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Abstract

The importance of mesoscale convective systems (MCSs) and their precipitation is well-
established, and any future spatiotemporal shifts in their frequency or intensity could have
far-reaching societal impacts. This work describes how MCS activity in the conterminous
United States east of the continental divide (ECONUS) is modified by two future climate
change scenarios. For this study, MCSs are identified in output from a convection-permit-
ting regional climate model (CP-RCM) for three 15-year periods—namely, a retrospective
baseline (1990-2005) and two end-of-century (2085-2100) climate change scenarios based
on RCP 4.5 (EoC 4.5) and RCP 8.5 (EoC 8.5). The data reveal an eastward shift in regional
MCS activity. Annually, days with MCSs largely remain the same or decrease west of the
Mississippi River, whereas areas east of the Mississippi River experience more MCS days
and MCS precipitation. The largest seasonal increases in MCS days and precipitation occur
during the spring in parts of the Midwest and Northeast, whereas the largest decreases
occur in parts of the Southern Plains during the summer. Overall, EoC 8.5 produced larger
regional changes compared to EoC 4.5, suggesting that future CP-RCM experiments could
benefit from considering multiple climate change scenarios.

Keywords Mesoscale systems - Thunderstorms - Precipitation - Regional models - Climate
change - Thunderstorms - Climatology

1 Introduction

Mesoscale convective systems (MCSs) are a substantial precipitation producer in tropical,
subtropical, and midlatitude climates across the world (Nesbitt et al. 2006; Houze 2018;
Schumacher and Rasmussen 2020; Feng et al. 2021). For many locations in the eastern
two-thirds of the conterminous United States (ECONUS), MCS precipitation accounts for
the majority of warm-season precipitation (Schumacher and Rasmussen 2020). MCSs are
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comprised of many deep, moist convective updrafts that interact through various meso-
gamma to meso-beta (~10-100 km) processes and can last for several hours (Markowski
and Richardson 2011; Houze 2018). These events maintain water and energy budgets,
impacting weather-sensitive industries (e.g., agriculture, shipping, transportation) and
infrastructure (e.g., river control structures, roads, power delivery and generation; Schu-
macher and Rasmussen 2020). Additionally, MCSs can produce severe weather that can
have further deleterious effects on society (Ashley et al. 2019). In summary, MCSs are an
important aspect of regional climates, and potential changes in their spatiotemporal char-
acter and precipitation may have widespread societal impacts. Due to their importance and
potential sensitivity to climate change (Schumacher and Rasmussen 2020), the purpose
of this work is to quantify end-of-century MCS activity in a new suite of high-resolution
regional climate simulations (Gensini et al. 2023). Specifically, this work addresses two
related research questions:

1) Do intermediate and/or pessimistic climate change scenarios result in a significant
change in the frequency of days with MCS events in the ECONUS?

2) Do intermediate and/or pessimistic climate change scenarios result in a significant
change in the amount of precipitation produced by MCS events in the ECONUS?

Environments supportive of MCS development and maintenance are projected to
increase in frequency and coverage during the 21st century over the CONUS (Feng et al.
2016; Schumacher and Rasmussen 2020 and references therein). Clausius-Clapeyron scal-
ing (Trenberth et al. 2003) provides a theoretical foundation that supports this trend—
namely, increases in atmospheric moisture content, precipitation rates, and instability are
driven by increases in temperatures in the lower troposphere and ocean (Brooks 2013;
Diffenbaugh et al. 2013). Conversely, there is less confidence in the impact of convective
inhibition on MCS environments in future climates (Schumacher and Rasmussen 2020).
Studies that have examined convective inhibition in reanalysis data (Riemann-Campe et al.
2009; Taszarek et al. 2021; Andrews et al. 2024) and general circulation model (GCM)
data (Lepore et al. 2021) suggest an increasing strength and/or frequency of capping inver-
sions over parts of the CONUS, which could suppress thunderstorm activity. However, an
explicit examination of how these trends influence MCSs activity is limited by the horizon-
tal grid spacings (~ 10 to~ 100 km) employed by these works (Kendon et al. 2021). This is
because explicit simulations of crucial meso-gamma processes related to MCS sustenance
(e.g., cold pool development; Squitieri and Gallus 2022a, b; Prein et al. 2021) require grid
spacings of less than 4 km (Weisman et al. 1997).

The usage of convection-permitting regional climate models (CP-RCMs) further refines
our understanding of regional climate change by explicitly simulating the combined effects
of changes in environments and processes at various spatial scales. Deep, moist convection
is an example of an atmospheric phenomenon that requires the juxtaposition of favorable
large- and small-scale conditions (Doswell 1987; Doswell et al. 1996) and is important
to regional climates. Indeed, CP-RCMs have been used to examine the possible effect of
climate change on general thunderstorm activity (Rasmussen et al. 2020; Haberlie et al.
2022), MCSs (Prein et al. 2017, 2021; Haberlie and Ashley 2019b; Hwang et al. 2023;
Dougherty et al. 2023), and even severe thunderstorms (Gensini and Mote 2014; Gensini
and Mote 2015; Hoogewind et al. 2017; Molina et al. 2021; Ashley et al. 2023; Lasher-
Trapp et al. 2023; Zeeb et al. 2024). Comparisons between CP-RCMs and GCMs have
identified substantial differences in how societally relevant fields like precipitation totals
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(Wallace et al. 2023) and severe weather frequency (Hoogewind et al. 2017) respond to cli-
mate change scenarios. The reported disparities between the two modeling approaches may
be related by the complex relationship among changes in instability, convective inhibition,
and thunderstorm initiation and sustenance in future climate change scenarios (Rasmussen
et al. 2020; Haberlie et al. 2022; Ashley et al. 2023). These results suggest that regional
responses to large-scale trends driven by global climate change can vary markedly and that
the use of CP-RCMs is critical for improving our understanding in this area (Seneviratne
et al. 2021; Prein et al. 2021; Kendon et al. 2021; Gensini 2021; Wallace et al. 2023). How-
ever, there is less confidence in the relationship between model performance gains and suc-
cessively smaller CP-RCM grid spacings below 4 km. For example, Prein et al. (2021) and
Wang et al. (2022) found that, although updraft intensity in simulated MCSs is underesti-
mated at 4 km grid spacing, it is overestimated at sub-kilometer grid spacing. Thus, hori-
zontal grid spacings near 4 km currently provide an acceptable balance of efficiency (i.e.,
processing time and data storage requirements) and effectiveness when simulating aspects
of climate that are driven by mesoscale processes (Squitieri and Gallus 2022a, b; Ramos-
Valle et al. 2023).

