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Abstract Mesoscale convective systems (MCSs) are pivotal in global energy/water cycles and typically
produce extreme weather events. Despite their importance, our understanding of their future change remains
limited, largely due to inadequate representation in current climate models. Here, using a global storm-resolving
model that accurately simulates MCSs, we conclude contrasting responses to increased SST in their occurrence,
that is, notable decreases over land but increases over ocean. This land-ocean contrast is attributed to the
changes in convective available potential energy (CAPE) and convective inhibition (CIN). Over land, notable
rises in CIN alongside moderate increases in CAPE effectively suppress (favor) weak to moderate (intense)
MCSs, resulting in an overall reduction in MCS occurrences. In contrast, substantial increases in CAPE with
minimal changes in CIN over ocean contribute to a significant rise in MCS occurrences. The divergent response
in MCS occurrence has profound impacts on both mean and extreme precipitation.

Plain Language Summary Mesoscale convective systems (MCSs) account for more than half of
tropical total rainfall and are the primary drivers of extreme rainfall and flooding events. However,
understanding how the frequency of these systems will change in a warming climate remains a challenge. This is
due to both the incomplete representation of these disturbances in global climate models and a lack of
fundamental theory to explain their dynamics. In this study, we employ a global storm resolving model to shed
light on the response of tropical MCS occurrences to climate warming. What emerges is a striking contrast:
MCSs over tropical land are projected to decrease in frequency, while their occurrence over tropical oceans is
anticipated to rise. This difference is linked to the relative changes in convective available potential energy and
convective inhibition. The divergent response in MCS occurrences has significant implications for both average
and extreme precipitation patterns. As a result, it presents challenges for developing regional climate adaptation
and mitigation strategies in the face of a warming climate.

1. Introduction

Mesoscale convective systems (MCSs) play vital roles in the Earth's atmospheric circulation and the global
hydrological cycle (Houze, 2004, 2018; Laing and Fritsch, 1997, 2000; Maddox, 1980; B. E. Mapes and
Houze, 1993; Roca et al., 2014; Tao & Chern, 2017; Yuan & Houze, 2010). Comprehending and faithfully
simulating MCSs and their responses to global warming are of paramount importance for both weather fore-
casting and climate projection, as they have significant implications for regional and global precipitation patterns,
the occurrence of extreme weather events, and climate variability. While finer resolution (<100 km) global
climate models (GCMs) have shown promising capabilities in simulating certain features of observed MCSs
features, they still struggle to fully resolve the mesoscale circulation (Dong et al., 2021, 2023; Feng, Song,
et al., 2021; Zhao, 2022). The current scale-separation assumptions used in GCM's deep convection parame-
terizations, where small cumulus scales are distinguished from the large-scale motions, fail to accurately represent
the mesoscale dynamics exhibited by MCSs (Donner, 1993; Donner et al., 2001; Mapes et al., 2006; M. W.
Moncrieff, 2004; M. W. Moncrieff and Liu, 2006). Although efforts have been made to address this gap by using
schemes such as the Multiscale Coherent Structures Parameterization (MCSP) scheme (M. Moncrieff, 2019;
Moncrieff et al., 2017) or multiscale modeling framework (MMF), also known as super-parameterization
(Grabowski & Smolarkiewicz, 1999), their results have shown limited improvement in simulating observed
MCSs features, leading to persistent biases in simulating various aspects of rainfall variability (Lin et al., 2017,
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2019, 2022; Xie et al., 2020; Yang et al., 2017). Consequently, many future projections of MCSs in GCMs rely on
indirect analysis of their favorable large-scale conditions (Song et al., 2022; Yang et al., 2023).

