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Key points:
e Simulated MCS precipitation and occurrences are substantially underestimated in
E3SMv2 over both tropical and CONUS regions.
e MCS defined by both cloud shield and surface precipitation provides a more stringent
assessment on the model capability in simulating MCSs.
e Simulated MCS properties in E3SMv2 are not significantly improved with the new cloud

and convection parameterizations developed for E3SMva3.
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Abstract

Mesoscale convective systems (MCSs) play an important role in modulating the global
hydrological cycle, general circulation, and radiative energy budget. In this study, we evaluate
MCS simulations in the second version of U.S. Department of Energy (DOE) Energy Exascale
Earth System Model (E3SMv2). E3SMv2 atmosphere model (EAMvV2) is run at the uniform
0.25° horizontal resolution. We track MCSs consistently in the model and observations using the
PYFLEXTRKR algorithm, which defines MCS based on both cloud-top brightness temperature
(Tp) and surface precipitation. Results from using Ty, only to define MCS, commonly used in
previous studies, are also discussed. Furthermore, sensitivity experiments are performed to
examine the impact of new cloud and convection parameterizations developed for EAMv3 on
simulated MCSs.

Our results show that EAMv2 simulated MCS precipitation is largely underestimated in
the tropics and contiguous United States. This is mainly attributed to the underestimated
precipitation intensity in EAMV2. In contrast, the simulated MCS frequency becomes more
comparable to observations if MCSs are defined only based on cloud-top Tp. The T,-based MCS
tracking method, however, includes many cloud systems with very weak precipitation which
conflicts with the MCS definition. This result illustrates the importance of accounting for
precipitation in evaluating simulated MCSs. We also find that the new physics parameterizations
help increase the relative contribution of convective precipitation to total precipitation in the
tropics, but the simulated MCS properties are overall not significantly improved. This suggests

that simulating MCSs will remain a challenge for the next version of E3SM.
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Plain Language Summary

Mesoscale convective systems (MCSs) are one of the largest forms of deep convective
storms, which play an important role in the earth system. It is imperative for global climate
models to reasonably simulate the MCS properties. This study aims to evaluate the simulated
MCS properties in the second version of U.S. Department of Energy (DOE) Energy Exascale
Earth System Model (E3SMv2). We utilized two different approaches to define and track MCSs
in the model and observations for consistent comparisons. Our results show that the E3SMv2
model underestimates MCS precipitation in the tropics and contiguous United States regions.
The too weak precipitation intensity is the primary reason for this MCS precipitation bias. The
simulated MCS number becomes more comparable to the observations when precipitation
features are not included in the MCS definition. However, many cloud systems with precipitation
characteristics not associated with MCSs are falsely included. Therefore, this comparison
illustrates the importance of accounting for precipitation features in evaluating simulated MCSs.
In addition, by examining the impact of new physics parameterizations that are developed for the
next generation of E3SM model on the MCS simulation, we find simulating MCSs will remain a

challenge for the next version of E3SM model.
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1. Introduction

Mesoscale convective systems (MCSs) are the largest form of cumulonimbus cloud
aggregates that cover a horizontal scale of hundreds of kilometers with lifetimes that can last
more than 24 hours (Houze et al., 2004, 2018). Observations show that MCSs are ubiquitous
over the tropics (Nesbitt et al., 2006; Yuan & Houze, 2010) and contribute to more than 50% of
total precipitation in the tropical region (Nesbitt et al., 2006; Feng et al., 2021a), as well as over
the Great Plains east of the Rocky Mountains in the contiguous United States (CONUS) region
(Feng et al., 2016; Haberlie & Ashley, 2019). MCSs contain both active convective towers and
extensive stratiform clouds, which differentiates them from ordinary convective storms (Houze
et al., 2018). The presence of robust stratiform anvil clouds and precipitation in MCSs produce
top-heavy heating profiles that impact global circulations (Schumacher et al., 2004) and feedback
on the evolution of MCS lifecycle (Yang et al., 2017, 2023). Using long-term observations over
the past decades, the frequency and intensity of springtime MCSs are found to increase in the
central U.S., which is associated with a strengthening of the southerly low-level jet and
associated moisture transport in the Central and Northern Great Plains (Feng et al., 2016; You &
Deng, 2023). Such an increase in MCS frequency and intensity also suggests a potential future
increase in extreme rainfall occurrence in the warming climate (Prein et al., 2017). Therefore,
MCS plays an important role in the global hydrological cycle, large-scale state environments,
and global energy budget.