Recent work has leveraged CP-RCMs to examine the potential influence of climate
change on MCS events in the CONUS (Prein et al. 2017, 2020; Haberlie and Ashley
2019b; Schumacher and Rasmussen 2020; Hwang et al. 2023; Dougherty et al. 2023). Ini-
tial work in this area has noted that MCSs in extreme climate change scenarios are larger in
size and have increased maximum precipitation rates (Prein et al. 2017; Hwang et al. 2023;
Dougherty et al. 2023). That said, existing studies have used a pseudo-global warming
(e.g., Liu et al. 2017) approach with a single climate change scenario and invariant circula-
tion features. In contrast, this work uses output from a CP-RCM that dynamically down-
scaled two climate change scenarios from a bias-corrected GCM (Gensini et al. 2023).
As a result, both thermodynamic variables and circulation patterns may vary in response
to climate forcing from the two scenarios. While circulation changes may be important
for modeling changes in MCS activity (Harding and Synder 2015; Shaw et al. 2016; Feng
et al. 2019; Song et al. 2021), this work focuses on connecting potential shifts in simulated
MCS activity with reported changes in thermodynamic parameters and thunderstorm activ-
ity (Haberlie et al. 2022). Future work will focus on circulation features and their relation-
ship to potential shifts in simulated MCS activity in climate change scenarios. While this
“ensemble” approach of using two scenarios is still under dispersive and biased (Gensini
et al. 2023), it provides a novel perspective of how organized deep, moist convection may
respond to various climate change scenarios over the CONUS.

2 Data and methods
2.1 Convection-permitting regional climate model output

This work utilizes output from a suite of CP-RCM simulations (WRF-BCC; Gensini
et al. 2023) that used the Weather Research and Forecasting Model (WRF) to dynami-
cally downscale bias-corrected (Bruyere et al. 2014) Community Earth System Model
(CESM; Hurrell et al. 2013) data. WRF-BCC has one retrospective experiment
(1990-2005; HIST) and two end-of-21st-century (EoC; 2085-2100) experiments based
on RCP 4.5 (EoC 4.5) and RCP 8.5 (EoC 8.5). Each experiment represents 15 contin-
uously-integrated CP-RCM simulations from 45 water years (i.e., October—September).
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Two variables from HIST, EoC 4.5, and EoC 8.5 are used in this work: 1) derived
composite (vertical column maximum) reflectivity (REFD_COM) from the Thompson
microphysics scheme (Thompson et al. 2008) to identify and track MCSs; and 2) total
precipitation (AFWA_TOTPRECIP) from Air Force Weather Agency (AFWA) diagnos-
tics (Creighton et al. 2014) to quantify precipitation associated with MCS events. Both
variables have horizontal grid spacings of 3.75 km and 15-min temporal resolution. A
full explanation of the WRF-BCC modeling approach and model verification can be
found in Gensini et al. (2023). More details specific to this work can be found in Online
Material 1 (Supplementary Description: Methods Supplement).

2.2 |dentifying MCSs

MCSs are identified and tracked in 15-min derived composite reflectivity data from
WRF-BCC (Gensini et al. 2023) to: 1) quantify MCS frequency; and 2) inform the pro-
cess of identifying precipitation associated with MCSs (herein, MCS precipitation).
MCSs are identified using a two-step process—segmentation (cf. Haberlie and Ashley
2018a) and tracking (cf. Haberlie and Ashley 2018b). Specific thresholds employed
by this approach are based on the size, intensity, and duration proposed by Parker and
Johnson (2000). Namely, MCSs are a system of deep, moist convective updrafts exceed-
ing 100 km in one horizontal dimension that lasts for at least 3 h. These criteria are
applied to sequences of 15-min derived composite reflectivity as described and dem-
onstrated in previous work (Haberlie and Ashley 2018a, b, 2019a), including work
using CP-RCM output from CONUSI (Liu et al. 2017; Haberlie and Ashley 2019b) and
WREF-BCC (Haberlie et al. 2023). More information on this approach can be found in
Haberlie and Ashley (2018a, b) and in Online Resource 1 (Supplementary Description:
Methods Supplement).

2.3 Derived statistics of MCSs

After tracking is completed, coordinates containing MCS tracks are used to make a 15-min
MCS event mask, which is used to extract total precipitation (Figure S1 in Online Resource
1). MCS event and MCS precipitation data are resampled from 15-min to 1-h intervals, and
spatial averaging is performed to aggregate the results from the 3.75 km WRF-BCC grid
spacing to~ 75-km analysis grids (i.e., 400 WRF-BCC grid cells per analysis grid), similar
to the approach used in previous work (Hoogewind et al. 2017; Trapp et al. 2019; Haberlie
et al. 2022; Haberlie et al. 2023). The analysis grids reduce the influence of spatial autocor-
relation on the statistical tests and interpretation of the results, facilitate reasonable pro-
cessing times, and retain much of the detail in the inherently smoothed seasonal and annual
mean fields (Figure S2 in Online Resource 1). However, the spatial aggregation process
removes extremes, so the analysis grids cannot be used to examine precipitation extremes
associated with MCS events. Instead, annual and seasonal MCS day counts are calculated
by determining how many “convective days” (i.e., 12 to 11 UTC; Hoogewind et al. 2017)
experienced at least one hourly MCS event (i.e., the mean in the 75-km grid is greater than
0). This approach is sufficient for summarizing the initial annual and seasonal MCSs activ-
ity from WRF-BCC, while producing a smaller dataset that can be more easily acquired,
compared, and replicated (Wilkinson et al. 2016).
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2.4 Study region and definitions

