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ABSTRACT: Accurate representation of mesoscale scale convective systems (MCSs) in climate models is of vital impor-
tance to understanding global energy, water cycles, and extreme weather. In this study, we evaluate the simulated MCS
features over the United States from the newly developed GFDL global high-resolution (;50 km) AM4 model by compar-
ing them with the observations during spring to early summer (April–June) and late summer (July–August). The results
show that the spatial distribution and seasonality of occurrence and genesis frequency of MCSs are reasonably simulated
over the central United States in both seasons. The model reliably reproduces the observed features of MCS duration,
translation speed, and size over the central United States, as well as the favorable large-scale circulation pattern associated
with MCS development over the central United States during spring and early summer. However, the model misrepresents
the amplitude and the phase of the diurnal cycle of MCSs during both seasons. In addition, the spatial distribution of occur-
rence and genesis frequency of MCSs over the eastern United States is substantially overestimated, with larger biases in
early spring and summer. Furthermore, while large-scale circulation patterns are reasonably simulated in spring and early
summer, they are misrepresented in the model during summer. Finally, we examine MCS-related precipitation, finding that
the model overestimates MCS-related precipitation during spring and early summer, but this bias is insufficient to explain
the significant dry bias observed in total precipitation over the central United States. Nonetheless, the dry biases in MCS-
associated precipitation during late summer likely contribute to the overall precipitation deficit in the model.
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1. Introduction

Mesoscale convective systems (MCSs) play important roles
in the hydrological cycle and global circulation through redis-
tribution of heat, moisture, and momentum in the atmosphere
(Hartmann et al. 1984; Fritsch et al. 1986; Houze 1989). They
come into existence when isolated convective events aggre-
gate and grow upscale into large clusters or even superclusters
by forming mesoscale circulations (Mapes and Houze 1993;
Houze 2004, 2018). Consequently, MCSs are characterized by
distinct structures from scattered or isolated convection, con-
sisting of active convective towers and expansive stratiform
regions. Their sizes can reach several hundreds of kilometers
with a lifetime ranging from a few hours to a few days (Houze
2004). The combination of convective and stratiform precipi-
tation associated with MCSs is responsible for more than 50%
of the total tropical rainfall (Nesbitt et al. 2006; Yuan and
Houze 2010; Roca et al. 2014; Houze et al. 2015; Virts and

Houze 2015; Tao and Chern 2017; Feng et al. 2021b). And the
fraction can even reach up to 90% in the La Plata basin and
more than 70% in the Sahel, the Congo basin, the central
United States, and the west coast of Central America based
on satellite observations (Nesbitt et al. 2006).

MCSs are often observed in heavily raining areas of the
tropics and subtropics (Nesbitt et al. 2006; Yuan and Houze
2010; Dong et al. 2020, 2022) as well as midlatitude continents
over prominent baroclinic zones (Laing and Fritsch 1997,
2000; Feng et al. 2019). One of these hot spots is over the east
of the U.S. Rocky Mountains, where frequent MCS occurrences
are observed in the afternoon and/or evenings. Most of these
MCSs propagate eastward after their formation and provide
heavy rainfall over the Great Plains, accounting for 30%–70%
of warm season rainfall in the region between the Rocky Moun-
tains and Mississippi River (Fritsch et al. 1986; Feng et al. 2016).
These water resources generated by MCSs are essential for agri-
culture productivity, especially over the northern rainfed farm-
ing regions. On the other hand, these MCSs also produce an
assortment of hazardous weather events over this region under
certain conditions. For instance, a slow-moving or stalling MCS
could lead to flash flooding or sometimes widespread river
flooding, which is often accompanied by damaging winds, and
prodigious lightning rates (Laing and Fritsch 2000; Schumacher
and Johnson 2006; Houze et al. 2015; Feng et al. 2018). This typ-
ically happens when the upper jet stream is relatively weak and/
or the low-level jet is oriented toward the west or southwest
edge of the MCS (Corfidi 2003). Such a condition impedes the
eastward propagation of MCSs. As a result, new storms form
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over the same area, bringing repeated rounds of heavy rain.
One notable example is the Great Flood of 1993, which was
caused by voluminous rainfall along the Mississippi and Missouri
Rivers produced by persistent and repetitive MCSs (Junker et al.
1999).

MCSs undoubtedly constitute an important subject as one
strives to understand and predict the mean climate and extreme
weather. However, despite decades of efforts to improve model
performance, MCSs remain difficult to simulate in general climate
models (GCMs) (Donner 1993; Donner et al. 2001; Mapes et al.
2006; Moncrieff and Liu 2006; Moncrieff et al. 2012, 2017; Feng
et al. 2018; Moncrieff 2019). The lack of the simulated MCSs is
deemed as one of the major reasons for the long-standing precipi-
tation bias over the central United States as found in many gener-
ations of regional and global climate models (Klein et al. 2006;
Lin et al. 2017). The vertically tilted MCS-like circulations (re-
ferred to as slantwise layer overturning) that occur across multiple
scales are challenging for GCMs. The scale-separation assump-
tions (small cumulus scale versus the large-scale motion) used in
deep convection parameterizations fail to recognize mesoscale dy-
namics manifested in MCSs (Moncrieff 2004, 2010; Moncrieff
et al. 2017; Lin et al. 2019). A multiscale coherent structures pa-
rameterization (MCSP) scheme was proposed to fill in this gap
(Moncrieff et al. 2017; Moncrieff 2019). This scheme is developed
specifically to better represent MCSs in GCMs. It adds mesoscale
momentum transport and top-heavy convective heating terms,
which are observed in organized convection, to the existing deep
convection parameterization while keeping the column heat bud-
get unchanged. The implementation of the MCSP scheme in the
DOE Energy Exascale Earth System Model (E3SM; Golaz et al.
2019) led to considerable improvement in simulating tropical
waves and Madden–Julian oscillation (Yang et al. 2019; Chen
et al. 2021). However, it only shows some minor impacts on the
simulated MCSs over the United States (Xie et al. 2020), indicat-
ing more careful evaluation and coordinated adjustment of differ-
ent schemes are needed in future studies. In addition to the
MCSP scheme, another widely adopted approach is the multi-
scale modeling framework (MMF), also known as superparame-
terization, in which a cloud-resolving model is embedded in each
GCM grid column to replace the cumulus parameterizations
(Grabowski and Smolarkiewicz 1999). This framework has shown
some improvements in simulating MCS-like features over the
continental United States, but large underestimations of their oc-
currence frequencies still exist (Yang et al. 2017; Feng et al. 2018;
Lin et al. 2019, 2022). Similar problems can be found in regional
convection-resolving models, where the diurnal cycle of precipita-
tion is improved but the simulated features of MCSs vary from
the observation (Clark et al. 2007; Davis et al. 2003; Prein et al.
2020). Moreover, these simulations are computationally expensive
and are only available for a few years. As an alternative configu-
ration, a variable-resolution approach, in which higher resolution
is used over a region of interest with a gradual transition to
coarser resolution elsewhere, has been explored to study regional
processes at a relatively lower computational cost. For instance,
Feng et al. (2021a) evaluatedMCS features over the United States
based on two sets of 10-yr variable resolution experiments using
the Community Earth System Model (CESM; Gettelman et al.
2018). Although finer resolutions (50 and 25 km) were centered

over North America, the number of simulated MCSs in the cen-
tral United States was significantly underestimated (.50%) in
both experiments.