To better understand the changes of MCSs in the future climate, it is imperative to
accurately represent their key characteristics in regional and global climate models. However,
there are large uncertainties in current numerical models with respect to the representation of

essential cloud processes associated with MCS formation and development (e.g., Fan et al.,
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2017; Moncrieff, 2019). This is particularly true for conventional general circulation models
(GCMs) with a coarser horizontal resolution and convective parameterizations to simulate the
multiscale interactions in MCSs (Feng et al., 2021b; Hsu et al., 2023). For GCM s that participate
in the Coupled Model Intercomparison Project Phase 5 (CMIP5), most models simulate a severe
underestimation of summertime precipitation over the central U.S. (Lin et al., 2017; Mueller &
Seneviratne, 2014), which is a longstanding issue that is believed to be associated with the
failure to capture strong precipitation events produced by MCSs (Klein et al., 2006; Van
Weverberg et al., 2018; Xie et al., 2019; Zheng et al., 2019). However, low-resolution GCMs are
computationally efficient tools currently used in century-long climate projections and to
understand changes in global convection and cloud properties under future climate scenarios.
Therefore, it remains important to understand and improve the representation of convection and
MCS processes in GCMs with coarser horizontal resolutions.

Previous studies show that GCMs can simulate MCSs that are comparable to
observations at ~50 km horizontal resolution on the global scale. Dong et al. (2021) compared
the characteristics of tropical MCSs using high resolution (~50 km) Geophysical Fluid Dynamics
Laboratory (GFDL) AM4 model (C192AM4, Zhao, 2020) with a comprehensive long-term
observational dataset. They showed that the spatial distribution of MCSs as well as the
seasonality and interannual variability of MCS frequency over different land and oceanic regions
are reasonably simulated. Dong et al. (2023) additionally suggested that the spatial distribution
and seasonality of genesis frequency of MCSs during spring to early summer are also broadly in
agreement with observations over the central U.S. However, the identified MCSs in these two
studies are purely based on the cloud-top brightness temperature (T,) data (Huang et al., 2018).

More recently, a new MCS tracking algorithm has been developed that uses both T, and surface
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precipitation characteristics (Feng et al., 2023). By comparing the difference in tracked MCSs
using the two approaches on the global scale, Feng et al. (2023) found that the Ty-only tracking
method produces more MCS occurrences in the midlatitudes compared with the T, and
precipitation method. The false MCS identification by the Tp-only method is related to cloud
systems that have long lifetime and cover a large area but generate very low surface precipitation
intensity. These cloud systems are more likely to mainly contain stratiform-type precipitation
associated with synoptic systems which is inconsistent with the typical MCS precipitation
characteristics. Therefore, combining both T, and precipitation features to track MCS should be
more accurate in terms of capturing the essential MCS characteristics.

This more advanced MCS tracking algorithm has been used in Wang et al. (2021) to
evaluate the simulation of MCS in the Department of Energy’s Energy Exascale Earth System
Model version 1 (E3SMv1) (Golaz et al., 2019). Wang et al. (2021) found that the E3SM
atmosphere model (EAMv1) (Rasch et al., 2019; Xie et al., 2018) can reasonably capture the
observed spatial pattern of spring season total precipitation in the CONUS region with a regional
refined model (RRM) setup featuring 0.25° model resolution over the CONUS (Tang et al.,
2019). However, the model greatly underestimates heavy precipitation over the southern states in
the CONUS, and thus underestimates the MCS precipitation and MCS occurrences compared to
the observations. Similar underestimation in MCS precipitation was found in the central U.S. and
Indo-Pacific region when evaluating the global 0.25° E3SMv1 results (Xie et al., 2020). In
addition, the underestimation of MCS precipitation still exists over the CONUS in summertime,
even though a cloud resolving model is coupled in E3SMv1 using the super-parameterization
approach (Lin et al., 2022), which suggests the deficiencies in model capability to simulate MCS

events in E3SMv1.
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The second version of E3SM along with its North American RRM version has recently
been released (Golaz et al., 2022; Tang et al., 2023). E3SMv2 includes minor improvements in
its physics parameterizations but with significantly retuned cloud and convection related
parameters. For its updated physical parameterizations, a new convective trigger described in Xie
et al. (2019) is implemented in E3SMv2 to improve its simulation of precipitation and its diurnal
cycle (Golaz et al., 2022; Tang et al., 2022; Tao et al., 2022, 2023). The new trigger and the re-
adjusted model parameters have also led to considerable improvements in the cloud simulation
compared to E3SMv1 (M. Zhang et al., 2022, 2023; Y. Zhang et al., 2023; Qin et al., 2023). In
this study, we perform a comprehensive evaluation of E3SMv2’s capability to simulate MCS by
using the MCS tracking algorithm developed in Feng et al. (2023). To make the model resolution
more relevant to the horizontal scales of MCS, the global 0.25° horizontal resolution is used in
this study for a global MCS evaluation. In addition, a new set of cloud and convection
parameterizations that are developed for the third version of E3SM (E3SMv3) is also tested in
this study to examine their impacts on the simulated MCS. To demonstrate the impact of
different MCS tracking methods on the model evaluation, we apply both the Tp-only tracking
and combined Ty, and surface precipitation tracking in our evaluations.