Advancements in computational resources have enabled the utilization of convection-permitting models (CPMs)
that operate on horizontal grids with resolutions of a few kilometers. Regional CPMs have demonstrated the
ability to capture important characteristics of MCSs (Feng et al., 2018; Li et al., 2023; Prein et al., 2017a, 2020;
Rasmussen et al., 2020). This increases the fidelity in the projected MCSs in a warmer climate. However, these
studies have focused on limited regions (Liu et al., 2017; Prein, Rasmussen, Ikeda, et al., 2017) and employed
different methods, making it challenges in comparing and interpreting their outcomes. The emergence of global
CPMs, also called global storm resolving models (GSRMs), has further enhanced the representation of global
cloud and convection (Satoh et al., 2019; Stevens et al., 2019). These models provide finely detailed and
physically consistent simulations that extend seamlessly across various scales, eliminating the need for lateral
boundary conditions and addressing the spin-up of convective features. Moreover, these models provide
consistent global simulations, facilitating systematically analysis of MCSs features. GSRMs from the DYA-
MOND (DYnamics of the Atmospheric general circulation Modeled On Non-hydrostatic Domains) winter
project (Phase-II) have been used to evaluate the representation of MCSs in the current climate. While the
simulated features vary across models, they demonstrate notable improvement compared to GCMs with
parameterized convection and coarser grid spacing (Feng et al., 2023).

As one of the DYAMOND GSRMs, the GFDL X-SHiELD model demonstrates reasonable simulation of various
MCS characteristics, including the number of MCSs, diurnal cycle, duration, size, translation speed, as well as the
associated precipitation features (Feng et al., 2023). However, this analysis is limited to 28 days (February 2020),
which may introduce potential biases due to the small sample size and the focus solely on the winter season.
Besides, warming scenario simulations based on GSRMs are not currently available. To address this gap, we
conduct two 2-year simulations using the GFDL X-SHIiELD model to systematically analyze MCSs in both
present and warming climates. We begin by evaluating the present climate simulation through comparisons with
satellite observations. We then investigate the effects of increased SST on MCS characteristics and associated
precipitation changes using the warming simulations. To understand the potential drivers of changes in MCSs, we
examine various environmental factors that influence their occurrence. To the best of our knowledge, our analysis
marks the first investigation of the response of global MCSs to a warmer climate using a GSRM.

2. Materials and Methods
2.1. X-SHIiELD Model Simulations

X-SHIiELD is a configuration of the System for High-Resolution Prediction on Earth-to-Local Domains
(SHIiELD; Harris et al., 2020), which utilizes a discretized C3072 (3.25 km) cubed-sphere grid. Details of model
setup are summarized in Text S1 in Supporting Information S1. A pair of experiments from the 2021 version of
the X-SHiELD model are used in this study: one present-day (PD) simulation and one warming [a plus 4K (P4K)]
simulation. Both simulations employ the same model configuration, with the exception that the SST in the PAK
experiment is uniformly increased by 4 K globally. The duration of both runs is about 25 months, starting at
00UTC on 20 October 2019, and the analysis presented in this study covers a two-year period from January 2020
to December 2021.

2.2. Observational Data Sets

The half-hourly NASA globally merged (60°S—60°N) 4-km pixel-resolution infrared brightness temperature (77,
data set (Janowiak et al., 2001) is used to identify and track the observed MCSs. The half-hourly NASA Integrated
Multi-satellitE Retrievals for Global Precipitation Measurement (GPM/IMERG V06; Huffman et al., 2015)
precipitation data set (0.1° X 0.1°) is used to explore the MCS-related precipitation. Please note, as of the writing
of this paper, the IMERG V06 final run product is not available after 2021/09. We use the IMERG late run product
during 2021/10-2021/12. While slight differences may be present in certain grids between these two products,
primarily due to additional calibration processes applied to the final run product, our findings remain consistent
even when excluding the last 3 months of data. To facilitate a model-observation comparison, all observational
data sets are averaged to 3-hr intervals and are remapped to match the X-SHiELD grid using the conserve method
using the first-order conserve method, which preserves area-weighted averages across resolutions.
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Figure 1. Spatial distribution of annual mean occurrence frequency of mesoscale convective systems (MCSs) (units: # per 2° X 2° grid) from (a) NASA observations and
(b) the PD simulation. (c) The difference in the annual mean occurrence frequency of MCSs between the P4K and PD simulations. Hatchings indicate regions with
differences greater than 20% relative to the PD simulation. (d)—(e) The 2-year mean seasonal occurrence frequency of MCSs based on NASA observations (black), PD
simulation (blue), and P4K simulation (red) over tropical (20°S-20°N) land and ocean, respectively.