Despite these deficiencies, a valuable point as highlighted by
a few studies outlined above is that GCMs with grid spacing
finer than 100 km have the potential for substantial improve-
ments in the synoptic-scale environment, which are argued to
have important impacts on modeling MCSs and their character-
istics. This viewpoint is consistent with previous studies on tropi-
cal cyclone simulations that moderately high resolution (tenths
of kilometers) is capable of simulating multiple tropical cyclone
statistics (e.g., Zhao et al. 2009). And it would be important to
evaluate the model performance when the variable-resolution
(e.g., 50 km over North America) model is extended to a global
higher-resolution (50-km) model despite the limitations of this res-
olution. In this work, we evaluate the MCS statistics simulated by
a global ;50-km atmospheric GCM developed at GFDL (Zhao
2020). The manuscript will proceed as follows. Section 2 outlines
the observational dataset, atmospheric GCM, and MCS detection
and tracking algorithm. Section 3 provides a detailed evaluation of
a variety of simulated MCSs features by comparing them with the
observation. A discussion and conclusions are given in section 4.

2. Methods

a. Observational dataset

The 3-hourly Cloud Archive User Service (CLAUS) multisa-
tellite infrared brightness temperature (Tb) dataset (1/38 3 1/38
horizontal resolution) during 1985–2008 (Hodges et al. 2000) is
used to identify and track tropical MCSs (see the detection and
tracking algorithm in section 2d). This dataset has been used in
various studies of MCSs and validated across different climate re-
gimes (Huang et al. 2018; Nguyen and Duvel 2008; Zhao 2022).
Composites of large-scale circulation patterns associated with
MCSs are constructed to investigate the favorable condition for the
MCS genesis based on ERA5 reanalysis (;31 km; Hersbach et al.
2020). In addition, we use the 3-hourly Multi-Source Weighted-
Ensemble Precipitation version 2 (MSWEP V2; Beck et al. 2019)
gridded precipitation dataset (0.18 3 0.18 resolution) to explore
the MCS-related precipitation. To facilitate a model–observation
comparison, all the observational datasets are interpolated onto
the model resolution.

b. Model simulations

A finer-resolution version (referred to as C192AM4; Zhao
2020) of the atmospheric model AM4 (Zhao et al. 2018a,b) is
used in this study. The default AM4 model has cubed-sphere
topology with 96 3 96 grid boxes per cube face (approxi-
mately 100-km grid size). C192 represents 192 3 192 grid
boxes in each of the six cubed-sphere faces, which is equiva-
lent to ;50-km horizontal grid spacing. This model was used
for GFDL’s participation in the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) HighResMIP project (Haarsma
et al. 2016). The physical parameterizations in the AM4 model
include a “double-plume” convective closure scheme to repre-
sent both shallow and deep convection (Zhao et al. 2016).
The turbulent diffusivity in the planetary boundary layer is
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parameterized following Lock et al. (2000). The cloud micro-
physics is a single-moment bulk scheme based on the works of
Rotstayn (1997) and Jakob and Klein (2000). The longwave ra-
diation code adopts the simplified exchange approximation with
the latest spectroscopy and inclusion of the 10-mm CO2 band
(Schwarzkopf and Fels 1991). The shortwave code employs the
18-band formulation with updated H2O, CO2, and O2 formula-
tions and inclusion of the shortwave water vapor continuum
and CH4 and N2O absorption (Paynter and Ramaswamy 2012,
2014). Orographic gravity wave drag is parameterized following
the works of Garner (2005) and Garner (2018). Nonorographic
gravity wave drag is parameterized following Alexander and
Dunkerton (1999). Compared to the default AM4, there are a
few modifications made to this high-resolution version. As de-
tailed in Zhao (2020), the model’s physics and dynamics time
steps have been adjusted due to the increase in the horizontal
resolution. The C192AM4 has a gravity wave and Lagrangian
dynamics step of 75 s, a vertical remapping and horizontal
advection step of 600 s, and a physics and land model step of
1200 s. Besides, a fourth-order instead of a sixth-order diver-
gence damping is used to increase the model’s numeric stability.
In addition, the cloud parameterization is tuned to increase the
top-of-atmosphere radiative fluxes, which aims to reduce the
cold bias in coupled model simulations of the historical sea sur-
face temperature. We use a three-member ensemble to evaluate
the simulated MCSs over the United States in the present-day
climate covering 1950–2014 (referred to as C192AM4-PD).
These simulations are driven by the observed SST and sea ice
conditions, greenhouse gases, and natural and anthropogenic
aerosol emissions. The three members are generated by slightly
perturbing the model’s initial condition. Outputs from these
simulations have been used to evaluate several important
weather phenomena, such as the atmospheric rivers, tropical cy-
clones, and MCSs (Zhao 2020; Dong et al. 2021; Zhao 2022).
The results have shown that this model is capable of simulating
these systems reasonably well. The model outputs for single-
level variables such as precipitation and the top of atmosphere
outgoing longwave radiation (OLR) are saved at 3-h intervals,
while those for multiple-level variables such as temperature,
horizontal winds, and geopotential height are saved at 6-h inter-
vals. All the analyses performed in this study cover 1985–2008
to coincide with the CLAUS dataset.

c. Conversion from OLR to Tb

Following our previous works (Dong et al. 2021; Zhao
2022), the simulated brightness temperature (Tb) is calculated
based on the OLR by the following equations:

TF 5 Tb(a 1 bTb)
OLR 5 sT4

F

,

{

where TF is the flux equivalent brightness temperature,
s 5 5.67 3 1028 W m22 K24 is the Stefan–Boltzmann cons-
tant, and a and b are empirical coefficients fitted based on the
above equations. The fitted values of a and b are 1.283 and
21.281 3 1023 K21, respectively, in this study. As shown in
Fig. 1, the simulated annual and warm season mean Tb agrees

well with the CLAUS observations, with the centered pattern
correlations over the continental United States larger than
0.98 (p , 0.001). Larger values of Tb are observed over dry
regions like the deserts over the southern United States. The
values generally decrease northward as higher latitudes are
increasingly obscured by clouds. Also obvious are the high
and cold Rocky Mountains where smaller Tb are observed.
The difference between the observation and model simulation
reveals that the simulated Tb is overestimated by a few de-
grees over the northern Great Plains while it is slightly under-
estimated over the western and southeastern United States.
When averaged over the entire continental United States, the
root-mean-square error of the simulated annual (warm sea-
son) Tb is 1.2 K (1.5 K).

d. MCS detection and tracking algorithm

The MCS detection and tracking method follows that in
Dong et al. (2021). Here is a brief summary of this two-step
algorithm. It first identifies MCS candidates based on a Tb

threshold and a minimum area coverage threshold, which are
set to 221 K and 30 000 km2, respectively, in this study. These
two (or similar) values have been used extensively to detect
MCSs over the United States in previous studies based on auto-
mated tracking algorithms (Maddox 1980; Anderson and Arritt
2001; Feng et al. 2019; Cheeks et al. 2020). Slight changes in
these two thresholds have no bearing on the main conclusions
of this study. After initial identification, a tracking procedure is
performed to link those identified objects. Candidates in consec-
utive timeframes with more than 15% overlapping area are clas-
sified as the same MCS. For small or fast-moving MCSs with no
sufficient overlapping between two timeframes, the tracking
procedure invokes a Kalman filter approach to provide an esti-
mate for the movement of potential MCSs. More details of the
algorithm and comparison with other algorithms can be found
in Huang et al. (2018). The center of each identified MCS is de-
fined by its centroid computed based on grid points covered by
area with Tb lower than the threshold.

