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ABSTRACT: Changes in the frequency and intensity of mesoscale convective systems (MCSs) are assessed using convection-
permitting regional climate model simulations. We present a novel classification method that relates MCSs to the magni-
tude of their large-scale forcing environments to better understand the changing nature of MCSs in a possible future
climate scenario. Overall, the annual frequency, intensity, and amount of precipitation associated with MCSs are projected
to increase for broad portions of the eastern conterminous United States (CONUS). Furthermore, changes in the charac-
teristics of MCSs show larger, longer-lived, and faster MCSs particularly over the Midwest and Southeast. Seasonal exami-
nation of this response reveals a robust intensification of March-May (MAM) MCSs. The higher frequency of MAM
MCSs is found to occur in weakly forced synoptic environments. Increased rainfall amounts are explained by an intensifica-
tion of MCSs due to changing thermodynamics and enhanced lower-tropospheric moisture transport into the central
CONUS by the North Atlantic subtropical high. Differences in midlatitude storm tracks are favorable toward the enhanced
development of MCSs associated with strong baroclinic forcing within the Midwest and northern plains but are only real-
ized in the presence of strong changes in the lower-tropospheric moisture transport. Overall, these results suggest a shift in
the behavior of MAM MCSs that more closely corresponds to the behavior of June—August (JJA) MCSs in the historical
climate. The increased occurrence of MCSs in weakly forced environments, particularly in MAM, deserves further
investigation.

SIGNIFICANCE STATEMENT: Mesoscale convective systems (MCSs) make large contributions to the annual
precipitation in the central United States, but we have a limited understanding as to how they may change in a warmer
climate. Using a sophisticated tracking algorithm in conjunction with output from a high-resolution regional climate
model, we find that MCSs will become more intense overall and occur more frequently in spring in the eastern United
States. This frequency increase is strongly supported by a greater occurrence of MCSs in environments lacking support
from large-scale weather systems. Instead, simulated changes in persistent large-scale atmospheric features facilitate
the climatological transport of warmer and moister air into the eastern United States in spring, supporting an enhanced
MCS response despite statistically insignificant changes in the frequency of individual weather systems.
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1. Introduction Within the tropics, subtropics, and midlatitudes, mesoscale
convective systems (MCSs) are a common source of extreme
precipitation (Schumacher and Johnson 2005, 2006; Nesbitt
et al. 2006). MCSs are clusters of deep convection that can
organize and propagate as a singular cohesive system in en-
vironments with sufficient moisture, instability, and vertical
shear (Houze 2004). These storms are hydrologically impor-
tant and make substantial contributions to the total annual
and warm-season accumulated precipitation (Cotton et al.
1995; Haberlie and Ashley 2019b; Schumacher and Rasmussen
2020; Feng et al. 2021b). Therefore, to understand the changing
nature of extreme precipitation, it is important to understand
the changing nature of MCSs.

Understanding how precipitation may change in a warmer
climate is of great societal importance. Globally, the mean
precipitation response is constrained by the atmospheric
energy budget, with sensitivities ranging from 1 to 3% K™
(Allen and Ingram 2002; Held and Soden 2006; Pendergrass
2020). Extreme precipitation, which is more dependent on
low-level moisture convergence, is expected to scale closer to
7% K™, equivalent to the rate of change in the atmosphere’s
capacity for water vapor as dictated by the Clausius—Clapeyron
equation (Trenberth et al. 2003). This rate of increase in pre-
cipitation extremes has been extensively noted in both obser-
vations (Hardwick Jones et al. 2010; Feng et al. 2016; Fischer ; . .
and Knutti 2016; Taylor et al. 2017; Demaria et al. 2019) and Our understanding of how MCSs will evolve in a warmer

prior modeling studies (Kharin et al. 2013; Liu et al. 2017; Prein climate is largely limited by their inability to be sufficiently
et al. 2017a,b; Dai et al. 2020) resolved at the horizontal grid spacings employed by most

global climate models (GCMs) (Feng et al. 2021a). At coarser
grid spacings, resolved updrafts necessary for deep convection
are weaker than those simulated by models with higher-
Corresponding author: Brendan Wallace, bwallace@niu.edu resolution grids (O’Brien et al. 2016; Rauscher et al. 2016).
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Furthermore, the reliance on convective parameterizations has
led to a prominent “drizzle bias” in most GCMs that is charac-
terized by too frequent yet less intense precipitation than seen
in observations (Gao et al. 2017; Chen et al. 2021; Wallace et al.
2023). At convection-permitting scales (Ax = 4 km), the over-
all representation of precipitation, including subdaily extremes
and diurnal timing, is vastly improved (Prein et al. 2015;
Leutwyler et al. 2017; Liu et al. 2017; Ban et al. 2021; Gensini
et al. 2023; Wallace et al. 2023). Consequently, the overall
representation of MCSs, including their timing, size, and evo-
lution, is also more accurate in convection-permitting models
than within convection-parameterizing models (Haberlie and
Ashley 2019a; Prein et al. 2020; Fitzpatrick et al. 2020; Prein
et al. 2021).

Due to the high computational cost of convection-permitting
simulations, a commonly used method for studying projected
changes in MCSs is the pseudoglobal warming technique (PGW;
Schir et al. 1996; Rasmussen et al. 2011). This approach cal-
culates a mean climate perturbation derived from a GCM
ensemble and applies it to the initial fields and lateral bound-
aries of a regional climate model, permitting an estimate of
the effects of changing thermodynamics absent substantial
changes in the large-scale circulation. Using this approach, it
has been found that the frequency of intense summertime
MCSs may be more than triple across North America and
that the total MCS precipitation volume may significantly
increase (Prein et al. 2017a). It has also been found that the
most intense precipitation-producing regions of MCSs may
disproportionately increase in size and make up a larger frac-
tion of the overall MCS precipitation volume (Dougherty et al.
2023; Lasher-Trapp et al. 2023). Increases in the size and
intensity of MCSs are consistent with changes in the ther-
modynamic environment, where higher precipitable water
concentrations and greater values of convective available
potential energy (CAPE) allow for more intense future storms
(Rasmussen et al. 2020; Chen et al. 2020; Haberlie et al. 2022;
Ashley et al. 2023). However, due to the limitations of the
PGW approach, it is unclear how changes in the mean circula-
tion may act to modulate the overall MCS response.