2.3. MCS Detection and Tracking Algorithm

The detection and tracking of MCSs in this study follow the approach described in Dong et al. (2021), which relies
on two criteria, that is, the 7}, threshold and a minimum area coverage threshold. The simulated 7}, in X-SHiELD is
derived from the OLR using methods established in our previous works (Dong et al., 2021, 2022; Zhao, 2022). As
shown in Figure S1 in Supporting Information S1, the simulated mean 7, agrees well with the NASA T, ob-
servations, with the centered pattern correlations larger than 0.98 (p < 0.001). The details of the tracking al-
gorithm are outlined in Text S2 in Supporting Information S1.

3. Results
3.1. Observed and Simulated MCS Features in Current Climate

The global distribution of observed and simulated annual mean occurrence frequency of MCS is depicted in
Figures 1a and 1b. Consistent with many other observational studies (Dong et al., 2020; Feng, Leung, et al., 2021;
Huang et al., 2018), MCSs exhibit higher annual mean occurrence frequencies over tropical oceans. Over land,
Africa, South America, and the Maritime Continent are three major regions characteristic of intensive MCS
activities. The model generally captures the observed spatial distribution of the annual mean frequency of MCS,
but it overestimates the frequency over the Western Pacific and Indian Ocean (Figure 1b). This overestimation
aligns with biases shown in the T}, field (Figure S1c in Supporting Information S1) and is also evident in the mean
precipitation pattern (Cheng et al., 2022; Harris et al., 2023). The latter has been attributed to a possible excess of
shallow convective systems in these regions. In terms of its seasonal cycle, both the observation and model exhibit
two peaks, typically occurring around March and December, over land regions (Figure 1d). Conversely, the
seasonal evolution of MCS occurrence appears to be relatively stable when averaged over oceans (Figure 1e). The
model consistently overestimates MCS frequency over oceans year-round, while its performance over land shows
both positive and negative biases of smaller magnitude. While these biases may raise questions about the validity
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of the projections, it is important to note that they are considerably smaller than those observed in the GCM (Dong
et al., 2021) and other GSRM simulations (Feng et al., 2023).

Moreover, on an event basis, the model generally captures the observed probability distribution of MCS duration,
size, and intensity (measured by the difference of mean 7, from 221 K) in the current climate for both land and
ocean (Figure S2 in Supporting Information S1). Notably, observed land-based MCSs exhibit shorter durations
(13.5 vs. 21.0 hr) and smaller sizes (10.3 vs. 11.1 x 10* km?) than their oceanic counterparts; however, they are
characterized by slightly stronger intensities (9.4 vs. 8.9 K). The model successfully reproduces these disparities
between land and ocean, though the simulated intensity contrast is relatively smaller. Nevertheless, unlike large
disparities observed in GCM simulations with conventional convective parametrization (e.g., Dong et al., 2021),
the results derived from GSRM emphasize the model's reliability in simulating MCSs, thereby enhancing our
confidence in its utility for exploring future MCS projections.

3.2. Response of MCS to Increased SST

When comparing the PAK with PD simulation, on average, there is a 4.5% (about 1% when normalized by the
global mean change in surface temperature) increase in MCS occurrence frequency over tropical regions, defined
as the area between 20°S and 20°N where MCSs are most frequent (Figure 1c). Notably, extending the tropical
region to 30° S/N does not alter the results. However, these changes exhibit opposite signs over land and ocean.
Specifically, MCS occurrence frequency decreases over large parts of land regions, whereas it increases over most
ocean regions, except for a few small areas in the western Pacific and southwest tropical Indian Ocean. The
percentage changes in MCS occurrence frequency over tropical land and ocean are —7.0% and 3.7% per degree
warming, respectively. These results are qualitatively consistent with previous global and/or regional studies
conducted using GCMs or regional CPMs (Dong et al., 2021; Rehbein & Ambrizzi, 2023; Zhao, 2022), although
the quantitative values differ. This indicates the overall response of MCS to a warming climate is quite robust and
consistent in the GSRM. Moreover, such land-ocean contrasts generally hold across all four seasons but exhibit
greater complexity as one transitions from one season to another (Figure S3 in Supporting Information S1).
Concerning the MCS basic features, the duration of MCSs over land and ocean has reduced slightly in the
warming climate, but both their size and intensity increases (see values in Figure S2 in Supporting
Information S1).