The paper is organized as below. Section 2 introduces the default model physics
parameterizations in E3SMv2 and the new convection and cloud microphysics parameterizations
that are developed for E3SMv3. Observational dataset used for the model evaluation and the
MCS tracking method are also described in this section. Section 3 discusses the E3SMv2 model
evaluation results, the impact of different MCS tracking methods on the global scale and over the
CONUS region, and the impact of new physics parameterizations on the MCS simulation. The

summary and discussion are provided in section 4.
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2. EAMvV2, numerical experiments, observations, and MCS tracking
2.1. EAMv2 model

EAMV?2 features a few notable changes in the atmospheric physics and significantly
recalibrated tuning parameters compared to EAMv1 (Golaz et al., 2022). Specifically, the
dCAPE_ULL convective trigger described in Xie et al. (2019) was implemented in the deep
convection scheme (Zhang & McFarlane, 1995, ZM hereafter) in EAMvV2 to improve the
simulated precipitation and its diurnal cycle. The new convective trigger combines the dynamical
Convective Available Potential Energy (CAPE) (dCAPE) trigger developed in Xie and Zhang
(2000) to prevent CAPE from being released simultaneously after its generation and the
Unrestricted air parcel Launch Level (ULL) method described in Wang et al. (2015) to allow
convective instability to be detected above the boundary layer for elevated nocturnal
convections. In addition, a new linearized ozone scheme is used for stratospheric ozone (Tang et
al., 2021). The treatments of other physical processes are the same as in EAMv1, which include
the Cloud Layers Unified by Binormals (CLUBB, Golaz et al., 2002; Larson, 2017)
parameterization for shallow convection, cloud macrophysics, and boundary layer turbulence;
the second version of Morrison and Gettelman (MG2, Gettelman & Morrison, 2015; Gettelman
et al., 2015) cloud microphysics; the four-mode Modal Aerosol Model (MAMA4, Liu et al., 2016;
Wang et al., 2020), and the gravity wave parameterization following Richter et al. (2010) with
updated treatments (Beres et al., 2004; Richter et al., 2019). In addition, significant re-
adjustments were made to a number of parameters used in cloud microphysics, CLUBB, and
deep convection schemes to improve the cloud and precipitation simulation and cloud radiative

forcing (Ma et al., 2022). In this study, we run EAMvV2 at 0.25° horizontal resolution globally
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with a 900 second time step. Note that this 0.25° horizontal resolution model configuration is not
officially supported. However, the cloud and precipitation climatology remains reasonable in our
model validation compared with the standard low resolution version of E3SMv2. Thus, it is

suitable for this study.

2.2. Numerical experiments
2.2.1. Simulation setup

In this study, EAMvV2 is run at a global uniform 0.25° horizontal resolution from 2004 to
2009. The sea surface temperature and sea ice are prescribed by weekly observational data from
the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Sea
Surface Temperature version 2 (OISST v2) product (Huang et al., 2021). The model simulation
results between 2005 and 2009 are used for the MCS evaluation with the first-year results
discarded for model spin-up. Hourly outputs of global surface precipitation flux and outgoing
longwave radiation are saved and used for the MCS tracking. The MCS tracking approach is

introduced in Section 2.4.

2.2.2. Sensitivity tests with cloud and convection physical parameterizations

To examine the impact of model physics on the simulation of MCS, we perform a set of
sensitivity experiments with different cloud and convection parameterizations developed for the
next version of E3SM atmosphere model (i.e., EAMv3). One of the major developments is the
use of predicted particle properties (P3) cloud microphysics scheme (Milbrandt & Morrison,
2016; Milbrandt et al., 2021; Wang et al., 2021) to replace the MG2 stratiform cloud

microphysics that was used in EAMv1 and EAMv2. Convective cloud parameterizations
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received several significant updates during the model development. First, the two-moment
convective cloud microphysics parameterization (Song & Zhang, 2011; Song et al., 2012) is
implemented to more physically represent the evolution of convective cloud hydrometeors and
their interactions with large-scale stratiform clouds and aerosols. Second, the multiscale coherent
structure parameterization (MCSP, Chen et al., 2021; Moncrieff et al., 2017; Moncrieff, 2019) is
introduced to simulate the physical and dynamical effects of organized convection that are
currently missed in EAMv2. Third, a cloud base mass flux adjustment described in Song et al.
(2023) is incorporated into the ZM scheme to improve the coupling of deep convection and its
associated large-scale environment. In this study, we perform four sensitivity experiments to
examine their individual impacts from all four new features. The control run with the default
EAMV2 and the sensitivity tests are summarized in Table 1. Below, we provide more details on

the tested new parameterizations.