3. Results

a. Typical cases and long-term means

Figures 2–4 show two typical eastward propagating MCSs, one
observed and one simulated by the model. They are randomly
selected for illustrative purposes. Their tracks are shown in Fig. 1
with their genesis locations marked as red dots. Both cases origi-
nate in the evening [0000 UTC (1800 LST)] to the east of the
Rocky Mountains, and both are large (mean size larger than
16 3 104 km2) and long-lived MCSs (lasting for 24 h). The ob-
served case was first detected at 0000 UTC 8 June 2005 near the
borders of North Dakota and South Dakota. It is a typical asym-
metric MCS based on Houze et al.’s (1990) categorization. As it
is evident in the radar reflectivity plot shown in Fig. 3, one can
see clearly that the convective line is stronger on its southern end
while the stratiform region is located toward its north end rather
than centered behind it. The detection results confirm the robust-
ness and effectiveness of the tracking method. The simulated
case detected at 0000 UTC 28 May 2007 illustrates a merging
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process of two individual clusters. An identified MCS was lo-
cated near the borders of Wyoming, South Dakota, and Ne-
braska and another weaker cluster was located in Colorado.
These two clusters merged as a bigger MCS a few hours later
near the borders of South Dakota, Nebraska, Minnesota, and
Iowa. It then kept propagating southeastward before it decayed
over Wisconsin.

The observed and simulated long-term annual mean occur-
rence (track density) and genesis (first record along each MCS’s
track) frequency of MCS over the United States as well as their
differences are shown in Fig. 5. Given the frequent occurrence
of MCS during the warm season, which spans from April to Au-
gust, we also restrict our analysis on this period. To account for
the varying large-scale environments associated with MCS oc-
currence, as reported in previous studies (Song et al. 2019; Prein
et al. 2020; Feng et al. 2021a), we further divide the warm season
into two distinct periods: spring to early summer (April–June)
and late summer (July–August). The MCS occurrence and gene-
sis frequency are calculated by averaging the respective monthly
total over all 24 years for each grid point. Consistent with many

other observational studies (Feng et al. 2019; Cheeks et al. 2020),
the annual mean occurrence frequency of MCSs is high over the
central United States between the Rocky Mountains/Colorado
Plateau and the Appalachian highlands, with a secondary maxi-
mum center along the southern coastal states (Texas, Louisiana,
Mississippi, Alabama, and the Florida Panhandle) (first row of
Fig. 5). These features are particularly prominent during the
warm season, with the occurrence frequency of MCS being
twice as high in the spring and early summer months compared
to the late summer period. The ensemble mean of C192AM4-
PD simulations generally captures the observed spatial distribu-
tion of the annual mean frequency of MCSs, with a centered
pattern correlation of 0.6 (p , 0.001) over the United States
(second row of Fig. 5). Note that the differences among the
three ensemble members are small. All the regions with active
MCS occurrences in observations feature prominently in the
simulation. However, the differences between observation and
model simulation reveal that although their differences are small
over the central United States and the southern coastal states, the
simulated track density of MCSs is substantially overestimated

FIG. 1. Spatial distribution of (left) annual and (right) warm season (April–August) mean brightness temperature
(K) from (a),(d) CLAUS and (b),(e) C192AM4-PD for 1985–2008. (c),(f) Differences are shown: (c) is (b) minus
(a) and (f) is (e) minus (d). The mean value or the root-mean-square error is shown on the top right of each panel.
The black solid line with dots in (a) and (b) indicates a typical mesoscale convective system (MCS) in both observa-
tion and model simulation, which are shown in Fig. 2. Red dots indicate the genesis location. The thick gray isoline
marks the 1500-m contour of surface elevation, which is used to delineate the Rocky Mountains.
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over the eastern United States (third row of Fig. 5). The model
also produces biased more MCSs over the U.S. Southwest
stretching from the eastern Colorado plains to New Mexico. This
bias is present in both warm season subperiods, with a greater
bias during the spring and early summer months.

The occurrence frequency of MCSs depends on both genesis
and duration. Here we first examine their genesis frequency and

shall discuss their duration in section 3c. Most of the observed
MCSs are generated between the Rocky Mountains and the
Mississippi River (Fig. S1 in the online supplemental material).
Similar to the occurrence frequency, the model reasonably re-
produces the genesis frequency of MCSs over the central
United States and southern coastal states, while substantially
overestimating it over the eastern United States, the Colorado

FIG. 2. An observed typical MCS observed covering 0000 UTC 8 Jun 2005–0000 UTC 9 Jun 2005. The shading shows the brightness tem-
perature (K) based on the CLAUS dataset. The contour shows the precipitation (mm day21) based on the MSWEP dataset ranging from
2 to 18 with an interval of 4. The center of each panel represents the location of MCS at that time step while the track of this case is shown
in Fig. 1b. The size and averaged brightness temperature for each time frame are shown in each panel.
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plains, and NewMexico. When summed over the central United
States (black rectangle in Fig. 5a), the model overestimates the
annual occurrence frequency by 9% (433 vs 471), and the over-
estimation is about 15% (91 vs 105) for genesis frequency. The
corresponding values for the spring and early summer are 8%
and 17%, respectively, while they are 210% and 28% for the
late summer period.

b. Seasonality, interannual variability, and diurnal cycle

This section focuses on the variability of MCS on different
time scales. Figure 6 compares the simulated seasonal cycles
of occurrence and genesis frequency of MCSs with the obser-
vations averaged over the central United States where
the most frequent MCS activities are observed. Overall, the

FIG. 3. As in Fig. 2, but for the radar reflectivity (shading; dBZ) at the 0.58 elevation angle based on the NOAAWSR-88D network and
the 700-hPa horizontal wind anomalies (vectors; m s21). The precipitation (contours; mm day21) shown in Fig. 2 is also plotted for a
reference.
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model shows considerable skill in capturing the amplitudes
and phases of the observed seasonal cycles of MCS occur-
rence frequency (Fig. 6a). The ensemble mean largely falls
within one standard deviation of the observations. The corre-
lation coefficients between the simulated and observed sea-
sonal cycle of MCS occurrence frequency are statistically
significant (R . 0.93; p , 0.001) for all three members. The
seasonal cycle of MCS genesis frequency shares a large simi-
larity with the occurrence frequency although the absolute

value is smaller by a factor of 5 (Fig. 6b). Consistent with
previous studies (Anderson and Arritt 2001), both occur-
rence and genesis frequency of MCSs are concentrated in
warm season (April–August) while their frequencies are rel-
atively lower in other months. Therefore, unless otherwise
stated, we shall focus on the warm season in the following
analysis. To account for different large-scale environments
associated with MCS occurrence (Song et al. 2019; Prein
et al. 2020; Feng et al. 2021a), the warm season is further

FIG. 4. As in Fig. 2, but for a simulated typical MCS covering 0000 UTC 28 May 2007–0000 UTC 29 May 2007.
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divided into two periods: spring to early summer (April–
June) and late summer (July–August).