3.3. Influencing Factors for the Contrasting Response Over Land and Ocean

The contrasting responses between land and ocean in MCS occurrence frequency highlight the regional specific
nature of MCS behavior in the context of a warming climate. These differences may be influenced by various
factors. Prior studies have used many convective environmental proxies, including but not limited to 500-hPa
vertical velocity (0500), 0-6 km wind shear (shear06), storm relative helicity (SRH), convective available po-
tential energy (CAPE), and convective inhibition (CIN), to investigate the impact of increased SST on convective
activities (Cheng et al., 2022; Prein, 2023; Rasmussen et al., 2020). These indices in PD simulation have been
evaluated in our previous works (Cheng et al., 2022; Harris et al., 2023). The model overall replicates the
observed distribution and long-term averages of these indices, albeit with some variations in their absolute values
[refer to Figure 3 in Cheng et al. (2022) and Figure 7 in Harris et al. (2023)].

However, their differences between P4K and PD simulations, as summarized in Figure 2, do not align with the
projected changes in MCS occurrence frequency shown in Figure 1c. Notably, the spatial distribution of changes
in 500, shear06, and SRH mirrors the response of the large-scale circulation pattern to increased SST (Cheng
etal., 2022; Tamarin & Kaspi, 2017; Vecchi & Soden, 2007), displaying no pronounced distinctions between land
and ocean. Such inconsistencies suggest that these metrics are insufficient to account for the observed changes in
MCS occurrence frequency. By contrast, CAPE and CIN show more regional specific responses to increased SST.
CAPE primarily increases over the tropical oceans with large increases seen in the ITCZ and the western Pacific,
while it exhibits modest changes over tropical land. Conversely, CIN intensifies predominantly over tropical land
with minimal changes over oceans. These alterations have the potential to drive the divergent responses of MCS
occurrence over land and ocean to increased SST.

We examine the joint probability distribution of CAPE and CIN over both tropical land and ocean where MCSs
frequently occur, defined as the monthly value exceeding 0.5 per 2° X 2° grid (refer to Figure 1). This masking
ensures that CAPE and CIN values relevant to convective systems are included. As shown in Figure 3, in the
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Figure 2. Spatial distribution of the annual mean (a) 500 hPa vertical velocity, (b) 0-6 km vertical wind shear, (c) 0-3 km storm-relative helicity, (d) convective available
potential energy, and (e) convective inhibition between the P4K and PD simulations.

current climate, small CAPE (<1000 J kg™") and/or modest CIN (<100 J kg™") events predominant over tropical
land, with their frequency decreasing as CAPE and CIN increase. By contrast, the highest frequency over tropical
oceans is characterized by a border range of CAPE (300~1500 J kg™') alongside much smaller CIN (<20 J kg™").
Increased SST generally yields a broadening of the joint distribution but with a reduced gradient over both tropical
land and ocean. Specifically, events with small CAPE (<500 J kg_l) or small CIN (<20 J kg_l) in combination
with small to medium CAPE (500~1000 J kg™") over land are projected to decrease substantially. Conversely,
other events are projected to increase, albeit to a lesser extent. Similarly, the rightward shift of the distribution
over tropical oceans results in a significant decrease for smaller CAPE (<1500 J kg™") cases but a notable increase
in cases with higher CAPE values. These findings corroborate previous studies conducted using both coarser
GCM (~100 km) and regional CRM (~4 km) simulations (Chen et al., 2020; Rasmussen et al., 2020).

In the warming climate, the increase in CIN contributes significantly to a decrease in MCS occurrences with lower
CAPE values, which are more populated over tropical land. Concurrently, it also promotes the formation of more
intense MCSs, albeit representing a smaller fraction of events, characterized by relatively larger CIN and CAPE
values. These findings align with previous studies (Chen et al., 2020; Rasmussen et al., 2020), indicating that
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Figure 3. Joint probability distribution (units: %) of CAPE (x-axis) and CIN (y-axis) over tropical land (upper row) and tropical ocean (bottom row) in PD simulation
(left), PAK simulation (middle), and their differences (right) from all convective samples. The total frequency across all bins (0 < CAPE < 3000 J kg_l, 0 < CIN
< 150 J kg™ is displayed in the top right corner of each panel.