The study region is constrained to states that are fully east of the Continental Divide
(herein, ECONUS; Fig. 1.a) due to the relatively high rate of MCS events (Haberlie and
Ashley 2019a; Cheeks et al. 2020; Feng et al. 2021). To compare regional responses to
climate change scenarios, analysis grids within the ECONUS are further stratified by
the subregions defined in Fig. 1.a—namely, Northern Plains (Fig. 1.a.i), Southern Plains
(Fig. 1.a.ii), Midwest (Fig. 1.a.iii), Southeast (Fig. 1.a.iv), and Northeast (Fig. 1.a.v). To
preserve space, regional statistics are denoted in the text using the ‘reg’ subscript (e.g.,

MCS,,)-

T

=88

TN — Al
ol

MCS Days
A MCS Days

A MCS Days

Fig.1 MCS Mean annual MCS day counts for (a) HIST, (b) EoC 4.5, and (d) EoC 8.5, and changes in
mean annual MCS day counts relative to HIST for (¢) EoC 4.5 and (e) EoC 8.5. Analysis subregions in
panel (a) include: (i) Northern Plains, (ii) Southern Plains, (iii) Midwest, (iv) Southeast, (v) Northeast, and
(i-v) ECONUS. Stippling represents significant differences in mean annual MCS day counts between HIST
and future scenarios (i.e., EoC 4.5 and EoC 8.5) based on the Mann—Whitney U test (p <0.05) for that grid
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2.5 Limitations

No attempt is made at quantitatively comparing observed and simulated MCS frequency
and precipitation. In general, annual and seasonal precipitation totals and derived reflec-
tivity events in HIST are comparable to observations (Haberlie et al. 2022; Gensini
et al. 2023) and represent incremental improvements over similar CP-RCM experiments
(e.g., Liu et al. 2017). Detections of MCS events are sensitive to observed and derived
reflectivity thresholds (Haberlie and Ashley 2018a; Prein et al. 2023), and comparisons
with observations can be heavily influenced by mismatched grid spacings, postprocess-
ing assumptions, and noise and range-dependent issues (Smith et al. 1996). That said,
derived reflectivity output from CP-RCMs has proven useful in studies focusing on
climatic change (Trapp et al. 2019; Rasmussen et al. 2020; Haberlie et al. 2022). The
results should be interpreted as differences between output from CP-RCM simulations
representative of a “present” climate and two possible future climate change scenarios.

3 Results
3.1 MCS days in HIST

HIST produces patterns of annual and seasonal MCS activity that are comparable to
existing research using the same tracking approach on observational data (Haber-
lie and Ashley 2019a). The patterns are generally similar to those reported by other
observational studies of MCS activity (Cheeks et al. 2020; Feng et al. 2021), with some
regional differences that may be owed to tracking decisions (Prein et al. 2023). Seasonal
MCS activity in HIST (first column in Fig. 2) is similarly comparable to existing work
(Feng et al. 2021)—namely, MCS activity is restricted to areas near the Gulf of Mexico
in the winter, followed by a northern and western migration of events in the spring and
summer, and, finally, a general reduction in frequency in the fall. Notably, the high-
est count of mean seasonal MCS days occurs in parts of Iowa and Minnesota during
JJA (Fig. 2.g), producing spatial patterns and magnitudes comparable to observed MCS
activity (Feng et al. 2021). These results provide confidence that the model can simulate
MCSs as well as can be expected based on current modeling limitations and comparable
CP-RCM results (Liu et al. 2017; Prein et al. 2020).

3.2 MCS daysin EoC4.5 and 8.5
3.2.1 Annual changes

Counts of annual MCS days vary significantly across the ECONUS (Fig. 1.b-e). In both
EoC 4.5 (Fig. 1.b, c¢) and 8.5 (Fig. 1.d, e), MCS days generally decrease in the Southern
Plains and increase in the Northeast. Although EoC 8.5 produces larger and more wide-
spread differences, there are significant increases and decreases in both EoC 4.5 and 8.5.
The largest significant increases in annual MCS days occur over parts of the Tennes-
see and Ohio River valleys in both EoC 4.5 and 8.5. The largest decreases occur in the
Southern Plains in EoC 4.5 and 8.5, but few of the decreases in EoC 4.5 are significant.
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Fig.2 As in Fig. 1, except for seasonal MCS days in (a-c) DJF, (d-f) MAM, (g-i) JJA, and (j-1) SON. Data
in columns 2 and 3 are masked where HIST experiences fewer than 1 MCS day per year
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The increases in annual MCS days are significant for almost every Northeast grid cell in
both climate change scenarios.

Regional means of MCS day counts provide further context for the spatial trends in
annual changes MCS activity (Fig. 3). Across the ECONUS, there is a general increase in
annual MCS,, days in both EoC 4.5 and 8.5, but these changes are only significant in EoC
8.5. Both the Midwest and Northeast experience significant increases in annual MCS,,
days in one or both climate change scenarios. In particular, the Northeast experiences sig-
nificant increases in MCS,,, days for both EoC 4.5 and 8.5. Similarly, the Midwest expe-
riences significant increases in MCS,, days in EoC 8.5, but these increases are not sig-
nificant in EoC 4.5. The other regions do not experience any significant changes in MCS,,
day counts. Comparing MCS,, days between regions reveals a spatial shift in MCS activ-
ity in EoC 4.5 and 8.5. For example, the Southeast experiences more MCS,, days per year
than the Midwest in HIST, but fewer days per year on average in EoC 8.5. The Northeast
experiences the largest increases in mean annual MCS,, days in both EoC 4.5 and 8.5. In
contrast, the Southern Plains experiences fewer MCS,, days per year in EoC 4.5 and 8.5.
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Regional Means of MCS Days Counts
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Fig.3 Mean annual MCS days within the regions defined in Fig. 1.a. The boxplots illustrate the distribu-
tion of annual MCS days, and within each boxplot, the black dots denote the mean, the horizontal black
lines represent the median, the box represents the interquartile range, the whiskers bound the 5th and 95th
percentiles, the white circles represent outliers. The diamonds (squares) above the boxplots for each region
represent significant differences between HIST and EoC 4.5 (EoC 8.5) based on the Mann—Whitney U test
(p<0.05)