Figure 7 concerns the interannual variability of MCS activities
averaged over the central United States in two subperiods. The

simulated mean values and the year-to-year fluctuation of MCS
occurrence frequency are comparable with the observation (see
statistical numbers listed in the figure) although the correlation
coefficients between them are low (first column of Fig. 7). This

FIG. 5. Occurrence frequency (fraction per month per grid) of MCSs based on (top) CLAUS and (middle) C192AM4-PD for
1985–2008 during the (left) whole year, (center) spring and early summer, and (right) late summer. (bottom) The difference between
C192AM4-PD and CLAUS. Thick gray contour in all panels denotes the 1500-m isoline. The black dashed rectangle in the first panel
denotes the central U.S. region used for the subsequent analysis.

FIG. 6. Observed (CLAUS; black) and simulated (C192AM4-PD; blue) seasonal cycles of (a) occurrence and
(b) genesis frequency (number of occurrences) of MCSs averaged over central United States defined by the black
dashed rectangle in Fig. 5. The light blue shading denotes the spread among the three ensemble members.
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is anticipated since year-to-year correspondence is not expected
to be perfectly captured by the model given that the interannual
variability might largely subject to internal variability. The three
ensembles also show low to medium correlation between each
other, ranging from 0.1 to 0.5. The same results can be found in
the MCS genesis frequency (second column of Fig. 7). This con-
solidates the conclusion as summarized in Dong et al. (2021)
that the interannual variability of simulated MCSs over conti-
nental regions is not determined to first order by the prescribed
SST and sea ice conditions, and may instead be subject to com-
plex land processes and atmosphere–land interactions. This is
further confirmed by comparing the MCS features under the
condition of different El Niño–Southern Oscillation (ENSO)
phases (the largest SST signal), which shows little differences
(figures not shown). Besides, convective storms across the U.S.
Great Plains are found to be coupled with preexisting midtropo-
spheric perturbations initiated over the Rocky Mountains (Wang
et al. 2009, 2011). These midtropospheric perturbations are tied
to the Great Plains low-level jet (GPLLJ). We compared the sim-
ulated GPLLJ with the observation at 6-h intervals averaged
over the warm season. As shown in Fig. S2, the model reasonably
simulates the diurnal cycle of GPLLJ, characterized by strong
nocturnal (0600 UTC) southerlies over the Great Plains. How-
ever, the simulated extent and the intensity of the GPLLJ are
smaller than the observation. These biases could potentially

impact the creation of midtropospheric perturbations and, conse-
quently, the genesis and propagation of MCSs.

The high-frequency datasets used in this study enable us to
explore the diurnal features of MCSs. We perform a Fourier
analysis on the 3-h dataset for each grid to quantify the diur-
nal cycle. The amplitude and phases of the first harmonic are
adopted here to represent the strength of the diurnal cycle
and the peak timing, respectively.

The amplitude and phase of the diurnal cycle of MCS oc-
currence and genesis during the two subperiods are shown in
Fig. 8. Consistent with the typical case shown above, most of
the observed MCS occurrences tend to become active at
night and persist into the early morning hours throughout
the warm season. The gradually increasing peak timing, from
1800–2300 LST (eastern Rocky Mountains) to 0000–0500 LST
(central lowlands) is indicative of the eastward propagation
feature of MCSs, consistent with the observed nocturnal pre-
cipitation features (Balling 1985). Most of the MCS genesis
over the Great Plains occurred in the late afternoon and early
evening (1700–2200 LST). These features are related to the
strong diurnal heating over the Rocky Mountains and the as-
sociated mountain–plain solenoidal circulation (Carbone and
Tuttle 2008). They are also found to be closely linked to the
formation of a dryline, a low-level boundary commonly formed
over the Great Plains region. It separates the dry air from the

FIG. 7. Observed (CLAUS; black) and simulated (C192AM4-PD; blue) interannual variations of (a),(c) occurrence
and (b),(d) genesis frequency of MCS averaged over central United States during (top) spring and early summer and
(bottom) late summer. The respective 1985–2008 means and standard deviations are listed. The light blue shading de-
notes the spread among the three ensemble members.
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west from the moist air from the Gulf of Mexico. The formation
of this dryline plays an important role in convection initiation
by interacting with the Great Plains low-level jet (Hoch and
Markowski 2005; Mitchell and Schultz 2020). It has been
pointed out that the dry air cools more quickly at night than
the moist air, resulting in a west–east temperature gradient
by morning hours, which favors the genesis of the MCSs
(Mitchell and Schultz 2020). As shown in Fig. S3, the gene-
ses of the observed MCS are accompanied by the presence
of drylines over the central United States, characterized
by dry air to the west and moist air to the east. This feature
is captured by the model simulation although the intensity
of the simulated dryline is slightly weaker. Over the south-
ern coastal regions, MCSs are generated around noon
and early afternoon (1100–1500 LST), which are likely as-
sociated with sea breeze convergence from strong diurnal

heating over the adjacent land in the local afternoon. By
contrast, the overall amplitude of the diurnal cycle is
weaker in the simulations and the simulated peak timing
differs largely from the observation. More specifically, the sim-
ulated MCSs over large areas of the central United States occur
around the dawn time (0500–1000 LST) with the genesis time
concentrated in the morning hours (0000–0800 LST). The
relatively smaller changes in the peak timing across the
west to the east suggest a faster mean translation speed of
the simulated MCSs (see more analysis in section 3c). Over
the eastern Colorado plains where the model produces too
many MCSs, these systems are generated in the afternoon
(1400–1500 LST). These findings suggest that the model
cannot accurately represent the diurnal cycle of MCSs in
the two subperiods and further model improvement would
be needed.