elevated CIN levels can influence the convective population by suppressing weaker to moderate convection while
allowing larger CAPE to accumulate to higher levels, potentially leading to more frequent severe convective
events. Similarly, over tropical oceans, the substantial increase in CAPE, accompanied by minimal changes in
CIN, leads to an overall increase in MCS occurrences. This is consistent with previous theoretical and modeling
studies, which suggest that the rise in CAPE alone in a warming climate could lead to more convective events
(Muller & Takayabu, 2020). These patterns persist when analyzing CAPE-CIN associated with individual MCS
event (Figure S4 in Supporting Information S1), though the high-frequency center of the joint distributions, over
both land and ocean, shifts toward higher CIN values. This deviation toward relatively larger CIN values un-
derscores the crucial role of CIN in shaping the dynamics of intense convective events. This is possibly because
intense convection, such as MCSs, benefits from a buildup of instability, where higher CIN values can prevent
premature convection, allowing instability to accumulate. The contrasting response of CAPE and CIN to
increased SST originates from different changes in low-level temperature and humidity (i.e., relative humidity)
with global warming. Consistent with previous studies (Chen et al., 2020), the increase in CAPE over the tropical
ocean depends heavily on low-level humidity, which is driven more by temperature increase as relative humidity
remains nearly constant over the ocean (Figure S5a in Supporting Information S1). By contrast, the increase in
CIN over tropical land is largely affected by the reduction in low-level relative humidity (Figure S5b in Sup-
porting Information S1).
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PD and P4K simulations for mean and extreme precipitation, including both total and MCS-related over tropical land and
ocean. The boxes indicate 5%-quantile, 25%-quantile, median, 75%-quantile, and 95%-quantile, respectively. White dots
represent the corresponding means.

3.4. Impact on Mean and Extreme Precipitation Pattern

As a highly efficient rain-producing system, changes in MCS occurrences are expected to have a profound impact
on precipitation patterns. Precipitation associated with MCSs contributes to around 50% of total precipitation in
many parts of the tropics (Figure S6 in Supporting Information S1). The model generally reproduces the spatial
distribution, but notably underestimates the portion over the ocean, particularly in the West Pacific. This
discrepancy primarily stems from the excessive total precipitation generated by the model (Harris et al., 2023). On
an event basis, the simulated mean and total precipitation volume within each MCS are biased low compared to
observations (Figure S2 in Supporting Information S1). These biases arise mainly from the model's tendency to
produce broader areas of lighter precipitation (Harris et al., 2023).

As aresponse to uniform SST warming, substantial increases in mean precipitation are projected over large parts
of tropical ocean (>75%), where higher MCS occurrences are expected (Figure 4a). Conversely, approximately
65% tropical land region, where fewer MCSs are projected, experiences reductions in mean precipitation. When
normalized by the global mean change in surface temperature, the mean precipitation rate averaged over tropical
land decreases by 1.5% K™' but increases by 3.9% K~' when averaged over tropical ocean (Figure 4c). This
difference mainly reflects the changes in MCS occurrence frequency, as the majority of MCS-related precipi-
tation rate over both tropical land and ocean exhibits larger increasing rates (Figure 4b). The average normalized
change rate of MCS-associated precipitation over tropical land is about 9.9% K™, while it is 22.7% K" over
tropical ocean (Figure 4c). Within each MCS, the normalized rate of MCS-associated precipitation increases by
28.7% K~' over tropical land, while it increases by 18.1% K™' over tropical ocean (Figure S2 in Supporting
Information S1). The increasing rate of total precipitation volume within each MCS is higher over land
(1.9% K1) than over ocean (1.4% K1), likely due to the combined effects of a larger increase in mean pre-
cipitation rates and MCS sizes (Figure S2 in Supporting Information S1). The skewness of precipitation within
each MCS, although biased large in the present climate, decreases as climate warms, indicating that precipitation
associated with MCSs may become more dispersed around the center of the systems, potentially affecting a larger
area.
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In addition, MCSs also play a pivotal role in triggering extreme rainfall and flooding events in tropical regions
(Cheng et al., 2023; Dong et al., 2021; Houze, 2018; Prein et al., 2023). We examine the changes in the frequency
of precipitation extremes, defined as the 95th percentile of all precipitation samples for each grid. The results
remain consistent when the 90th percentile is utilized. The model well captures the magnitude of the precipitation
extremes (Figure S7 in Supporting Information S1), and effectively reproduces the observed spatial distribution
(Figure S8 in Supporting Information S1). The projected changes in precipitation extremes mirror the changes in
total precipitation. When attributed to MCSs, there are significant increases in precipitation extremes over both
tropical land and ocean (Figure 4c and Figure S9 in Supporting Information S1). Our results are consistent with
Guendelman et al. (2024), who used the same simulations. Despite the use of daily precipitation data, they found
that mean precipitation over tropical land will decrease at a similar rate as reported here. However, when pre-
cipitation is categorized into different percentiles, the response of land precipitation to warming shows a decrease
for small and moderate rates but an increase for higher rates, likely related to MCSs.

