complex ways from the Great
Plains (Sherburn et al. 2016). This carries added importance
given the recent shift in tornado activity toward the Southeast
United States (Gensini and Brooks 2018). The use of cluster-
ing methods could help deal with the complexity of soundings
taken from a wide array of environments (Hua and Anderson-
Frey 2022). Moreover, recently developed theory for entraining
CAPE (Peters et al. 2023a), which explicitly accounts for the
role of entrainment of environmental air in the calculation of
ascending parcel buoyancy, could be used to more directly
quantify the effect of changes in entrainment on severe thun-
derstorm potential. Future work could test outcomes in limited-
area numerical model experiments of individual storms. The
outcomes can be compared against regional model experiments
that can properly represent convective initiation and the array
of convective forcing agents found in the real world. Addition-
ally, future work may want to consider the components of
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storm-relative helicity, particularly environmental horizontal
vorticity and storm-relative flow, given emerging research that
it is specifically these two components of SRH that are associ-
ated with intense low-level mesocyclogenesis (Goldacker and
Parker 2023).

Finally, we note that here we do not offer explanations for
why key aspects of the vertical structure, such as the curvature
of the low-level hodograph or the free-tropospheric relative
humidity, do or do not change in the future. This type of un-
derstanding requires a broader analysis of how the synoptic-
scale and large-scale circulation patterns (e.g., upper-level
trough) will change and how this interacts with the land sur-
face over the continental interior (e.g., Li et al. 2024). Such
endeavors are highly complex but also worthwhile, especially
for understanding climate change impacts on severe thunder-
storm hazards given the critical importance of the near-surface
wind structure for these phenomena.
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