An alternative approach that is able to consider changes in
both the large-scale dynamic and thermodynamic environments
is to dynamically downscale output from a GCM onto a finer
grid using a regional climate model (Giorgi and Gutowski
2015). Through an explicit comparison of two convection-
permitting regional climate models, one dynamically down-
scaled and one employing the PGW method, Chan et al. (2023)
found that both models agreed on an overall increase in precip-
itation intensity and the precipitation volume attributed to
MCSs. However, key characteristics of this response, including
MCS size, speed, and lifetime, were sensitive to changes in
vertical wind shear and, in turn, the large-scale dynamic envi-
ronment. Subsequent studies analyzing the MCS response in
dynamically downscaled simulations have similarly noted an
overall increase in MCS activity, particularly over the eastern
CONUS (Haberlie et al. 2023, 2024).

In this study, we seek to further explore the separate contri-
butions of changes in large-scale dynamics and thermodynam-
ics on the overall MCS response using a series of dynamically
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downscaled convection-permitting regional climate model
simulations. Specifically, we focus on the central and eastern
United States, where intense MCSs account for a majority
of extreme rainfall events (Schumacher and Johnson 2005,
2006), and there is relatively good agreement on an increase
in the frequency and intensity of MCSs in both observational
trends (Feng et al. 2016; Hu et al. 2020) and downscaled
convection-permitting simulations (Haberlie et al. 2023).
Through an examination of large-scale environments condu-
cive to spring MCS initiation over the CONUS Great Plains
in 20 Coupled Model Intercomparison Project (CMIP) Phase
6 models, Song et al. (2022) note an increase in the occurrence
of environments characterized by a strong low-level jet and
low-level southerly winds associated with an expansion of the
North Atlantic subtropical high (NASH; for more details, re-
fer to Song et al. 2019). Climatologically, the NASH is charac-
terized by a surface high centered near Bermuda (25°-40°N,
20°-50°W) during boreal summer (Zishka and Smith 1980).
Similar results have been noted in studies examining changes in
the Great Plains low-level jet in both observations (Ferguson
2022) and additional GCM ensemble studies (Zhou et al. 2021).
Increased low-level jet activity is further corroborated by results
based on 37 CMIP5 models that project an intensification of
southerly winds along the western NASH during April-June
that favors enhanced seasonal moisture transport over the
eastern CONUS and results in a robust precipitation increase
(Song et al. 2018a). Recent work by Haberlie et al. (2024)
examined the seasonality of the MCS response within a set
of dynamically downscaled convection-permitting regional
climate simulations and found substantial increases in the
springtime MCS frequency and intensity, particularly within
the eastern United States. However, the mechanisms underly-
ing this response have not yet been fully disentangled and will
be further examined here.

2. Methodology
a. Model setup

The model data used in this study consist of a set of convection-
permitting dynamically downscaled Weather Research and
Forecasting (WRF) Model, version 4.1.2 (Skamarock et al. 2019),
simulations performed by Gensini et al. (2023). The model is ini-
tialized and forced at the lateral boundaries by bias-corrected
output from version 1 of the Community Earth System Model
(CESM; Hurrell et al. 2013) with a horizontal resolution of
approximately 1°. Several 15-yr periods are simulated, but for
this study, we only consider two: a historical (HIST) simulation
(1990-2005) and an end-of-century simulation under a rep-
resentative concentration pathway (RCP; Moss et al. 2010)
8.5 emissions scenario (EoC85; 2085-2100). Each simulation
is integrated for a full water year (1 October-30 September)
and reinitialized on 1 October for each year. These simulations
are configured to have a horizontal grid spacing of 3.75 km
with 51 vertical levels across a domain encompassing the
CONUS (Fig. 1). Certain 2D fields such as accumulated pre-
cipitation and simulated composite reflectivity are saved at
15-min intervals. Analysis exclusively considers the portion
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FIG. 1. Geographic extent of the WRF simulation domain and
regions used to classify MCSs.

of the CONUS east of the Rocky Mountains (ECONUS)
and consists of five subregions: northern plains, southern
plains, Midwest, Southeast, and Northeast. Given the fine-
grid spacing, no deep convective parameterization is used
and the impacts of shallow cumulus are simulated using
the Mellor-Namada—-Nakanishi-Niino dynamic multiplume
mass-flux scheme (Nakanishi and Niino 2006). For more de-
tails regarding specific model parameterization choices, we
refer the reader to Gensini et al. (2023).

To maintain the consistency of synoptic-scale features be-
tween the model and the lateral boundaries, spectral nudging
(Miguez-Macho et al. 2004) is used on 6-hourly intervals for
select variables including three-dimensional temperature, spe-
cific humidity, zonal and meridional winds, and geopotential.
Nudging is only performed above the planetary boundary
layer and for scales 2000 km or greater. Furthermore, the
strength of the nudging linearly increases from the boundary
layer up to the fifth level above the boundary layer. Nudging
is separately applied to both the HIST and EoC85 WREF simu-
lations, and both are nudged toward their respective CESM
forcing. For further details, we refer the reader to Gensini
et al. (2023).

b. MCS identification and environmental classification

MCSs are identified and tracked in time based on the simu-
lated composite (column maximum) radar reflectivity factor
following the methods outlined in Haberlie and Ashley
(2019b). For a comprehensive overview of the application of
this methodology to this specific set of simulations, we refer
the reader to Haberlie et al. (2023) but provide a brief de-
scription here. MCS features are initially identified as regions
where the simulated composite reflectivity is equal to or
greater than 40 dBZ with a total size of at least 40 km”. Re-
gions that meet the composite reflectivity criteria but not the
size criteria and are within 24 km of an identified feature are
merged. If the major axis length of this feature is at least
100 km, stratiform precipitation regions (=20 dBZ) within
96 km are combined with the feature. These features are
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tracked in time using spatial overlap detection. If multiple fea-
tures overlap with an identified feature in the previous time
step, continuity is assigned to the feature that most similarly
resembles the feature in question. Finally, only MCSs that last
at least 3 h are retained for analysis. A potential limitation of
this approach is that fast-moving storms or storms that experi-
ence substantial changes in morphology between time steps
may not meet the overlap criteria and would thus be misclassi-
fied as separate storms. We address this potential source of er-
ror through the use of a 15-min interval simulated composite
reflectivity that minimizes the possibility of there being
substantial variation in storm morphology and increases the
chance that storms overlap between time steps.

A key distinction between long-lived, intense MCSs and
weaker, short-lived MCSs are their proximity to strong baro-
clinic forcing that often occurs in the form of a 500-hPa trough
upstream of the MCS initiation location (Yang et al. 2017,
Feng et al. 2019). More intense MCSs often occur in environ-
ments with a strong frontal gradient, deep moisture, and
strong shear (Laing and Fritsch 2000; Coniglio et al. 2010).
These conditions are not always necessary, however, as some
MCSs have been shown to occur in synoptically unfavorable
environments and can be attributed to eastward-propagating
subsynoptic features (Pokharel et al. 2019; Song et al. 2021).
Opverall, changes in the magnitude and frequency of synoptic-
scale features are a reflection of the large-scale dynamic re-
sponse, and so, it is necessary to separately consider how
MCSs associated with these features may change. To do so,
we classify MCSs either as strongly forced or weakly forced
using a two-step categorization approach that exclusively con-
siders a 500-hPa geopotential height (Z500) (Fig. 2).