FIG. 8. Phase (hue) and amplitude (saturation) of the first diurnal harmonic of (a),(b),(e),(f) occurrence frequency
and (c),(d),(g),(h) genesis frequency of MCSs based on CLAUS in (a), (c), (e), and (g) and C192AM4-PD in (b), (d),
(f), and (h) for 1985–2008 during (left) spring and (right) early summer and late summer. The phase has been con-
verted from coordinated universal time (UTC) to local solar time (LST).
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c. Duration, MCS-associated Tb, translation speed,
and size

In this section, we examine several key characteristics of
MCSs, including the duration, MCS-associated Tb, translation
speed, and size. Duration is an important factor for the total
rain produced by an MCS. Commonly, longer-lived MCSs
bring larger accumulative precipitation. The spatial distribu-
tion of MCS duration is shown in Fig. 9. During spring and
early summer, most observed MCSs over large parts of the
United States typically last for 12–18 h, although longer dura-
tions are observed over the southern coastal regions. In com-
parison, the MCS duration is generally shorter during late
summer. The model, however, simulates longer-lived MCS
over nearly all over the United States, especially near the
coastal regions, during both subperiods. This overestimation
may be affected by the MCSs generated over the surrounding
oceans, where the duration of MCSs was found to be biased
longer in the model (Dong et al. 2021). The histogram distri-
bution of MCS duration with a 3-h interval over the central
United States is present in Fig. 9 (the third column). Overall,
the model is able to reproduce the observed monotonic de-
crease in probability with the duration during both subperiods

but is biased toward a longer lifetime. The mean (median) du-
ration of MCS in observation during spring and early summer
is about 16 (12) h whereas they are about 19 (15) h in the
model. The probability of long-lasting MCSs, defined as those
last longer than 24 h, accounts for 18% of the observed MCSs
but 31% in the model. On the other hand, MCSs are generally
shorter-lived during late summer, with a mean duration of
12 h in observations compared to 20 h in the model. Long-
lasting MCSs are less common during late summer, account-
ing for less than 10% of observed MCSs, but approximately
25% in the model.

We then analyze the spatial distribution and the probability
density distribution of the Tb averaged over all the grid points
occupied by an MCS during its lifetime during two subper-
iods. As shown in Fig. 10, MCSs with lower Tb values are ob-
served over the central United States and southern coastal
regions in both periods while they are mainly distributed over
regions to the east of the Great Plains in the model. Com-
pared to the spring and early summer months, the mean Tb

values are smaller during late summer months. The respective
differences between model simulations and observations dem-
onstrate that the MCS-associated Tb is underestimated by
about 1 K in the model over large parts of the United States,

FIG. 9. Spatial distribution of MCS mean duration (h) from (a),(d) CLAUS and (b),(e) C192AM4-PD for 1985–2008 during (left) spring
and early summer and (center) late summer. (c),(f) Differences are shown: (c) is (b) minus (a) and (f) is (e) minus (d). Only grids with
more than three samples are shown. Observed (CLAUS; black) and simulated (C192AM4-PD; blue) histograms of MCS duration during
(g) spring and early summer and (h) later summer. The respective mean/median values are listed.
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which may indicate that the model employed here cannot re-
solve the full strength of MCSs. In other words, the simulated
MCSs are less penetrative than observed. Such an underesti-
mation is also evident in the probability density distribution
of Tb averaged over MCSs occurred in the central United
States (third column in Fig. 10). The simulated density distri-
bution is more skewed than the observations toward higher
Tb values in both subperiods.

The overall impact of an MCS is also partly affected by
how fast it moves. Figure 11 shows the observed and simu-
lated mean translation speed and direction of MCSs during
both subperiods. The observed translation speed is character-
ized by larger velocities (70–80 km h21) in the north and
smaller values (below 60 km h21) in the south for both sub-
periods. The simulated velocity of MCSs is generally overesti-
mated across large portions of the United States during the
spring and early summer, but overestimated only in the north-
eastern United States near the Great Lakes and underesti-
mated in the southern coastal regions during the late summer.
The Appalachians act as a transition region for faster-moving
MCSs on the western side and slower-moving systems on the
eastern side, as observed in both the models and simulations.
The histogram distribution of translation speed shows that

most MCSs observed over the central United States travel at
a speed of 40–60 km h21 during both subperiods. This distri-
bution is well captured by the model, despite the fact that
it simulates a slightly larger mean translation speed during
spring and early summer but a smaller speed during late sum-
mer (as shown in the third column of Fig. 11). On the other
hand, the observed mean MCS translation vectors, especially
during spring and early summer, show a curved structure cen-
tered around the Great Plains, transitioning from slightly north-
eastward toward southeastward. The simulated MCS movement,
however, displays a larger northeastward component to the east
of the Great Plains during spring and early summer, whereas it is
more zonal during late summer.

As for the size of MCSs, comparatively larger MCSs are ob-
served at the border of the Great Plains and the Midwest
(Fig. 12). This region is where the MCSs approach the mature
stage after their generation from the foothills of the Rocky
Mountains and subsequent eastward propagations in the noc-
turnal hours as shown in Fig. 8. Also, MCS size during spring
and early summer is larger than late summer. This simulated
distribution, however, shows an eastward shift with the maxi-
mum size mainly distributed over the Midwest during both
subperiods. This could stem from a combined effect of displaced

FIG. 10. Spatial distribution of MCS associated Tb (K) from (a),(d) CLAUS to (b),(e) C192AM4-PD for 1985–2008 during (a)–(c)
spring and (d)–(f) early summer and late summer. (c),(f) Differences are shown: (c) is (b) minus (a) and (f) is (e) minus (d). Only grids
with more than three samples are shown. Observed (CLAUS, black) and simulated (C192AM4-PD, blue) probability density distribution
of MCS associated Tb during (g) spring and early summer and (h) later summer. The respective mean/median values are listed.
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genesis locations, longer durations, and faster translation
speed as simulated in the model. Consequently, the mean
size of MCSs is underestimated over large parts of the central
United States, particularly in spring and early summer,
whereas it is overestimated over the eastern United States.
The underestimation over the central United States is also
mirrored in the probability density distributions of MCS size
(as shown in the third column of Fig. 12). Both the observa-
tion and simulations are characteristic of a gamma-shaped
distribution. The simulated mean and median sizes are close
to the observations during both subperiods, but the model
produces more smaller-sized MCSs.

In addition, previous works have shown that the size of an
MCS is closely related to its duration (Machado et al. 1998;
Dong et al. 2021). Specifically, longer-lived events tend to be
bigger. We evaluate this correspondence based on the MCSs
initiated over the central United States. Here the size of each
MCS is represented by its mean values averaged over its en-
tire life cycle. The duration–size relationship is illustrated in
Fig. 13. The mean and the 95th percentile sizes are used to eval-
uate the dependence of MCS size on duration. The 95th percen-
tile size is used to examine the behaviors of comparatively large

MCSs, which usually make greater impacts. Results based on
the observation show a strong positive correlation between
MCS duration and size during the spring and early summer.
The normalized rate of change is about 2% increase in mean
size per 1-h increase in duration (p , 0.005), which is smaller
than the value over tropical regions (Dong et al. 2021). The
changing rate remains almost unchanged for the 95th percentile
size. This robust positive duration–size relationship is clearly
present in the simulation, and the normalized rates of change
are comparable with the observation. However, in late summer,
a negative relationship emerges between MCS duration and
size, with the normalized rates of change to be small (less than
1%) except for the 95th percentile size, which experiences a
larger decrease in size (2%) as duration increases. This suggests
that the relationship between MCS duration and size may be in-
fluenced by seasonal factors.

d. Composite of large-scale circulation patterns

It is well established that the preferred MCS genesis location
over the central United States is linked to the favorable large-scale
conditions that provide both dynamical and thermodynamical