3.2.2 Seasonal changes

The largest seasonal changes (Fig. 2; Figure S3 in Online Material 1) occur during
MAM in the Ohio and Tennessee River valleys in EoC 8.5 (Fig. 2.f). This is juxtaposed
with significant MAM decreases in mean annual MCS days in parts of the Southern
Plains. In EoC 4.5, these changes are the result of a general northeastward shift in MAM
MCS activity, with maximum ECONUS counts similar to those in HIST (Figure S3.d,
e in Online Material 1). This northeastward shift is also present in EoC 8.5; however,
MCS activity also increases in regions with relatively high HIST MCS day counts dur-
ing MAM near the confluence of the Mississippi and Ohio rivers (Figure S3.f in Online
Material 1). In contrast, fewer grid cells in the ECONUS experience significant changes
in summertime MCS activity (Fig. 2.h, i). EoC 4.5 produces only sporadic significant
changes in JJA MCS days, including some significant decreases in the Southern Plains.
One notable regional exception is the Northeast, where both EoC 4.5 and 8.5 produce
a spatially coherent cluster of significant increases in JJA MCS days. In both climate
change simulations, there are no significant JJA changes within the main MCS corridor
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in parts of the Midwest and Northern Plains. Spatial shifts in MCS activity during the
winter are like those previously noted in the spring (Fig. 2.b, c), albeit with a more
subtle northeastward expansion of MCS day counts in both EoC 4.5 and 8.5 that reach
ECONUS maxima that are similar to HIST (Figure S3.b, ¢ in Online Material 1). For
SON, very few ECONUS grids experience significant changes in EoC 4.5 (Fig. 2.k),
whereas EoC 8.5 produces a coherent cluster of significant increases in the Midwest
(Fig. 2.1). Differences in the accumulation of annual MCS,, days in the ECONUS
(Fig. 4.a) are largely driven by MCS activity in both SON and MAM in EoC 8.5, and
MAM in EoC 4.5 (Fig. 5). As a result, the distribution of annual accumulated MCS,,
days in EoC 8.5 diverges from those in HIST during the spring (Fig. 4.a). By March,
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Fig.4 Mean cumulative MCS days (lines) and interquartile ranges (shaded) for HIST (green), EoC 4.5
(blue), and EoC 8.5 (red). Mean MCS days within each region are accumulated monthly during each of the
15 simulation years. The analysis regions (Fig. 1.a) include (a) ECONUS, (b) Northern Plains, (¢) Southern
Plains, (d) Midwest, (e) Southeast, and (f) Northeast. The diamonds (squares) represent significant differ-
ences between HIST and EoC 4.5 (EoC 8.5) after the end of each simulation month during an annual period
based on the Mann—Whitney U test (p<0.05). The insets (bottom right) for each panel are the same data
with a consistent y-axis range for all regions
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Fig.5 As in Fig. 3, except for seasonal MCS days in (a) DJF, (b) MAM, (c) JJA, (d) SON

EoC 8.5 produces significantly more MCS,., days than HIST across the ECONUS. In
April, cumulative MCS,, days significantly diverge from HIST for both EoC 4.5 and
8.5. Thereafter, the difference in cumulative MCS,, days relative to HIST remains the
same or slightly decreases through August in both climate change scenarios.
Subregional trends in cumulative and seasonal MCS,, days exhibit some notable inter-
regional variability. The strongest regional climate change signal occurs in the Northeast,
where differences in cumulative annual MCS,, days relative to HIST are significant for
every month in EoC 8.5 and every month except February in EoC 4.5 (Fig. 4.f). These
changes are driven by significant differences in MCS,, day counts relative to HIST for
every season in EoC 8.5, and every season except DJF in EoC 4.5 (Fig. 5). This region is
also the only region to experience significant differences in JJA (Fig. 5.c). Similarly, the
Midwest experiences significant departures from HIST in mean annual cumulative counts
of MCS,, days starting in March for EoC 8.5 (Fig. 4.d). Unlike the Northeast, however,
the Midwest does not experience any significant seasonal differences in EoC 4.5, and sum-
mer MCS,, day counts are comparable between HIST and the two climate change sce-

narios (Fig. 5.c). Both the Northern Plains (Fig. 4.b) and Southeast (Fig. 4.e) experience
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significantly more cumulative MCS,, days in EoC 8.5 by the end of May, but, like the
Midwest, they experience no significant changes in MCS,, day counts in JJA (Fig. 5.0).
In contrast, the Southern Plains experience significantly fewer MCS,., days by the end of
August in EoC 8.5 compared to HIST (Fig. 4.c), but only experiences significant seasonal
differences in DJF (Fig. 5.a).