The first step considers the local finite-amplitude wave ac-
tivity (LWA; Figs. 2¢,d; Huang and Nakamura 2016). Prior
studies have successfully used LWA derived from Z500 to ex-
amine extreme regional temperature events (Chen et al.
2015), atmospheric blocking (Martineau et al. 2017), and low-
level jet coupling (Burrows et al. 2019; Ferguson 2022). The
calculation of this metric is dependent on the equivalent lati-
tude (¢,.), which represents the latitude where the poleward-
bound area is equal to the poleward-bound area of a specific
geopotential height contour (z.). This quantity is recalculated
for all geopotential height contours, and the number of con-
tours considered is equal to the number of latitude bands
within the input dataset. Regions characterized by northward
or southward deviations of z. from ¢, are classified as regions
of anticyclonic wave activity (AWA) or cyclonic wave activity
(CWA), respectively, in the Northern Hemisphere. These two
quantities are defined here as

a ’

AWAG ) = s |20 aeesan ()
___a ,

CWAW, 6) = 5 L,Swwmz (A, $eos(B)dd, (2)

where A is the longitude, a is Earth’s radius, z’ is the eddy geo-
potential height (z = z — z.), and ¢ is the latitude. By defini-
tion, the northward and southward deviations of z,. relative to
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FIG. 2. Representative examples of the two types of classified MCSs at their initiation time for (a) strongly forced
MCSs and (b) weakly forced MCSs along with the two derived quantities used to perform the classification. These
two quantities consist of (c),(d) the magnitude of CWA (blue) and AWA (red) contoured on 2 X 108 m~? intervals
and (e),(f) the extent of cyclonic (blue) or anticyclonic (red) curvature based on the orientation of the Z500 field. The
location of the star in each panel denotes the centroid of the MCS at its initiation time. The dashed black box in each
panel denotes the boundaries of the upstream box measuring 10° latitude X 12° longitude used to consider the forcing

associated with the MCS.

¢, are equal in area, resulting in the equal weighting of cy-
clones and anticyclones around the Northern Hemisphere.
Furthermore, ¢, is recalculated at every time step, allowing
both CWA and AWA to be unaffected by the northward shift
in Z500 associated with changes in season and climate state.
To consider the full extent of the Northern Hemisphere and
maintain consistency with the original method, both AWA
and CWA are computed every 6 h using the Z500 field in the
original bias-corrected CESM dataset used to force the WRF
simulations. Following an approach similar to that of Burrows
et al. (2019), an MCS is classified as strongly forced if at least
half of the grid cells within a 10° latitude X 12° longitude box
upstream of the MCS centroid at initiation time contain a
CWA value that exceeds the 70th percentile monthly and spa-
tially varying daily maximum. The initiation time of an MCS
is the first time step of a discrete feature that meets the criteria
for classification. Furthermore, we define the MCS centroid as
the unweighted central point of a classified MCS slice.

If this first criterion is not met, a secondary check is per-
formed for upper-tropospheric troughs and ridges (Figs. 2e,f)
following the masking approach of Schemm et al. (2020). To
be consistent with the derived CWA and AWA, this quantity
is also calculated every 6 h using Z500 from the CESM data-
set used to initialize and force the lateral boundaries of the
downscaled WRF simulations. A Gaussian smoothing filter
(o = 2) is first applied to the Z500 field to eliminate small-
scale disturbances. Troughs and ridges are identified through
a consideration of the curvature of Z500 (cf. Fig. 2 in Schemm
et al. 2020). First, the gradient of Z500 is computed for all
grid cells in the Northern Hemisphere from 20° to 90°N.
Second, this gradient field is interpolated at every point to a
position that is 25 km away from its original position following
a vector that is rotated 90° clockwise relative to the Z500
gradient vector. Third, the 90° rotated vector relative to the
7500 gradient vector is recomputed at this new position and
the angle between the original rotated vector and the displaced
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FIG. 3. Composites of the annual mean Z500 (contours) and anomalous Z500(shading) at the initiation time for three categories of
MCSs representing (a)—(e) all MCSs, (f)-(k) strongly forced MCSs, and (i)—(p) weakly forced MCSs. Columns are organized by the region
containing the MCS centroid at its initiation time. The respective region is denoted by the green hatches.

rotated vector is calculated. Finally, if the angle between the
two vectors is greater than +0.05° km ™!, the region is identified
as either a trough (positive) or ridge (negative). A check is
then performed within a 10° latitude X 12° longitude box up-
stream of the MCS centroid at the initiation time for whether
10% of the grid cells feature an identified trough or ridge
feature. However, preliminary tests relying on the consider-
ation of curvature alone performed poorly in the warm season
and at lower latitudes where a cyclonic curvature may exist
within the Z500 field absent from any strong baroclinicity. To
account for this, we perform an additional step that calculates
the zonal and meridional average Z500 gradients from the
maximum Z500 to the minimum Z500 across all latitude and
longitude rows and columns, respectively, within the defined up-
stream box. If the band-averaged gradient exceeds 0.01 m km ™!
for any band and if at least 10% of points within the upstream
box are identified as belonging to a trough, the MCS is classified
as strongly forced. If neither criterion are met (LWA check and
trough mask check), the MCS is classified as weakly forced.

3. Results
a. MCS characteristics and environments in HIST

We first consider the characteristics and large-scale envi-
ronments of MCSs grouped by their forcing categorization in
HIST. Consistent with Feng et al. (2019), we construct com-
posites of large-scale environments that exclusively consider
conditions at their initiation time to minimize the feedback
between deep convective systems and the large-scale circulation

(e.g., Chasteen and Koch 2022). An examination of the com-
posite annual mean and anomalous Z500 for all MCSs, strongly
forced MCSs, and weakly forced MCSs reveals that the classi-
fication methodology outlined in section 2b is capable of dis-
tinguishing strongly forced MCSs from weakly forced MCSs
(Fig. 3). On average, most MCSs occur in close proximity to a
midtropospheric trough and midtropospheric ridge that are,
respectively, upstream and downstream of the MCS initiation
region (Figs. 3a—e). Isolating strongly forced MCSs results in
an increase in the magnitude of both the time-mean and
anomalous upstream trough and ridge, owing to the exclusive
consideration of MCSs associated with strong baroclinic forcing
(Figs. 3f-k). In contrast, MCSs associated with weak forcing
environments are characterized by the absence of a pronounced
midtropospheric trough immediately west of the initiation site
and, instead, are more closely related to anomalous ridging just
east of or over the region in question (Figs. 31-p). The forcing
associated with MCSs is strongly correlated to the season in
which they occur (Song et al. 2019), and the results presented
in Fig. 3 likely reflect this. Strongly forced MCSs, that are often
accompanied by a deep upper-level trough, occur most often in
spring [March-May (MAM)], while weakly forced MCSs, that
are often associated with the weakly zonal flow aloft, occur
most often in the warm season [June-August (JJA)].