FIG. 11. Spatial distribution of MCS translation speed (shading; m s21) and direction (vectors) from (a),(d) CLAUS to (b),(e)
C192AM4-PD for 1985–2008 during (a)–(c) spring and early summer and (d)–(f) late summer. (c),(f) Differences are shown: (c) is (b) mi-
nus (a) and (f) is (e) minus (d). Only grids with more than three samples are shown. Observed (CLAUS, black) and simulated
(C192AM4-PD, blue) histogram of MCS translation speed during (g) spring and early summer and (h) later summer. The respective
mean/median values are listed.
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supports for their development. Using an analysis of sounding
data around 10 mesoscale convective complex (MCC, an intense
form of MCS) centers, Maddox (1983) found that these systems
were initiated ahead of synoptic troughs embedded in the prevail-
ing upper-level westerlies over the central United States. This was
later found to be applicable to the more general MCSs by numer-
ous follow-up studies (Coniglio et al. 2010; Peters and Schumacher
2015; Yang et al. 2017). Besides, several other influential factors
have been identified, including but not limited to the low-level jet,
baroclinic frontal zone, wind shear, low-level convergence, and
upper-level divergence, to play significant roles in the MCS devel-
opment (Trier and Parsons 1993; Laing and Fritsch 2000; Coniglio
et al. 2010; Yang et al. 2017; Song et al. 2019). Moreover, previous
studies analyzing long-term observations of MCSs over the United
States have demonstrated distinct large-scale environments linked
to the genesis and development of MCSs during the spring/early
summer versus late summer periods (Song et al. 2019; Feng et al.
2021a). During spring and early summer, baroclinic waves and
frontal systems are found to provide strong lifting mechanisms,
while the GPLLJ delivers anomalous moisture for creating fa-
vorable dynamical and thermodynamic conditions for MCS for-
mation and development. In contrast, during summer, while
similar conditions persist, baroclinic lifting weakens while the

GPLLJ strengthens. Also, MCSs form over smaller areas and
shift northward during late summer in comparison to the earlier
subperiods.

In this section, we construct two types of composites to evalu-
ate the simulated large-scale conditions favorable for the MCS
genesis during two subperiods. We start with the geographically
fixed (Euler perspective) composites. Figure 14 compares the
observed and simulated mean geopotential height, horizontal
winds, and equivalent potential temperature (ue) at 250, 500, and
850 hPa composited on the time when MCSs are generated over
the central United States. The generation time of each MCS is
determined by its first recorded occurrence along its track, with
each MCS having a unique generation time. The long-term
means are then calculated by averaging over these generation
times. The composites are generated by averaging the deviations
from the corresponding time mean for each 3-h interval of the
day and for each month at each grid point. This region not only
has most of the MCS genesis but also has similar climatological
conditions. The long-term means of these variables are well sim-
ulated in the model (figures not shown).

One striking feature during the spring and early summer
months is the observed GPLLJ as indicated by the strong
southerly inflows from the Gulf of Mexico at 850 hPa, which

FIG. 12. Spatial distribution of MCS size (104 km2) from (a),(d) CLAUS to (b),(e) C192AM4-PD for 1985–2008 during (left) spring and
early summer and (center) late summer. (c),(f) Differences are shown: (c) is (b) minus (a) and (f) is (e) minus (d). Only grids with more
than three samples are shown. Observed (CLAUS; black) and simulated (C192AM4-PD, blue) probability density distribution of MCS
size during (g) spring and early summer and (h) later summer. The respective mean/median values are listed.
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brings abundant moist and warm air (high ue values) into the
central United States (Fig. 15e). Figure S2 shows that the model
generally reproduces the observed diurnal cycle of the GPLLJ.
However, the simulated GPLLJ veers too quickly, leading to a
southward contraction and eastward extension of low-level
moisture distributions (Fig. S3). This discrepancy could poten-
tially impact the genesis and propagation of the MCSs, contrib-
uting to the large biases seen over the eastern United States.
Another outstanding feature is the trough–ridge pattern that is
clearly present at all three levels, with the trough located to the
west of the MCS initiation region (first row of Fig. 14). The
trough–ridge system is closely related to the prevailing upper-
level jet, the core of which contains winds in excess of 30 m s21.
The entrance region of the upper-level jet is located to the
northeast of the central United States, which is evident as the
wind vectors there are larger and the gradient is tighter. Conse-
quently, upper-level divergence and lower-level convergence
are observed to the right rear of the entrance region (figures not
shown). The low-level convergence together with divergence
aloft indicates strong dynamical rising motion over the central
United States ahead of the trough. The ascending motion ele-
vates the moist air in the boundary layer transported by the
GPLLJ throughout the troposphere, providing favorable condi-
tions for upscale growth and maintenance of MCSs.

The simulated distributions of these composites (second
row of Fig. 14) agree well with the ERA5 reanalysis (first row
of Fig. 14). And most of the observed features are reliably
captured by the model, but the simulated upper-level jet is
relatively weaker. This is mirrored in smaller gradients in the
geopotential height and ue contours at 250 hPa compared to
the ERA5 reanalysis. Moreover, the simulated GPLLJ does
not penetrate northward as far as observed; instead, it turns

northeastward at lower latitudes with stronger zonal compo-
nents. This might be caused by the stronger North Atlantic sub-
tropical high simulated in the model, which drives larger
easterly but smaller southerly components over the central
United States. These biases might contribute to the more con-
centrated MCS occurrence to the east of the central United
States in the model as shown in Fig. 5. In contrast, during the
late summer months, the previously mentioned features remain
present but the trough–ridge patterns shift northward due to the
strengthening of the North Atlantic subtropical high and the re-
treat of the upper-level jet (third row of Fig. 14). Consequently,
weaker rising motion is anticipated over the central United
States when compared to the spring and early spring. The model
has captured the overall pattern, but the simulated upper-level
jet is relatively weaker, and the North Atlantic subtropical high
is stronger (fourth row of Fig. 14).

All the prominent features discussed above as well as their
differences between ERA5 reanalysis and model simulations
are also apparent in their respective anomaly fields (Fig. 15).
Here, anomalies are calculated as deviations from the corre-
sponding time mean for each 3-h period of the day and for
each month at each grid point to remove the seasonal and diur-
nal variations. A distinct northwest–southeast alternating posi-
tive and negative geopotential height anomaly pattern is evident
over the United States at all three levels during the spring and
early summer months. There is a westward and poleward tilt of
these anomalies with height is observed, suggesting that the pre-
ferred MCS genesis region is also characterized by strong baro-
clinity. The center of the negative anomaly, corresponding to
the trough in the mean composite, is located upstream of the
central United States with positive anomalies distributed on
both sides. Negative (positive) geopotential height anomalies