1) P3 microphysics
P3 is a new bulk cloud microphysics scheme that represents the evolution of physical

properties of various hydrometeors in space and time (Milbrandt & Morrison, 2016; Milbrandt et
al., 2021). Unlike the MG2 cloud microphysics scheme used in the default EAMv2 model which
artificially defines separate hydrometeor categories for different ice species, P3 represents the
evolution of ice particle properties from ice crystals to snow and rimed particles (e.g., graupel)
by prognosing rimed mass and volume. This method avoids the impact of artificial separation of
ice species on the simulation of ice particle microphysical processes, thus improving the
representation of physical evolution of ice particles in the model. Considering rimed particles,

which is important for MCS precipitation, is another advantage of P3 compared with MG2, in

10



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

Manuscript submitted to Journal of Geophysical Research: Atmospheres

which only cloud ice and snow are considered. The current P3 implemented in E3SM is two-
moment, which prognoses the total ice mass mixing ratio and ice number concentration with the
predicted ice mass from riming growth and the rimed volume to track the particle growth
processes (Wang et al., 2021). Note that the single ice category is used in E3SM, meaning that
there is only one single type of ice particle predicted at a given time in one model grid. For liquid
phase hydrometeors, a two-moment bulk scheme is used to prognose the mass mixing ratio and
number concentration of cloud droplet and rain drop in their evolution. By comparing P3 with
the default MG2 cloud microphysics EAMv1 RRM simulation, Wang et al. (2021) showed that
P3 microphysics greatly improves the simulation of precipitation statistics over the CONUS
region. The higher hourly rain rate simulated by P3 results in 20% more MCS occurrence and

stronger total MCS precipitation than MG2, which agrees better with the observations.

2) Convective cloud microphysics
The convective cloud microphysics developed by Song and Zhang (2011) prognoses the

mass mixing ratio and number concentration of cloud droplet, cloud ice, rain, and snow in the
ZM parameterization. Cloud microphysical processes including autoconversion, collection
between hydrometeor species, self-collection, freezing, ice nucleation, droplet activation, and
sedimentation are represented to simulate the evolution and interaction between different
hydrometeor species. Previous studies showed that this convective cloud microphysics scheme
enables a more accurate convection and precipitation simulation (Song et al., 2012). The
interactions between convective clouds and aerosols and large-scale clouds are also better
represented in the model, in particular, the aerosol impacts on convective clouds can be

examined in GCMs with this new convective cloud microphysics.

11
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3) MCSP

To account for the important mesoscale heating associated with convective organization,
Chen et al. (2021) implemented the MCSP parameterization (Moncrieff et al., 2017; Moncrieff,
2019) in E3SM. The MCSP simulates the heating effects of the slantwise overturning structure
typically organized by MCSs. The heating component of MCSP contains a temperature tendency
of multiscale convective systems that is added to the temperature tendency simulated by the
existing ZM parameterization. The heating profile is represented as a top-heavy second
baroclinic normal mode and its amplitude is a function of the vertically averaged convective
heating induced by the convective parameterization. Chen et al. (2021) showed that the MCSP
improves the representation of the Madden-Julian Oscillation (MJO) and reduces the

precipitation biases over the tropical Pacific region in E3SMv1.

4) Cloud base mass flux adjustment

To represent the dynamical effects of large-scale vertical motion on the convection
development, model simulated cloud base mass flux adjustment is introduced in EAMv2 (Song
et al., 2023). The cloud base mass flux is adjusted by subtracting the grid-scale pressure vertical
velocity at the PBL top from the cloud base mass flux determined in the CAPE closure in the ZM
scheme. In this case, the moisture transported through the PBL top by large-scale vertical motion
becomes fully available for the convective cloud development. As simulated convection is
directly modulated by the large-scale dynamical circulation, such a cloud base mass flux
adjustment enables the ZM scheme to better represent convection generation in the low-CAPE

environment. Song et al. (2023) indicated that the cloud base mass flux adjustment substantially

12
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improves the climate variability across multiple scales, from the precipitation diurnal cycle to the

MJO.