We next consider the number of days annually and season-
ally where at least one MCS intersects a predefined 75-km
mesh grid. In the event that multiple MCSs occur over a par-
ticular cell within the same 0000-0000 UTC timeframe, the re-
sult is still considered as 1 day. Consideration of all MCSs
reveals that most occur within the south-central United States
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FIG. 4. Mean annual and seasonal MCS day counts for (a)-(e) all MCSs, (f)-(j) strongly forced MCSs, and (k)-(o) weakly forced
MCSs in HIST.

annually and that the region of maximum occurrence is dis-
placed further north toward the upper Midwest during the
warmer months (Fig. 4). This MCS distribution broadly agrees
with the observed MCS climatology derived from radar and
satellite observations (Haberlie and Ashley 2019a; Feng et al.
2021b). Strongly forced MCSs are most common outside of
JJA when comparatively less of the total seasonal MCSs are
associated with strong synoptic-scale forcing (Figs. 4f—j). Instead,
weakly forced MCSs make up a majority of the MCSs that
occur during JTA (Figs. 4k—0). These results support earlier
work from Song et al. (2019) that find a reduced occurrence
of strongly forced MCSs in JJA.

The distribution of precipitation attributed to MCSs closely
matches the geographic distribution of MCSs themselves (Fig. 5).
The magnitude of seasonal precipitation totals is highest in
DJF and MAM, particularly within the southern CONUS
along the Gulf Coast (Figs. 5b,c). Despite MCSs most fre-
quently occurring in summer, the total amount of precipita-
tion produced by MCSs at this time is comparably smaller
than what is produced earlier in the year (Fig. 5d). This can
be attributed to the large occurrence of unforced MCSs at this
time (Fig. 4n) that lack the large-scale support necessary to
produce more precipitation across a larger area (Coniglio et al.
2010; Peters and Schumacher 2014). Consideration of the
amount of accumulated precipitation attributed to strongly

forced MCSs confirms this, with the highest totals occurring
within the southern CONUS in DJF and MAM (Figs. 5f-h).
A majority of JJA precipitation is associated with weakly
forced MCSs (Fig. 5n).

Results from the historical simulation are consistent with
prior work examining MCS distributions within the CONUS
(Haberlie and Ashley 2019a; Feng et al. 2021b; Haberlie et al.
2023) and the large-scale environments that accompany
MCSs overall (Song et al. 2019; Feng et al. 2019; Na et al.
2022). While JJA appears to be the time of year where MCSs
occur most often for large portions of the United States east
of the Rocky Mountains, the rainfall accumulations from
these storms are typically smaller than those that occur in
other seasons, particularly in DJF and MAM that feature the
largest accumulations over the southern CONUS (Figs. 5b.c).
This result agrees with earlier work from Hu et al. (2021) who
note that early warm-season MCS rainfall is typically of a
higher intensity and covers a larger areal extent than late warm-
season MCS rainfall and can be attributed to most warm-season
MCSs being weakly forced (Fig. 4n) and lacking the strong
synoptic support necessary for long-lived, high accumula-
tion storms. In the next section, we consider how MCSs in
differing environments, along with the environments them-
selves, will change in a single realization of a future climate
scenario.
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FIG. 5. Mean annual and seasonal MCS rainfall totals for (a)—(e) all MCSs, (f)—(j) strongly forced MCSs, and (k)—-(0) weakly forced MCSs
for HIST.

b. End-of-century differences in MCS characteristics and
environments

Opverall, a robust increase in the number of annual MCS
days is simulated across a substantial portion of the ECONUS
(Fig. 6). This increase is supported by roughly equal increases
in the occurrence of both strongly forced MCSs (Fig. 6f) and
weakly forced MCSs (Fig. 6k). Consideration of the differ-
ence in seasonal MCS days reveals an increase in the occur-
rence of MAM MCSs that largely dwarfs the signal in all
other seasons (Fig. 6¢). Interestingly, changes in the occur-
rence of weakly forced MCSs (Fig. 6m) compose a larger por-
tion of this response than changes in the occurrence of
strongly forced MCSs (Fig. 6h). Also of note is a fairly consis-
tent reduction in annual MCS days over the southern plains
in MAM and JJA and a broad reduction in JJA MCS days
over most of the northern plains, portions of the Midwest,
and along the western edge of the Southeast in Arkansas and
Louisiana. More infrequent MCSs over the southern plains
are related to a reduced occurrence of strongly forced MCSs
in MAM and weakly forced MCSs in JJA (Figs. 6h,n). The
overall reduced occurrence of MCSs in JJA is more closely re-
lated to infrequent strongly forced MCSs (Fig. 6i).

Consequently, differences in the amount of accumulated
rainfall from MCSs are fairly similar to the overall frequency
response (Fig. 7). In the EoC85 simulations, MCSs produce

more annual rainfall across most of the ECONUS (Fig. 7a)
and are associated with comparatively larger contributions
from the rainfall response tied to strongly forced MCSs (Fig.
7f). Despite relatively large increases in the annual occurrence
of weakly forced MCSs, the changes in the annual rainfall
amount associated with these storms are small relative to in-
creases in strongly forced MCS rainfall across most of the
ECONUS (Fig. 7k). Separated by season, the MAM and DJF
responses (Figs. 7b,c) can explain a considerable share of the
overall annual response (Fig. 7a). Despite stronger changes in
the occurrence of weakly forced MCS, increased MAM rain-
fall associated with strongly forced MCSs is roughly equal to,
if not greater than, increases in MAM rainfall associated with
weakly forced MCSs (Figs. 7h,m). Increased DJF MCS rain-
fall is primarily associated with greater rainfall accumulations
from strongly forced MCSs (Fig. 7g).