FIG. 13. Observed (black) and simulated (blue) relationships between MCS duration (h) and size (104 km2) over
the central United States during (a) spring and early summer and (b) later summer. The lines with cross markers are
for the mean size, and the lines with solid dots are for the 95th percentile size. The dashed lines are the best linear fits.
The normalized rates of change (% h21) are listed for the mean and 95th percentile size.
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are accompanied by anomalous cyclonic (anticyclonic) circula-
tions, which jointly result in strong and northward penetrating
flows. These southerly/southwesterly anomalies over the central
United States coincide well with those above-normal ue anoma-
lies. To put it together, whenMCSs are initiated over the central
United States, warmer and moister air has been advected from
the Gulf of Mexico to the central United States by the intensified
Great Plains low-level jet, which is then elevated by the strong as-
cending motion, moistening throughout the troposphere and cre-
ating favorable conditions for the MCS development. The model
composites show a reasonable level of agreement with the obser-
vations (first row of Fig. 15). However, the negative geopotential
anomalies in the model are smaller than those in the observa-
tions, while the positive anomalies are larger. Additionally, at
850 hPa, the distribution of geopotential anomalies is slightly

distorted, with positive anomalies extending into Canada
(second row of Fig. 15). During late summer, there is a shift
northward in the alternating positive and negative geopoten-
tial height anomaly pattern. Positive anomalies are observed
to the west of the U.S.–Canada border, while positive anom-
alies appear over the Great Lakes region. When combined
with the mean state in Fig. 15, it becomes clear that the cen-
tral United States is located ahead of a ridge. This is unfavor-
able for the development of MCSs as it suppresses upward
motions. However, smaller-scale perturbations, such as mid-
tropospheric shortwave forcing, may support the genesis of
MCSs (Wang et al. 2009, 2011). In addition, like the cyclonic
and anticyclonic pair, the low-level front is also located far-
ther north compared to in spring and early summer (third
row of Fig. 15). In contrast, the simulated geopotential height

FIG. 14. Composites of mean geopotential height (shading; m), horizontal winds (vectors; m s21), and equivalent potential temperature
(contours; K) at (a)–(d) 250, (e)–(h) 500, and (i)–(l) 850 hPa when MCSs are initiated over the central United States for 1985–2008 during
spring and early summer in the first two rows and late summer in the bottom two rows based on ERA5 (first and third rows) and
C192AM4-PD (second and fourth rows). Gray shading in (i)–(l) denotes regions with elevation higher than 1500 m.
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anomaly patterns are shifted eastward compared to the ob-
servations. Additionally, the low-level patterns are largely
distorted compared to mid- and upper-level patterns (fourth
row of Fig. 15).

Building upon the fixed location composites, we show that
the observed large-scale conditions favorable for MCS devel-
opment are reasonably simulated by the model. We then use
the storm-centered (sometimes called relative-location) com-
posite (Lagrangian perspective) to determine the environ-
mental features directly related to MCSs generated over the
central United States. The storm-center composition is con-
structed using a moving latitude–longitude domain (58 3 58).
The center of the domain is located at the centroid of each
MCS. The storm-centered composites of the wind, geopotential
height, and ue anomalies are shown in Fig. 16 for both subper-
iods. The anomalous trough to the west of MCS is evident at all

three levels during spring and early summer whereas the anom-
alous ridge to the east of MCS is less pronounced at 850 hPa
within the 58 domain. Strong and northward extending tongues
of anomalously higher-ue air are notable near the center of the
MCSs. Compared to the upper levels, ue anomalies at lower lev-
els (e.g., 850 hPa) are much larger and spread over a broader
area, suggesting that the anomalous flow in the lower tropo-
sphere increases the potential instability. An anomalous cyclonic
flow, located to the west of MCS centers, is observed at 850 hPa.
This pattern is not visible at 500 hPa but is discernable at 700 hPa
(figures not shown). Such a distribution can be seen in the typical
MCS case as shown in Fig. 3, in which an anomalous cyclonic
flow was present at 700 hPa trailing behind the stratiform region
before the MCS reached its mature stage (1200 UTC), but it
faded away as the MCS decayed afterward. This flow brings in
relatively colder and drier air (lower ue) from west of the

FIG. 15. As in Fig. 14, but for the corresponding anomaly fields. Anomalies are calculated as deviations from the corresponding time mean
for each 3 h of the day and for each month at each grid point to remove the seasonal and diurnal variations.
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composite domain, which is ingested into the rear-to-front sloping
mesoscale downdraft that contributes to the cold pool propaga-
tion of the MCS (Houze 1989). At 250 hPa, a pronounced diver-
gent signature emanating from the center of the MCS composites
is observed. The simulated storm-centered composites reasonably
reproduce the observed features, but the upper-level positive ue
anomalies are concentrated near the composite center and the

divergent flow is much stronger (second row in Fig. 16). The
upper-level ue anomaly is usually related to the latent heat release
when high cloud forms; the difference between the model and re-
analysis may suggest that the parameterized convection or grid-
scale ascent in the model is distorted. During late summer, the
anomalies are weaker compared to those in spring and early
summer, suggesting relatively weaker forcing for MCS initiation

FIG. 16. Storm-centered composites anomalies of mean geopotential height (shading; m), horizontal winds (vectors; m s21), and equiva-
lent potential temperature (contours; K) at (left) 250, (center) 500, and (right) 850 hPa for 1985–2008 during spring and early summer in
the first two rows and late summer in the bottom two rows based on ERA5 (first and third rows) and C192AM4-PD (second and fourth
rows).
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during this period. This could also be attributed to the fact that
the 58 domain may not be able to capture the entire large-scale
environmental structures due to the northward shift. However,
the upper-level ue anomaly biases observed in spring and early
summer persist, which could be associated with the latent heating
from the convection parameterization. Additionally, the circula-
tion pattern and ue anomaly at the midlevel and low level are mis-
represented in the model. This contrast suggests that summer
convection could occur even with weak large-scale dynamical
and thermodynamic perturbations, making MCSs inherently
harder to simulate in summer. Thus, a more comprehensive un-
derstanding of these biases in different seasons is worthy of fur-
ther investigation.

Results from these two types of composite analysis thus
confirm that MCSs occurring during spring and early summer
over the central United States usually form ahead of a trough
embedded in the westerlies in combination with an enhanced
Great Plains low-level moist jet from the Gulf of Mexico. The
anomalous circulation associated with the development of
MCSs, including divergent flows at upper levels and anoma-
lous cyclonic flow at middle levels near the trailing portion of
MCSs, further feed back onto the large-scale environment,
helping sustain the trough and providing favorable conditions
for upscale growth and maintenance of MCSs. All these pro-
cesses are reasonably presented in the model. However, dur-
ing late summer, these forcings become much weaker and the
model fails to simulate the observed features.

e. MCS-related precipitation

A reasonable simulation of MCSs is the first step to better
understanding changes in the warm season precipitation over
the central United States given that MCSs are the more effi-
cient rain producer of the two major rainfall types there (Hu
et al. 2020). Significant increases in the warm season MCS-
related precipitation have been observed during the past
several decades mainly due to an increase in the occurrence
frequency as well as the duration of MCSs (Feng et al. 2016;
Hu et al. 2020). Such increases are projected to continue as
the climate warms in the future (Prein et al. 2017). Similarly,
we analyze the MCS-related precipitation in both the obser-
vation and model simulations during the two subperiods. It is
worth pointing out that the MCS-related precipitation here
only considers the centroid of each MCS since the intermedi-
ate shapefiles for each MCS are not saved out. Although the
largest precipitation is usually found surrounding the centroid
of MCS (Yang et al. 2017), this method excludes the large
stratiform precipitation distributed in the trailing region of
the convective line (one can see this clearly from Figs. 2 and 3).
Thus, the results presented here may provide a lower limit of
this estimation.