3.3 MCS Precipitation in HIST

The patterns of annual and seasonal MCS precipitation in HIST (Fig. 6.a; first column
Fig. 7) are consistent with MCS days (Fig. 1) and observed MCS precipitation (Haberlie
and Ashley 2019a; Li et al. 2021). Like MCS days, MCS precipitation exhibits a strong
and characteristic seasonal signal that is comparable with previous observational work
(Li et al. 2021). The maximum mean seasonal MCS precipitation accumulation exceeds

Mean Annual A MCS Precipitation
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Fig.6 As in Fig. 1, except for MCS precipitation and changes in MCS precipitation relative to HIST
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Fig.7 As in Fig. 6, except for (a-c) DJF, (d-f) MAM, (g-i) JJA, (j-1) SON. Data in columns 2 and 3 are
masked where HIST experienced less than 1 mm of mean seasonal MCS precipitation

250 mm season™! in DJF (Fig. 7.a), whereas MAM experiences a maximum of 200 to

250 mm season™ (Fig. 7.b), and JJA (Fig. 7.c) and SON (Fig. 7.d) have a maximum of 150
to 200 mm season~ . Unlike the other seasons, the maximum JJA MCS precipitation values
occur along an axis from Oklahoma to Wisconsin, which is consistent with observations
(Haberlie and Ashley 2019a).

3.4 MCS Precipitation in EoC 4.5 and 8.5
3.4.1 Annual changes
Mean annual MCS precipitation exhibits marked variability across the ECONUS in the

two climate change simulations (Fig. 6.b-e). As was the case with MCS days, MCS pre-
cipitation generally decreases in the Southern Plains and increases in the Northeast in
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Regional Means of MCS Precipitation

(Annual)

800 [ HIST

3 EoC4.5

I EoC 8.5
700 A HIST vs. EoC 4.5 (M-W U; p < 0.05) u,

W HIST vs. EoC 8.5 (M-W U; p < 0.05) o
600

o
500
$ n
£ (] °
€ 400 o
o
300 % . S 4w
o] o ©
o
200 . © o B
o o 5
o
100
@% ° 7.
o

ECONUS Northern Southern Midwest Southeast Northeast
Plains Plains

Fig.8 Asin Fig. 3, except for MCS precipitation

both EoC 4.5 and 8.5. Although significant ECONUS changes are more widespread in
EoC 8.5, both EoC 4.5 and 8.5 produce significant increases in MCS precipitation in
parts of the Northeast, as well as the Tennessee and Ohio River valleys. In contrast,
parts of the Southern Plains experience MCS precipitation decreases in EoC 4.5 and
8.5. In general, both climate change simulations produce an eastward and northward
expansion of higher MCS precipitation totals. For example, areas with the highest mean
annual MCS precipitation totals are displaced hundreds of kilometers from the Gulf
Coast in EoC 8.5 (e.g.,~35°N latitude; Fig. 6.d), which is not the case in HIST (~30°N
latitude; Fig. 6.a).

Annual MCS,, precipitation generally increases in all regions except the Northern
and Southern Plains (Fig. 8). There is a general increase in annual ECONUS MCS,,
precipitation in both EoC 4.5 and 8.5, but these changes are only significant in EoC
8.5. Only the Northeast experiences significant increases in annual MCS,, precipitation
for both EoC 4.5 and 8.5. The Midwest and Southeast experience significant increases
in annual MCS,,, precipitation only in EoC 8.5. This trend is also observed in the
Southeast for both climate change scenarios. Although the changes are not significant,
decreases in annual MCS,, precipitation are experienced by both the Northern and
Southern Plains in EoC 4.5, and just the Southern Plains in EoC 8.5.
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3.4.2 Seasonal changes

Like MCS day changes, MAM experiences the largest seasonal changes in MCS pre-
cipitation (Fig. 7), specifically along an axis from eastern Oklahoma to eastern Ken-
tucky (Fig. 7.f). The area of significant increases in MCS precipitation during MAM is
expansive, and many of these grid cells experience 50% to over 100% increases in MCS
precipitation in the pessimistic climate change scenario (Figure S5.f in Online Material
1). In EoC 4.5, however, there are far fewer grid cells that have significant increases in
MCS precipitation during MAM (Fig. 7.e), though some grid cells experience 25% to
over 100% more MCS precipitation relative to HIST (Figure S5.e in Online Material 1).
DIJF increases are also apparent in the same general areas in EoC 8.5 (Fig. 7.c). While
EoC 8.5 amplifies mean DJF MCS precipitation totals in the lower Mississippi River
valley, it produces a markedly different pattern during MAM compared to both HIST
and EoC 4.5 (Figure S4.c, f in Online Material 1). This notable shift in maximum MCS
precipitation totals may be related to changes in early warm-season circulation patterns
(e.g., Song et al. 2018), and will be investigated in future work. Conversely, JJA pre-
cipitation decreases over most of the ECONUS (Fig. 7.h, i). Overall, the Northern and
Southern Plains broadly exhibit 25% to 50% decreases in summertime MCS precipita-
tion in both climate change scenarios, whereas the Midwest experiences both increases
and decreases (Figure S5.h in Online Material 1). The Northeast is one exception to the
general pattern of decreased MCS precipitation. In both EoC 4.5 and 8.5, the Northeast
experiences anywhere from 10% to over 100% increases in JJA MCS precipitation. On
an annual basis, the accumulation of MCS,., precipitation in the ECONUS accelerates
earlier in EoC 8.5 years, resulting in significant differences by March (Fig. 9.a). This
difference remains relatively constant during the summer, and then increases in the fall.
In contrast, EoC 4.5 produces smaller cumulative differences, and the mean remains in
the interquartile for HIST throughout the year.