To better understand how characteristics of MCSs are
changing, we construct boxplots of the annually averaged life-
time-mean total area (=20 dBZ), intense area (=50 dBZ),
storm duration, and storm speed. We define storm speed as
the distance between the storm centroid at its first and final
time steps divided by the total number of time steps the storm
was active. Across both sets of simulations and for nearly all
regions, strongly forced MCSs (hatched) are larger, more
intense, longer-lived, and faster than weakly forced MCSs
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(stippled; Fig. 8). Outside of the southern plains and the
Southeast, statistically significant increases in the total storm
area are simulated for almost all MCS types (Fig. 8a). Changes
in the size of intense area are even more pronounced, with all
MCSs in every region (except for weakly forced MCSs over
the northern plains) experiencing statistically significant in-
creases (Fig. 8b). These results are largely similar to earlier
work from Dougherty et al. (2023) who found disproportionate
increases in the most intense regions within MCSs. Over the
Midwest and Northeast, two regions that see considerable
overlap with areas where MCS frequency and rainfall amount
are increasing (Figs. 6a and 7a), statistically significant increases
in the duration of MCSs are also simulated, primarily for
MCSs that occur in strongly forced environments (Fig. 8c). The
lifetime mean speed of MCSs is also increasing for nearly every
region except the northern plains, and this response is statisti-
cally significant when considering all and strongly forced MCSs
within the ECONUS (Fig. 8d). Increases in the size and dura-
tion of MCSs, particularly over the Midwest and Northeast, al-
low for MCSs to impact a larger area in the future climate and
can help to explain some of the increases in MCS days simu-
lated within those regions (Fig. 6). This is because it is easier
for longer-lasting, larger MCSs to overlap over a particular
region across different days. Furthermore, robust widespread

increases in the areal extent of intense deep convective MCS
cores (=50 dBZ) would support increases in MCS rain, as
higher simulated reflectivity can be associated with larger rain-
fall rates that are able to produce more rainfall across a shorter
time period (Koch et al. 2005). Larger MCSs may also help to
counteract increases in the overall speed of MCSs, which, de-
spite not being statistically significant for weakly forced MCSs
and MCSs in most regions, would limit the time an MCS can
produce precipitation over a particular area.

Changes in the characteristics of MCSs indicate that they
are becoming larger, faster, and longer in duration. Increases
in MCS size, regardless of the strength of their associated
synoptic-scale forcing, suggest changing thermodynamics as
the primary driver of this response. Past studies have consis-
tently highlighted notable increases in the mean precipitable
water and CAPE (Gensini and Mote 2014; Hoogewind et al.
2017; Chen et al. 2020; Rasmussen et al. 2020; Haberlie et al.
2022; Ashley et al. 2023) that support larger, more intense
MCSs. Additionally, changes in the duration and speed of
MCSs relate to changes in large-scale dynamics through the
modification of vertical wind shear (Chan et al. 2023).

To assess the thermodynamic and dynamic environments
of MCSs in both climate states, we analyze the occurrence
of MCSs binned by their spatially averaged most unstable
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CAPE (MUCAPE) and 0-6-km bulk wind shear across a
600-km? box centered on the MCS centroid at its initiation
time (Fig. 9). Climatologically, very few MCSs occur in en-
vironments with minimal MUCAPE and shear (Figs. 9a—f).
Instead, most MCSs occur in environments with moderate
shear and MUCAPE, with the exception of the Southeast
where the maximum MCS occurrence is split between high-
MUCAPE/low-shear environments and low-MUCAPE/high-
shear environments. Separate consideration of the environments
associated with strongly forced and weakly forced MCSs reveals
that a majority of high-MUCAPE/low-shear MCSs are weakly
forced, while high-shear low MUCAPE storms tend to be more
strongly forced (not shown).

In the future climate, most regions experience the largest
increase in the occurrence of MCSs that occur in high-MUCAPE/
low-shear environments (Figs. 9g-1). This response would sug-
gest a greater fraction of future MCSs occurring in weakly
forced environments and is consistent with increases in the oc-
currence of weakly forced MCSs (Fig. 6k). A secondary maxi-
mum most prominently manifests within the Southeast and
Midwest that is characterized by an increase in the occurrence
of MCSs in low-MUCAPE moderate-shear environments
(Figs. 9h,j). This response is consistent with the annual average
increases in the MCS speed for these same regions (Fig. 8d)

and an increased occurrence of strongly forced MCSs, particu-
larly in DJF and MAM (Figs. 6g,h). Across the Southeast and
southern, a persistent reduction in the occurrence of low
MUCAPE MCSs occurs for all shear environments (Figs. 9h,1).
A similar response occurs over the Midwest exclusively in
low-shear environments. Using the same dataset, Haberlie
et al. (2022) found that most unstable convective inhibition
(MUCIN) increases were maximized, primarily in JTA, within
a corridor extending from south Texas northward into South
Dakota. We suggest that locally maximized increases in MUCIN
over these regions may disproportionately impact the occur-
rence of MCSs in moisture-limited regimes that lack the forcing
necessary to overcome stronger inhibition.

To summarize, the analysis of future MCS characteristics
and their environments indicate an increase in the overall
frequency and intensity of MCSs. A greater occurrence of
MCSs in high-MUCAPE/low-shear environments aligns well
with the increased occurrence of days characterized by the
passage of weakly forced MCSs (Fig. 6k). Across all regions,
overall increases in the intense area of MCSs (Fig. 8b) agree
well with the increased occurrence of MCSs associated with
high MUCAPE (Figs. 9¢-1). Despite this, the disproportion-
ately strong MAM MCS response in MCS frequency and total
rainfall (Figs. 6¢c and 7c) coupled with the concentrated increase

Unauthenticated | Downloaded 03/09/25 11:42 AM UTC



470

Annual Mean Area = 20 dBZ

@ (MCS Lifetime Mean)

JOURNAL OF CLIMATE

VOLUME 38

Annual Mean Area = 50 dBZ

@ (MCS Lifetime Mean)