Figure 17 shows the total precipitation and the portion re-
lated to the MCSs for both subperiods. Compared to the total
precipitation, the observed MCS-related precipitation is con-
centrated over the central United States and accounts for
about 25% of the total precipitation during both subperiods,
which is consistent with many other studies. However, the ra-
tio of MCS-related precipitation to total precipitation is much

lower than that reported (;60%) in Feng et al. (2021a), likely
due to different calculation methods used in the studies. For
the total precipitation, although the model generally captures the
mean distribution (pattern correlation R 5 0.9, p , 0.001) for
both subperiods, it exhibits large dry biases over the central
United States and southern coastal regions, with a wet bias over
the eastern United States. The dry biases are more pronounced in
late summer and have been found in many generations of GCMs
(Klein et al. 2006; Mueller and Seneviratne 2014; Lin et al. 2017),
which are argued to be accentuated by the difficulty in simulating
MCSs in those coarser-resolution models (Feng et al. 2019; Lin
et al. 2022). However, the simulated bias in MCS-related precipi-
tation is less pronounced over the central United States in both
subperiods, indicating that the non-MCS-related precipitation
would be also biased low in the model simulations, and its deficit
would be even larger than that of the MCS-related precipitation.
Nonetheless, when averaged over the central United States,
the simulated mean intensity of MCS-associated precipita-
tion (6.9 mm day21) is larger than its observed counterpart
(4.8 mm day21) during spring and early summer and is
smaller (5.2 vs 5.4 mm day21) in late summer (Fig. 18). The
simulated MCSs tend to generate light precipitation too fre-
quently in spring and early summer, consistent with the driz-
zle syndrome as found in many GCMs (Dai 2006; Pendergrass
and Hartmann 2014); meanwhile, they also produce more heavy
precipitation (larger than 20 mm day21). Similar results have
been found by Zhao (2022) that this model tends to overesti-
mate the MCS-associated heavier precipitation and underesti-
mate the associated weaker precipitation. While the simulated
large precipitation events during late summer match the obser-
vations, the model underestimates the likelihood of light precip-
itation, leading to overall dry biases over the United States.
Besides, we should be aware that these results may vary with
the different partitioning and calculation of MCS and non-MCS
associated precipitation; a closer investigation of this will be fol-
lowed up in another study.

4. Discussion and conclusions

In summary, we evaluate the simulated MCS features over
the United States from the newly developed GFDL global
high-resolution (;50 km) model (C192AM4) by comparing
them with the observations during the warm season, which is
further divided into two subperiods: spring to early summer
(April–June) and late summer (July–August). Our analysis
focuses on the central United States to facilitate comparison
with previous studies, most of which have also focused on this
region (Feng et al. 2021a). Our results show that the spatial
distribution of occurrence and genesis frequency of MCSs is
well simulated over the central United States in both subper-
iods. Additionally, the seasonality of MCS occurrence and
genesis frequency is well reproduced by the model when aver-
aged over the central United States, which is consistent with
observations showing frequent MCS activity during the warm
season. The model reliably reproduces the mean spatial distri-
bution and the probability distribution of MCS duration, MCS-
associated Tb values, translation speed, size, and duration–size
relationship over the central United States. Furthermore, the
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model captures the favorable large-scale circulation pattern as-
sociated with MCS development over the central United States
during spring and early summer, where MCSs usually form
ahead of a trough embedded in the westerlies. Moisture needed
for the development of MCS is advected by the enhanced
GPLLJ from the Gulf of Mexico. When MCSs are initiated,
they feed back on the large-scale circulation pattern by generat-
ing divergent flows at upper levels and cyclonic anomalies at
middle levels near the trailing portion of MCSs. These anoma-
lous circulations further help sustain the trough and provide
favorable conditions for the upscale growth and maintenance of
MCSs.

However, the model misrepresents the amplitude and the
phase of the diurnal cycle of MCS during both subperiods. The
amplitude of the diurnal cycle is systematically weaker over

the central United States. Also, the simulated MCSs prefer to
form in early morning hours rather than the observed late after-
noon to evening hours. Moreover, the spatial distribution of
occurrence and genesis frequency of MCSs over the eastern
United States is substantially overestimated, with larger biases
seen in early spring and summer. Additionally, while large-scale
circulation patterns are reasonably represented in spring and early
summer, they are poorly simulated in the model during summer.
While the model overestimates MCS-related precipitation during
spring and early summer, this bias alone cannot account for the
large dry bias observed in total precipitation over the central U.S.
However, the dry biases associated with MCSs during late sum-
mer likely contribute to the overall precipitation deficit.

Overall, our analysis suggest C192AM4 model is skillful at
simulating some of the observed characteristics of MCSs over

FIG. 17. (left) Total precipitation (mm) and (center) MCS-related precipitation (mm) for 1985–2008 during (a),(b),(e),(f) spring and
early summer and (c),(d),(g),(h) late summer based on MSWEP (first and third rows) and C192AM4-PD (second and fourth rows).
(i)–(l) Differences are shown: (i) is (b) minus (a), (j) is (f) minus (e), (k) is (d) minus (c), and (l) is (h) minus (g). The thick gray contour in
(a)–(f) denotes the 1500-m isoline.
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the central United States, making it a potentially useful tool
to study the interaction between MCSs and the large-scale cir-
culation, changes in MCS-related weather extremes, and the
response of MCS to global warming. But much remains to be
done, especially for the weak and wrong diurnal cycle of
MCSs and the large biases in the occurrence and genesis fre-
quency of MCSs over the eastern United States. We are cur-
rently evaluating the performance of a 25-km model with the
hope of seeing improvements in resolved synoptic-scale pro-
gresses. For future works, sensitivity tests will be conducted to
differentiate the impact of physical processes from the large-
scale environments on the simulated MCS development. Fur-
thermore, it may be a minor concern, but the conversion from
OLR to Tb could also introduce some uncertainties. Finally,
the detection of MCS in this study is merely based on Tb from
geostationary satellite observations. Lacking information on
the internal structure of convection, one risk of this method
would be that the identified MCS can be confused with cirrus
or stratiform cloud that are not necessarily formed from these
convective systems. Cold cloud systems could also be gener-
ated from extratropical cyclones and frontal systems over
midlatitudes. A few studies, by combining both the satellite
Tb and the ground radar that provides three-dimensional
convective/stratiform features, have found to be more accu-
rate to illustrate the evolution of MCSs over the United
States (e.g., Feng et al. 2019). But these radar datasets are
only available for a certain period and radar reflectivity is
not a standard variable in the model. Recently, one feasible
way to reduce misclassification of MCSs attributable to cir-
rus cloud layers has been developed by Feng et al. (2021b)
and Zhao (2022). This method includes surface precipita-
tion as another feature to characterize MCSs. By compari-
son with available ground-based radar, they showed that
MCSs detected by the new methodology are comparable to
those observed by radar networks. The more accessible pre-
cipitation dataset enables us to apply this new method to

the model simulations, which will be analyzed in a follow-
up study.
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