The variable subregional responses to the climate change scenarios are reflected in
cumulative (Fig. 9) and seasonal (Fig. 10) MCS,,, precipitation. The Northeast experi-
ences significant changes in cumulative MCS,,, precipitation in both EoC 4.5 and 8.5
(Fig. 10.f). By the end of May, cumulative MCS,, precipitation increases by nearly 70%
in EoC 4.5 and by over 140% in EoC 8.5 relative to HIST. By the end of the year, EoC
4.5 (8.5) experiences increases of 56% (105%) more MCS,, precipitation compared to
HIST. Additionally, this region experiences significant increases in seasonal MCS,,
precipitation (Fig. 10) in EoC 8.5 for all seasons. For EoC 4.5 in the Northeast, MAM,
JIA, and SON experience significant increases in MCS,,, precipitation. There are no
significant differences in cumulative or seasonal MCS,, precipitation in EoC 4.5 for
other regions. In EoC 8.5, the Northern Plains, Midwest, and Southeast experience dif-
ferences in cumulative MCS,, precipitation through parts of the year (Fig. 9.b, d, e),
and during certain seasons (Fig. 10). Both the Midwest and the Southeast experience
significant differences in cumulative MCS,,, precipitation by March in EoC 8.5, and fin-
ish the year with 47% and 22% more MCS,, precipitation relative to HIST, respectively.
Seasonally, the Midwest experiences significant increases in seasonal MCS,,, precipi-
tation in DJF, MAM, and SON in EoC 8.5, whereas the Northern Plains only experi-
ences significant increases in MAM. Notably, the Southeast does experience significant
(p<0.05) differences in the variability of MCS,,, precipitation in EoC 8.5 based on the
Brown-Forsythe median test (Brown and Forsythe 1974). Southeast winters in the lower
quartile for MCS,., precipitation are similar in HIST and EoC 8.5, but upper quartile

reg
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Fig.9 Asin Fig. 4, except for MCS precipitation

years in EoC 8.5 produce more precipitation than any DJF in HIST (Fig. 10). This sig-
nificant variability may also explain why there is a lack of significant DJF differences in
the southern Mississippi River Valley in EoC 8.5 (Fig. 7.c).

4 Possible drivers of change
4.1 Changes in MCS precipitation on MCS days

Changes in MCS precipitation may be driven by changes in frequency and/or intensity
(Doswell et al. 1996). The results presented so far in this work suggest that MCS days and
MCS precipitation exhibit changes (some significant) in both climate change scenarios.
However, it is unclear if shifts in MCS precipitation are due to changes in the frequency
of MCS days, or changes in MCS precipitation accumulation on MCS days. This is tested
on a grid-by-grid cell basis by dividing MCS precipitation (Fig. 6) by MCS days (Fig. 1)
and comparing those ratios in HIST to those in EoC 4.5 and 8.5 (Fig. 11). Any significant
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Fig. 10 As in Fig. 5, except for MCS precipitation

changes in this ratio could suggest that changes in either MCS days or MCS precipitation
are a more important factor in the results reported in this work.

When an MCS day occurs near the Gulf Coast, MCS precipitation exceeds 13 mm day ™!
in many locations in Louisiana, southern Mississippi, and eastern Texas (Fig. 11.a). These
values remain relatively high throughout the Mississippi River Valley, with values exceed-
ing 7 mm day~! as far north as parts of Wisconsin. These values remain relatively similar
in EoC 4.5 (Fig. 11.b), but a north and eastward expansion of higher values can be seen
in EoC 8.5 (Fig. 11.d). Indeed, there are few significant changes in MCS precipitation on
MCS days in EoC 4.5 (Fig. 11.c). In contrast, many grid cells in parts of the Ohio and Ten-
nessee River valleys and Northeast experience significant increases in MCS precipitation
on MCS days under EoC 8.5 that can exceed an average of 4 mm day~' on an annual basis.
EoC 8.5 also produces several clusters of significant seasonal changes in the ratio of MCS
precipitation to MCS days, with some changes exceeding 5 mm day~' (Figure S6 in Online
Material 1). Conversely, EoC 4.5 experiences no widespread areas of significant changes in
MCS precipitation to MCS day ratios.
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Fig. 11 As in Fig. 1, except for mean annual MCS precipitation on MCS days. Panels ¢ and e are masked
for grids where HIST has a value of less than 1 mm day.™!

The ratio of MCS precipitation to MCS days significantly increases in EoC 8.5 over
many of the same areas that experience the largest increases in MCS days (Fig. 1.d)
and MCS precipitation (Fig. 6.d). One potential explanation is that MCSs have differ-
ent characteristics (e.g., intensity, areal coverage, etc.) in EoC 8.5 compared to HIST
that result in more precipitation on MCS days—this hypothesis will be tested in Sec-
tion 4.2. From an environmental perspective, these changes may be due to shifts in
pertinent thermodynamic environmental fields like CAPE and CIN (Hoogewind et al.
2017; Schumacher and Rasmussen 2020; Rasmussen et al. 2020; Haberlie et al. 2022;
Ashley et al. 2023). WRF-BCC data have already been used to explore the relation-
ship between thermodynamic changes (i.e., CAPE and CIN) and changes in thunder-
storm activity across the ECONUS (Haberlie et al. 2022; Ashley et al. 2023). Those
works found robust and widespread changes in CAPE across the ECONUS, whereas
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the largest increases in CIN and decreases in thunderstorm activity occurred over the
Great Plains. Generally, decreases in MCS activity are also collocated with the largest
increases in CIN in EoC 4.5 and 8.5 (Haberlie et al. 2022). Conversely, increases in
both MCS and thunderstorm activity over the Southeast, Midwest, and Northeast are
associated with smaller increases in CIN and robust increases in CAPE. Increases in
CAPE and days experiencing intense derived composite reflectivity values (e.g.,>50
dBZ; Haberlie et al. 2022) in the same areas of robust increases in MCS precipitation
on MCS days (Fig. 11.e) suggests that some MCS events are more intense in EoC 8.5
compared to HIST. Conversely, the more subtle changes in EoC 4.5 for both CAPE and
CIN (Haberlie et al. 2022), and few differences in MCS precipitation on MCS days
(Fig. 11.c), suggest that MCS events, in general, may not produce more precipitation
than those in HIST. However, future work is needed to examine these issues in more
detail, including how changes to pertinent circulation features modify MCS events in
EoC 4.5 compared to 8.5.