A A
80000 4 o o 1800 4 o
2 A
1600 A
70000 = = ) N
o° n °| o 1400 A = -
o ° o [ ] A
60000 g 0. X1 o 1200] & om s B * Ol O w|© i X A
£ ° 5 o o o £ ! o ° 1) [
~ g ° o o *| < é ‘é’o ) o, 0| 0 9
50000 1 Jo o o & 5° 10004 To S 4 Oi
& XETIRo o o allo § go o
o © N i % H R © ° e ©
00 Y o [ 800 1-6—% o ©
40000 oé Ml o ofld® o ©°iM° ok ° ° 6 po
00 o é o 600 1 o 8° ° °
° ° ° s 5
30000 - o = 4004 o
ECONUS N.Plains S.Plains Midwest S.East  N.East ECONUS N.Plains SPlains Midwest SEast  N.East
Annual Mean Storm Duration Annual Mean Speed
C) (MCS Lifetime) d) (MCS Lifetime Mean)
[} 201 A
20 o
o o o
181 184 5
16 . - 4
] S o
161 SRPC) b ° o o.
14 o og W o oo
4 i 7 ? o o oLe
= o v
3w o R o g 141800y o | . . B g
00 ° (<] ) o o o
10-§! ; 560 @éoo . o %_1 5 0 © I ° E
& é; o °0 Ao O, 12 0 © o © 5 5
8 %sgg %0%0 ? é*@! i $g o ; o o ) o
05 00 I3 N “ i
6 ° - éo — §2 o iéi 1 %o ?
o (o]
44 o
ECONUS N.Plains S.Plains Midwest S.East N.East ECONUS N.Plains S.Plains Midwest S.East N.East
3 HIST Strongly Forced m  EoC 8.5 All (p < 0.05) * EoC 8.5 W. Forced (p < 0.05)
I EoC8.5 Weakly Forced A EoC 8.5S. Forced (p < 0.05)
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MCSs are organized by region containing the centroid of the storm at its initiation time. An additional region represent-
ing the ECONUS is comprised of MCSs in any of the five defined regions (cf. Fig. 1). Boxes show HIST (green) and
EoC85 (red) across the three MCS categories representing all MCSs (not hatched or stippled), strongly forced MCSs
(hatched), and weakly forced MCSs (stippled). The box represents the interquartile range, the whiskers represent the
5th and 95th percentiles, white circles represent outliers, black dots within the box represent the mean, and the horizon-
tal black lines represent the median. Symbols above the EoC85 box for each region and MCS category denote instances
where the EoC85-HIST difference is statistically significant (p < 0.05) based on the Mann-Whitney U test.

in the MCS activity at the interface between the Midwest and
Southeast, north of and along the Tennessee River Valley,
suggests a persistent climatological feature that extends be-
yond increases in mean thermodynamics alone. A study of ob-
servational MCS trends by Feng et al. (2016) finds a similar
increase in the occurrence and overall intensity of April-June
MCSs, with a center displaced further north and west in por-
tions of the Midwest and southern plains. Through an analysis
of the large-scale environment, they conclude that positive
trends in the geopotential height at 850 hPa concentrated in
the Southeast, associated with an intensification of the western
flank of the NASH, act to produce a stronger time-mean
southerly wind through the central United States that enhan-
ces shear and low-level moisture transport. Similar results
have also been identified by Song et al. (2018b,a), who note a
general agreement among CMIPS members on an intensification

of the westward flank of the NASH that increases the April-
June precipitation in the upper Midwest and portions of the
Northeast. In the next section, we limit our analysis to MAM to
investigate whether a similar mechanism is responsible for the
disproportionate increase in the MCS occurrence and accumu-
lated rainfall seen during this season in our set of simulations.

¢. Examination of the MCS MAM response

Climatologies of geopotential height and horizontal wind on
isobaric levels along with lower-tropospheric (1000-700 hPa)
integrated vapor transport (IVT) for MAM are overall sup-
portive of an intensification of the NASH in EoC85 (Fig. 10).
In HIST, moisture advection by low-level southerly winds di-
rected from the Gulf of Mexico supports high IVT values over
the southern plains that curve northeast across portions of the
Southeast and lower Midwest (Figs. 10a—c). Southerly wind
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over the central CONUS is associated with the western side of  climatological features responsible for southerly winds and
the NASH, which has been identified as a crucial mechanism  northward moisture transport intensify (Figs. 10d-f). At 900 hPa,
that controls seasonal moisture transport and precipitation for ~ geopotential height increases maximize along a westward ex-
the southeastern United States (Li et al. 2011, 2012; Nieto  tending ridge that straddles the Gulf Coast and feature an axis
Ferreira and Rickenbach 2020). In the EoC85 simulations, the  that aligns with the western ridge of the NASH. These height
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FIG. 10. MAM mean plots of the geopotential height (contour), horizontal wind (vector), and 1000-700-hPa IVT (shading) at (left)
900 hPa, (center) 850 hPa, and (right) 700 hPa for (a)-(c) HIST and (d)-(f) the EoC85-HIST difference.
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increases diminish toward the northwestern CONUS and serve to
tighten a northwest-southeast aligned gradient and result in en-
hanced south-southeasterly flow in the central and southern
United States. Similar responses are observed at 850 and 700 hPa
and strengthen the lower-tropospheric IVT. This intensified sea-
sonal moisture transport into the southern Midwest region and
northern Southeast region aligns well with locations that see an
increase in the frequency of MCSs (Fig. 6¢) and the amount of
rainfall produced by MCSs in MAM (Fig. 7c). Song et al. (2018a)
found, using CMIPS5, that spring increases in rainfall further north
that could be explained by a stronger southerly component of the
925-hPa wind. This suggests that the location of the greatest posi-
tive rainfall response may demonstrate a strong sensitivity to
changes in climatological moisture transport associated with the
NASH.

We have established a linkage between an intensification of
the westward flank of the NASH and increased MCS rainfall in
the eastern CONUS in a future climate that mechanistically
agrees with past observational and modeling studies. However,
portions of the southern plains and Southeast along the Gulf of
Mexico receive enhanced lower-tropospheric moisture trans-
port but demonstrate no significant increases in MCS activity
(Fig. 6¢). This suggests that moisture advection alone may not
be enough to induce the positive precipitation response. To
better understand the effect of changes in mean dynamics and
thermodynamics on the overall response, we perform a decom-
position of the atmospheric water budget (Seager et al. 2010;
Zhang et al. 2019; Wallace and Minder 2024). For a compre-
hensive derivation, we refer the reader to Seager et al. (2010).
Through this decomposition, differences in the balance of pre-
cipitation and evaporation [8(P — E)] can be related to differ-
ences in the strength of the climatological mean moisture flux
convergence (MFC). The mean MFC difference can be decom-
posed into components that represent the contributions from
changes in thermodynamics (TH), mean circulation (C), and
transient eddies (TE) such that

go(P — E) ~ SMFCTH + 5MFCC + 6MFCTE — 48,
Dy
MFCTH = 7[() V. [VHIST(5§)]dP»

Py
MEC,. = —L V- [(6V) 5

Dy o
MFC,, = —L V- 8(q)dp. 3)

where overbars denote the climatological means, primes de-
note the departures from the climatological mean, § denotes
the EoC85-HIST difference, g is the gravitational accelera-
tion, p, is the surface pressure, g is the specific humidity, v is
the horizontal wind, and p is the pressure. We neglect the cal-
culation of 8S = &(q,v, - Vp, ), which represents changes at the
surface and has been shown to be small relative to the other
terms (Seager et al. 2010; Zhang et al. 2019; Fu et al. 2021).
To reduce computational expense, this analysis is performed
on output from the WRF simulations that have been coars-
ened to have a horizontal grid spacing of 75 km.