4. Conclusions

Despite the critical role of MCS in the tropical climate, our understanding of their future behavior remains
incomplete. In this study, we demonstrated the success of a GSRM in simulating the observed MCS features and
revealed contrasting projections for tropical land and ocean MCS occurrence in a warming environment. These
patterns persist despite the seasonal variations. A comprehensive analysis of multiple convection-relevant
environmental factors indicates that the divergent responses in MCS occurrence are closely linked to changes
in CAPE and CIN. Over tropical land, while CAPE exhibits minor increases, CIN experiences a significant rise.
The increased CIN effectively suppresses weaker to moderate MCSs, yet it facilitates the accumulation of larger
CAPE values, resulting in more frequent intense MCS events. The dual influence leads to an overall reduction in
MCS occurrences over tropical land. In contrast, over tropical oceans, CAPE is projected to largely increase while
CIN shows minimal changes. The dominant role played by the increasing CAPE contributes to an overall increase
in MCS occurrences.

The contrasting response of MCS occurrence over tropical land and ocean significantly influences tropical
precipitation patterns. While the positive bias in MCS occurrence simulated over the western Pacific and the large
biases in MCS associated precipitation may raise questions about the validity of the projections, it's worth noting
that these biases are considerably smaller than that observed in the GCM and other GSRM simulations (Dong
et al., 2021; Feng et al., 2023). Therefore, our analysis may hold greater relevance for understanding future
changes in MCS features and the associated precipitation patterns. However, the simulated land-ocean contrast in
the intensity of MCSs is relatively weaker when compared to observations and other GSRM simulations.
Additionally, it's important to acknowledge that the P4K experiment did not include a CO, increase or SST
pattern change, potentially affecting the direct radiative effect of CO, and variability in SST on MCS responses to
warming. Furthermore, uncertainties in future projections may arise due to model deficiencies in simulating the
current climate. Lastly, while CAPE and CIN are shown to be useful in explaining MCS changes, their specific
roles in MCS initiation and throughout its lifecycle remain unexplored. Their interactions with other influencing
factors may also play a significant role. A more rigorous analysis of this paradigm using idealized/limited domain
simulations would provide valuable insights. Nonetheless, the expansion of MCS size, intensification of its in-
tensity and the associated precipitation extremes present a significant threat to tropical populations, underscoring
the critical need to develop effective strategies for adaptation and mitigation in the face of a changing climate.

Data Availability Statement

All data are available in the main text or the supplementary materials. The half-hourly NASA globally merged 4-
km pixel-resolution infrared brightness temperature data set can be downloaded from https://disc2.gesdisc.eosdis.
nasa.gov/data/MERGED_IR/GPM_MERGIR.1/. The half-hourly NASA Integrated Multi-satellitE Retrievals
for Global Precipitation Measurement (GPM/IMERG V06) final run product for the period 2020/01-2021/09 can
be downloaded from https://gpm1.gesdisc.eosdis.nasa.gov/data/GPM_L3/GPM_3IMERGHH.07/, while the late
run product for 2021/10-2021/12 can be downloaded from https://gpm1.gesdisc.eosdis.nasa.gov/data/GPM_L3/
GPM_3IMERGHHL.06/. Please be aware of the recent updates to the GPM/IMERG V06 and V07 products
(https://gpm.nasa.gov/mission/news/status-imerg-version-06-and-07-data). Public releases of SHIiELD are
accessible at https://github.com/NOAA-GFDL/SHIiELD_build. The code used for the version of X-SHiELD in
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Erratum

The originally published version of this article contained a typographical error. The title of Section 2.1 should be
changed to the following: “X-SHiELD Model Simulations.” The error has been corrected, and this may be
considered the authoritative version of record.
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