4.2 Changes in MCS attributes

Relative to retrospective simulations, future climate change simulations have pro-
duced MCSs that are larger and more intense during their lifetimes (Prein et al. 2017;
Dougherty et al. 2023), and existing observational analyses have also reported this
trend (Feng et al. 2016). Thus, it follows that MCSs might also experience structural
changes in EoC 4.5, 8.5, or both. Implicit evidence supporting this hypothesis was pre-
sented in Haberlie et al. (2022), who also found that the largest increases in “strong”
thunderstorm activity in EoC 4.5 and 8.5 occurred in parts of the Midwest, South-
east, and Northeast. This hypothesis is explicitly tested by calculating various areal
and intensity statistics based on derived composite reflectivity characteristics within
the spatiotemporal bounds of qualifying MCS tracks (e.g., Figure S1 in Online Mate-
rial 1). Specifically, the MCS lifetime maximum (i.e., the largest 15-min value from
each MCS track) for the following attributes are examined: mean intensity, maximum
intensity, and areal coverage of > 20 dBZ, >40 dBZ, and > 50 dBZ. Additionally, MCS
track duration is included to examine if MCSs are lasting longer in EoC 4.5 or 8.5.
These characteristics (Fig. 12) are comparable to those of observed MCSs reported in
Haberlie and Ashley (2019a).

ECONUS MCSs exhibit significant changes in the mean annual values of every vari-
able except duration in EoC 8.5 (Fig. 12). Additionally, both EoC 4.5 and 8.5 produce
significant increases in mean annual maximum lifetime area covered by > 50 dBZ, mean
intensity, and maximum intensity. These results suggest that the changes depicted in
MCS days and MCS precipitation in EoC 8.5 may be caused by MCS events that are
larger and more intense, whereas EoC 4.5 trends are driven by increases in intensity.
Notably, ECONUS changes in mean annual duration do not appear to be a contribut-
ing factor. These ECONUS trends are generally true for all seasons (Figure S7-10 in
Online Material 1), with some exceptions. For SON, mean maximum lifetime area cov-
ered by >20 dBZ (Fig. 12.a) and mean maximum lifetime area covered by >40 dBZ
(Fig. 12.b) decrease in EoC 4.5 and 8.5, with mean maximum lifetime area covered
by >40 dBZ significantly decreasing in EoC 8.5. This change occurs despite significant
increases in mean maximum lifetime area covered by >50 dBZ in both EoC 4.5 and
8.5. Only JJA experiences significant increases in mean maximum lifetime area covered
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Fig.12 As in Fig. 3, except for annual means of MCS lifetime maximum track attributes—namely (a)
pixel area>20 dBZ, (b) pixel area>40 dBZ, (c¢) pixel area>50 dBZ, (d) track duration, (e) mean intensity
(dBZ), and (f) maximum intensity (dBZ)

by >20 dBZ under EoC 8.5. These results suggest that while ECONUS MCSs in EoC
4.5 and 8.5 are not generally lasting longer, they are attaining a larger maximum areal
extent, which agrees with previous work examining MCS trends (Feng et al. 2016) and
simulated MCSs (Prein et al. 2017; Hwang et al. 2023). The increase in size is particu-
larly true for the more intense derived composite reflectivity thresholds (i.e., 50 dBZ),
which also agrees with previous work (Haberlie et al. 2022). Future work using WRF-
BCC or other CP-RCM output should focus on 15-min or 1-h precipitation rates within
MCS tracks to determine if there is a robust change in intensity throughout MCS lifecy-
cles in EoC 4.5 and 8.5.

Regionally, the Southern Plains, Southeast, and Northeast all see significant increases
in annual mean maximum lifetime area covered by >50 dBZ and maximum intensity
under EoC 4.5 and 8.5 (Fig. 12). These trends remain in spring (Figure S8.c, f in Online
Material 1) and summer (Figure S9.c, f in Online Material 1) for the Southeast and
Northeast, but EoC 4.5 changes in mean maximum lifetime area covered by >50 dBZ
and maximum intensity are not significant in the Southern Plains for MAM and JJA. In
general, MAM and JJA produce the most significant differences, and some vary from
annual differences. For example, the Midwest experiences significant increases in mean
maximum lifetime area covered by >50 dBZ and maximum intensity in both EoC 4.5
and 8.5, whereas this was only the case for EoC 8.5 on an annual basis. Despite the lack
of significant changes in MCS duration for the ECONUS, MCSs that traverse the North-
east have significantly longer durations in both EoC 4.5 and 8.5 (Fig. 12.d), despite
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only experiencing significant increases in duration for EoC 8.5 in MAM (Figure S8.d in
Online Material 1).

4.3 Changes in the diurnal cycle of MCSs during JJA

The development of MCSs requires sufficient moisture, instability, a source of lift, and
vertical wind shear (Schumacher and Rasmussen 2020). The translation and maintenance
of MCSs once they develop depends on these “ingredients” (Doswell et al. 1996) exist-
ing in the downstream environment, and supportive environments can be preconditioned
hours or even days before the arrival of an MCS (Song et al. 2021). Despite the com-
plexities, deep, moist convection generally follows a predictable diurnal pattern over the
ECONUS during the warm season—namely, after initiating over the Great Plains (Weck-
werth et al. 2004), individual storms interact and grow upscale to form MCSs (Coniglio
et al. 2010) that propagate eastward (Carbone and Tuttle 2008). CP-RCM results have
reported robust increases in CAPE across the ECONUS, but some areas like the Great
Plains also experience comparatively large increases in CIN, with attendant decreases in
thunderstorm activity (Rasmussen et al. 2020; Haberlie et al. 2022). Increased CIN may
be causing the reduction in JJA MCS days (Fig. 2.h, i) and MCS precipitation (Fig. 7.h,
i) by preventing convection initiation and/or upscale growth. This hypothesis is tested by
examining seasonal differences in the diurnal cycle of JJA MCSs between HIST and EoC
4.5 and 8.5 (Fig. 13).