Overall reductions in the magnitude of MFC (Fig. 11a) for
portions of the southern plains and along the Gulf Coast, in
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addition to increases in the magnitude of MFC for portions of
the lower Midwest extending from southern Missouri through
West Virginia, align fairly well with changes in MCS rainfall
(Fig. 7). These results align even more closely with the differ-
ences in total (MCS and non-MCS) MAM rainfall within
these same simulations (Haberlie et al. 2023; their
supplemental Fig. 3). The spatial pattern of MFCry reveals
that changes in specific humidity act to support reductions in
the overall strength of MFC within the southern plains while
making minimal contributions to the positive increases over
the Tennessee River Valley (Fig. 11b). Since specific humidity
is increasing at every grid point within the domain at every
vertical level (not shown), the negative contributions of
MFCry physically indicate that there is greater moisture
within regions that experience divergence by the mean flow
or that the gradient of humidity is changed such that it in-
creases advection by the historical climatological flow. In con-
trast, the contribution of MFC¢ acts to increase MFC for a
broad portion of the ECONUS (Fig. 11c). Physically, this in-
dicates that the horizontal wind is changing in a manner that
increases convergence given the pre-existing gradient of
specific humidity. This dynamic response is consistent with
changes in the magnitude of winds at 900 and 850 hPa
(Figs. 10d,e), which show increases in southerly wind that
maximize along the Gulf Coast and steadily reduce further
north. Last, the contribution of MFCrg shows that the effect
of changes in storm tracks on the overall MFC is negative
across most of the ECONUS (Fig. 11d). Transient eddies, that
arise from discontinuities in the mean flow, make large contri-
butions to the total poleward moisture and energy transport
in the midlatitudes (Trenberth and Stepaniak 2003). Negative
contributions of MFCrr may be physically related to a strength-
ening of individual storms and, in turn, enhanced poleward
moisture transport to higher latitudes outside our domain (Wu
et al. 2011). This suggests that changes in the strength of hori-
zontal wind more consistently act to enhance MFC for most of
the ECONUS and physically links changes in winds, rather than
changes in specific humidity, to the positive rainfall response
centered over the Tennessee River Valley.

To explore how the climatological frequency and magni-
tude of individual storm tracks are changing, we consider the
MAM average Z500 alongside the frequency and magnitude
of CWA that exceeds 1 X 10’ m~2. The choice of this thresh-
old for CWA is arbitrarily decided through consideration of
the historical climatology of CWA, and additional tests incre-
mentally lowering the threshold to 1 X 10° m™~? did not signifi-
cantly change the result. Changes in the seasonal climatology
of CWA and Z500 suggest a reduced occurrence of storm
tracks in the ECONUS (Fig. 12b). In HIST, moderate CWA
is shown to occur over the northeastern and southwestern
United States, corresponding to the climatological position of
midtropospheric troughs (Figs. 12a,d). This pattern is dis-
rupted within the EoC85 simulations which feature more fre-
quent CWA over the northwestern CONUS and a reduced
occurrence and strength of CWA, primarily over the eastern
and southwestern CONUS (Figs. 12b,d). Differences in Z500
reveal a local minimum in height increases over the north-
western CONUS that contrasts with a local maximum over
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decomposition outlined in Eq. (3). Fields are derived from the native WRF output regridded onto a 75-km grid.

northern Mexico. This pattern of higher height increases ex-
tends toward the northeast and aligns well with the reduced
frequency and magnitude of CWA within the ECONUS.
There is considerable uncertainty in the robustness of this re-
sponse due to the large interannual variability of CWA. Sta-
tistically significant changes in the frequency and magnitude
of CWA predominantly exist along the southern edge of the
domain and are likely a spurious result due to the lower sam-
ple size of synoptic disturbances at lower latitudes (Fig. 12a).
Despite this, the gradient of changes in the mean geopotential
height corresponds well with changes in strongly forced MCSs
(Fig. 6h), specifically over the Midwest and Southeast that fa-
vor an anomalous midtropospheric trough with an axis that
extends northward through the Great Plains (Figs. 3g,h). Fur-
thermore, the reduced occurrence of CWA along the south-
ern edge of the domain, coupled with local maxima in height
increases over the same region, would suggest a reduced oc-
currence of storm tracks that can extend down into lower lati-
tudes and is consistent with less strongly forced MCSs in the
southern plains in EoC85 (Fig. 6h) and the negative contribu-
tions of transient eddies to MFC (Fig. 11d). While this change

in CWA dynamically favors an enhanced occurrence of MAM
MCSs over the northern plains, the lack of concentrated in-
creases in lower-tropospheric moisture transport to this region
(Figs. 10d-f) may help to explain the muted MCS frequency
and rainfall response here (Figs. 6c and 7c).

4. Discussion

The results presented in this study help offer additional in-
sight into characteristics of the overall MCS response to a chang-
ing climate. While the annual occurrence of MCSs (Fig. 6a) and
the total annual rainfall attributed to MCSs (Fig. 7a) both in-
crease across the ECONUS, a large portion of this increase
can be attributed to changes in MAM MCSs (Figs. 6¢ and 7c).
Separate consideration of MCSs that occur in environments
characterized by strong and weak upstream baroclinic forcing
reveals that, despite occurring much less often in MAM within
the historical climate, an increased occurrence of weakly forced
MCSs makes up a large share of the MAM MCS frequency re-
sponse in the future simulations (Fig. 6m). Despite this, the
contributions to the difference in the total MAM rainfall
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produced by weakly and strongly forced MCSs are comparable
(Figs. 7h,m). This result can be explained by the tendency for
weakly forced MCSs to have shorter lifetimes and cover a
smaller areal extent than strongly forced MCSs (Fig. 8). In
addition, we conclude that more intense MCSs are a result of
enhanced thermodynamics due to greater MUCAPE (Fig. 9;
see also Haberlie et al. 2022; their Fig. 4), seasonal moisture
transport (Fig. 10), and convergence (Fig. 11). An overall
increase in MCS intensity is supportive of earlier studies exam-
ining the MCS response to climate warming in convection-
permitting models (Prein et al. 2017b; Haberlie et al. 2023;
Dougherty et al. 2023).

Increases in the simulated occurrence of weakly forced
MAM MCSs are consistent with an earlier onset of the warm-
season (JJA) MCS regime (Fig. 4n), where limited baroclinic
forcing is coupled with relatively higher instability, favoring
the formation of smaller, more transient storms. Through an anal-
ysis of 4 years of radar observations, Ferreira and Rickenbach
(2021) conclude that the onset of the warm-season precipitation
regime is characterized by a westward extension of the NASH
coupled with the poleward transport of CAPE from the Gulf of
Mexico. We propose that the enhanced westward expansion of
the NASH and associated low-level southerly moisture transport

in MAM (Fig. 10) may act to induce a similar response in this set
of simulations for spring MCSs.

There remains considerable uncertainty in how mean large-
scale dynamics may change in a future climate (Pfahl et al.
2017). Because of this, we must stress that, due to computa-
tional restraints, our consideration of a single downscaled
GCM does not allow us to definitively state how MCSs may
change for the CONUS. Furthermore, the choice of model
configuration, including whether or not nudging is employed
and how it is implemented, may result in substantial drift be-
tween a regional climate model and its parent GCM, leading
to a potentially altered depiction of how large-scale circula-
tions may change. However, a general agreement between
our results and the results of past observational and modeling
studies lends more credibility to the mechanisms underlying
the full response. The initiation and organization of southeast-
ern CONUS precipitation has been shown to demonstrate a
sensitivity to the placement of the NASH (Li et al. 2012;
Nieto Ferreira and Rickenbach 2020). Furthermore, observa-
tional trends (Li et al. 2011) and GCM ensembles (Song et al.
2018b,a) agree on an intensification of the NASH in response
to warming. Our findings, which suggest a disproportionate
response of springtime MCSs, also agree well with observational
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trends of MCSs that have occurred in the CONUS (Feng et al.
2016) and align well with expected changes in the climato-
logical setup of the NASH. While the location of maximum
precipitation changes does not exactly align with those of pre-
vious studies, this can likely be attributed to differences in the
strength and positioning of the NASH in the models chosen
for analysis between these varying studies. The poleward shift
in storm tracks is also a well-established result within the liter-
ature and has been found in both reanalysis data (McCabe
et al. 2001; Fritzen et al. 2021) and GCM ensemble projec-
tions (Yin 2005; Chang et al. 2012). Altogether, these results
suggest an overall increase in the mean intensity of MCSs
(Fig. 8) due to changing thermodynamics, consistent with
prior studies utilizing the PGW approach (Prein et al. 2017a;
Dougherty et al. 2023), and that regional variations can exist
due to changes in the climatology of storm tracks and the
synoptic-scale mean circulation.

5. Conclusions

We have presented results examining the MCS response
to climate change in a set of dynamically downscaled WRF
simulations forced by bias-corrected CESM. These simula-
tions are performed at a 3.75-km grid spacing, with precipita-
tion output saved at 15-min intervals, allowing for a unique
examination of MCSs in a warmer climate state. Two 15-yr
simulations are compared representing a historical (HIST;
1990-2005) and an end-of-twenty-first-century (EoC85; 2085—
2100) period under an RCP8.5 emission scenario. Our results
yield the following key findings:

1) In the sampled future climate state, the annual occurrence
of MCSs and the total amount of rainfall attributed to
MCSs increase for portions of the ECONUS and are com-
prised primarily of changes in MCSs that occur in MAM.
Much of the total change in the frequency of MCSs is ac-
counted for by increases in MCSs that occur in synopti-
cally weak environments. Despite this, increases in total
rainfall are composed of similar contributions from
strongly forced and weakly forced MCSs.

2) Statistically significant increases in the overall size and
duration of MCSs, particularly over the Southeast and
Midwest, permit them to impact a larger area. Significant
increases in the size of intense deep convective cores
(=50 dBZ) indicate an overall increase in the intensity of
MCSs regardless of the region.

3) Within EoC85, a greater share of all MCSs occur in envi-
ronments with high values of MUCAPE and low values
of 0-6-km bulk shear, with the strongest regional re-
sponses occurring over the Southeast and Midwest.

4) Enhanced seasonal moisture transport, associated with an
intensification of the western flank of the NASH, aids in
MCS development across portions of the southern Mid-
west and Southeast. An MFC decomposition reveals that
the enhanced convergence of this moisture is primarily as-
sociated with changes in winds, while changes in the spa-
tial pattern of specific humidity along with the location
and behavior of synoptic-scale storms are associated with
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net divergence over the southern plains and portions of
the Southeast along the Gulf of Mexico.

5) Changes in 500-hPa height are statistically insignificant,
yet suggest a westward and northward displacement of
the climatological occurrence of midtropospheric troughs
that may favor MCS development for portions of the
Midwest and Southeast and disfavor MCS development
over the southern plains. This shift dynamically supports
an enhanced MCS occurrence over the northern plains as
well, but we propose that this response is not realized due
to the lack of strong changes in seasonal moisture trans-
port to this region.

Our results suggest that a shift will occur in springtime
MCS behavior that more closely corresponds to behavior
found within the warm season in the historical climate. We
speculate that this shift can be attributed to an intensification
of the western flank of the NASH that bolsters seasonal mois-
ture transport, permitting greater MUCAPE (see Haberlie
et al. 2022; Fig. 4f) and MFC that both act to intensify MCSs
associated with strong synoptic-scale forcing and provide ad-
ditional instability to facilitate the formation of MCSs associ-
ated with weaker, subsynoptic-scale features. An increased
occurrence of weakly forced MCSs suggests a reduced pre-
dictability of intense storms in a future climate (Jankov and
Gallus 2004). Furthermore, MCSs that are increasingly associ-
ated with local or subsynoptic-scale forcing may further limit
the effectiveness of GCMs at capturing changes in extreme
precipitation due to their coarse grid spacing.

Due to the scope of this work, we are unable to fully exam-
ine other aspects of this response such as changes in the
strength and magnitude of cold pools and the possible influ-
ence of enhanced springtime MCSs on land—-atmosphere in-
teractions (e.g., Hu et al. 2021). The results presented here
would benefit from more dynamically downscaled GCM studies
that look for a similar MCS response in convection-permitting
simulations. Due to computational limitations, future work
should more closely attempt to relate MCSs to the climatological
occurrence of synoptic-scale features and interannual modes of
variability such as El Nifio-Southern Oscillation. More work
examining the large-scale environments associated with MCSs
(e.g., Song et al. 2022) may also be critical in better under-
standing results from GCMs that are capable of quantifying
the uncertainty in the large-scale response but are poorly
equipped to simulate MCSs. Additional research should
also consider the feedback of more intense convection, due
to changing thermodynamics, on the large-scale circulation
(Chasteen and Koch 2022).
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