The observed diurnal cycle of JJA MCSs (Carbone and Tuttle 2008; Haberlie and Ash-
ley 2019a; Cheeks et al. 2020; Li et al. 2021) is generally well-captured by HIST (first
column in Fig. 13). HIST grid cell values for the late evening hours (Fig. 13.a) maximize
in eastern Colorado, with a secondary maximum in Iowa. The High Plains maximum shifts
east into western Kansas during the early morning (Fig. 13.d), and serves as the southwest-
ern edge of an axis of increased MCS activity stretching northeastward into Minnesota.
This region of elevated MCS activity shifts east and spans from eastern Oklahoma to west-
ern Wisconsin during the late morning (Fig. 13.g), and then widespread increases in MCS
activity occur in the Midwest, Southeast, and Northeast during the afternoon (Fig. 13.j).
The largest diurnal changes in JJA occur during the late evening in both EoC 4.5 and 8.5
(Fig. 13.b, ¢).

The critical MCS initiation area of eastern Colorado (Cheeks et al. 2020) experi-
ences significant decreases in both climate change scenarios during the evening (00
— 05 UTC; Fig. 13.b, c). This region also experiences the largest increases in CIN
(Haberlie et al. 2022), which may suppress the initiation and/or upscale growth of deep,
moist convection. This overall reduction in activity likely manifests as reduced MCS
days in downstream regions during the overnight hours (06 — 11 UTC; Fig. 13.e, f).
However, there is a northward shift in the relative maximum of 06 — 11 UTC counts
from southwestern Kansas in HIST to southeastern Nebraska in EoC 4.5 and 8.5 (Fig-
ure S11 in Online Material 1). While this results in only negligible increases in MCS
activity for Nebraska, it may be the result of changes to the Great Plains low-level jet
(Harding and Snyder 2015; Tang et al. 2017). Further, the Southern Plains experiences
more widespread decreases in MCS days in EoC 4.5 (Fig. 13.b, e) compared to EoC
8.5, despite experiencing more subtle increases in CIN (Haberlie et al. 2022). Based
on these results, future work should explicitly examine the influence of both thermody-
namic and circulation features on the diurnal frequency of JJA MCSs.
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Fig. 13 As in Fig. 1, except for the mean count of JJA MCS days that experienced an MCS during a given
hour (i.e., 0 — 23 UTC) averaged over 6-hourly periods—namely (a-c) 00 — 05 UTC, (d-f) 06 — 11 UTC, (g-
i) 12— 17 UTC, and (j-1) 18 — 23 UTC

5 Conclusions

The model output used for this work and described in Gensini et al. (2023) qualitatively
captures the annual and seasonal patterns of observed MCS activity. The simulations
based on RCP 4.5 (EoC 4.5) and RCP 8.5 (EoC 8.5) produce both significant increases
and decreases in MCS activity and MCS precipitation across the ECONUS. While regions
like the Southern Plains experience decreases in MCS activity in both EoC 4.5 and 8.5, the
Midwest and Northeast experience increases in both MCS days and MCS precipitation.
These results underscore the intricate regional disparities in MCS activity and precipita-
tion projected in climate change scenarios, indicating considerable increases in both MCS
days and MCS precipitation in certain areas like the Midwest, Southeast, and notably, the
Northeast.

Contextualizing these results with prior research reveals that shifts in MCS activ-
ity align with observed (Rasmussen et al. 2023) and simulated (Haberlie et al. 2022;
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Gensini et al. 2023; Haberlie et al. 2023) precipitation trends. When examining changes
in MCS characteristics, the results suggest that MCSs are attaining larger maximum
sizes and are more intense in EoC 4.5 and 8.5, which supports similar results reported
in previous work (Feng et al. 2016; Prein et al. 2017; Hwang et al. 2023; Dougherty
et al. 2023). Changes in MCS days, MCS precipitation, and MCS attributes are gener-
ally larger in EoC 8.5 compared to 4.5. The magnitude of changes in pertinent envi-
ronmental parameters like CAPE and CIN in EoC 4.5 and 8.5 also mirrors this dichot-
omy (Haberlie et al. 2022; Ashley et al. 2023). More scenarios driven by CP-RCMs are
needed to determine if there is a relationship between the magnitude of radiative forcing
and changes in MCS attributes.

It is important to understand what physical processes and mechanisms are driving
changes in MCS activity. Some of the changes are likely owed to how regional values of
CAPE, CIN and precipitable water change in future climate scenarios (Haberlie et al. 2022;
Prein et al. 2021; Hwang et al. 2023; Dougherty et al. 2023). However, very few stud-
ies have examined how future circulation shifts may influence MCS activity. Future work
using CP-RCMs to examine potential changes in MCS activity under climate change sce-
narios should examine:

1) Potential shifts in the strength and location of the Great Plains low-level jet (Harding
and Snyder 2015);

2) Changes in environmental variables that may influence the propagation and maintenance
of MCSs (Corfidi 2003; Prein et al. 2020);

3) Trends in the location and intensity of mid-latitude cyclones and troughs (Shaw et al.
2016); and

4) Modification of the location and orientation of frontal boundaries, particularly during
the summer, using automated frontal boundary detection tools (Justin et al. 2023).

CP-RCMs are necessary for realistically simulating mesoscale processes (Kendon et al.
2021; Prein et al. 2021). However, the strength of any conclusions based on CP-RCM out-
put is currently limited by their immense computational, storage, and processing costs. For
example, HIST, EoC 4.5, and EoC 8.5 required tens of millions of core hours to create
using one of the most advanced computing clusters in the world. Despite this, the only
differences between the three simulation groups are the initial and boundary conditions
from CESM (Hurrell et al. 2013). Moving forward, our understanding of how climate
change might influence mesoscale phenomena like MCSs could be improved by creating
an ensemble of CP-RCMs that use different GCMs, greenhouse gas emission pathways,
pseudo-global warming approaches, model configurations, modeling platforms, and time
periods (Gneiting and Raferty 2005). Intradisciplinary and interdisciplinary cooperation
will be required to efficiently use existing computational resources (Lagerquist et al. 2021;
Schultz et al. 2021; Brotzge et al. 2023).
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