2.3. Observations

The observational dataset used to evaluate global MCS properties are the NASA Global
Merged IR V1 infrared Ty, product (Janowiak et al., 2017) and the Global Precipitation
Measurement (GPM) Integrated Multi-satelliteE Retrievals (IMERG) VO6B precipitation data
(Huffman et al., 2019a, 2019b, 2019c). The global Ty, data are derived from geostationary
satellites that cover the region between 60°S-60°N latitudes at 4 km pixel resolution. The
IMERG precipitation is estimated from various precipitation-relevant satellite passive
microwave sensors at 10 km horizontal resolution. The hourly global Ty, and precipitation
satellite observational datasets are regridded to 0.25° (~25 km) horizontal resolution to match the
model grid spacing.

Over the CONUS region, in addition to the coverage of satellite T, and precipitation
observations, radar reflectivity from the National Weather Service Next-Generation Radar
(NEXRAD) and the Stage 1V multi-sensor precipitation datasets are also available. Following
Feng et al. (2019), the NEXRAD radar reflectivity data, the Stage IV precipitation estimates, and
the Merged IR V1 infrared T, product are combined to derive the MCS tracking product (Feng,
2019). Note that the original horizontal resolution of this MCS product over the CONUS is 4 km.
Same as the global satellite MCS data, this radar and rain gauge observation dataset is also
regridded to 25 km, consistent with the model simulations. The MCS products from 2005 to
2009 are used to evaluate EAMv2 model simulations. Table 2 summarizes the observational

datasets used for the MCS tracking in this study.

13
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2.4. MCS tracking method

This study uses the PyFLEXTRKR (Python FLEXible object TRacKeR) software
package (Feng et al., 2022) to identify and track the time evolution and spatial distribution of
MCS and calculate the statistics of MCS properties in the observation and EAMv2 model
simulations. PYFLEXTRKR (Feng et al., 2023) is a flexible atmospheric feature tracking
software package with specific capabilities to track MCS features based on T, and precipitation
characteristics. Note that the EAMv2 model outputs the outgoing longwave radiation (OLR)
instead of Ty,. To consistently define simulated MCS as the observations, OLR is converted to Ty
in PyFLEXTRKR following the empirical method by Yang and Slingo (2001).

The detailed workflow for tracking MCSs is described in Feng et al. (2023). The first step
of MCS tracking is to identify the cold cloud system (CCS) associated with deep convective
events in the observation and model simulations. The CCS is detected by iteratively growing a
cold cloud core with T, < 225 K outwards to 241 K. After each CCS segments are defined, if the
CCS from two consecutive time steps (1 hour apart) overlaps for more than 50% of their area,
the CCS pairs are linked to track their temporal evolution. Along the CCS temporal evolution, if
the CCS area exceeds 4 x 10* km? and the duration of CCS is longer than 6 hours, the track is
then considered as MCS. This T, based MCS definition is similar to that used in Dong et al.
(2021, 2023) for the GFDL C192AM4 model evaluation, although their MCS tracking method
(Huang et al., 2018) was based on the thresholds of T, and a minimum area coverage. In
additional to the Ty, defined MCS, PyFLEXTRKR has an option to further consider surface
precipitation characteristics as an additional criterion for defining MCSs. For the MCS tracking

with precipitation, precipitation feature (PF) statistics are calculated over the regions where

14
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precipitation rate is greater than 0.5 mm hr™ underneath the CCS. Calculated PF statistics include
PF centroids, area, major axis length, mean and maximum rain rate, rain rate skewness, and total
and heavy rain volume. Three PF parameters are used to identify and track robust MCSs, which
are the PF area, PF mean rain rate, and PF rain rate skewness. If these three PF parameters of a
CCS track exceed their corresponding thresholds, that track is defined as a robust MCS. The
corresponding tunable threshold values follow a linear function of duration when the largest PF
major axis length is greater than 100 km. In the following discussion, if not explicitly mentioned,
we refer “MCS” as the MCSs detected by the combined method using both Ty, and surface
precipitation. Table Al lists all the parameters used in the MCS tracking and sampling. Note that
these tunable parameters are sensitive to the data resolution, particularly for the thresholds
related to precipitation. We adjusted these thresholds based on the previous work that matched
MCS tracking statistics between coarse resolution (0.25°-0.5°) and high resolution (0.04°)
datasets over the CONUS region (Feng et al., 2021b). More details of the tracking method can be
found in Feng et al. (2023).

In this study, our evaluation primarily focuses on the robust MCSs defined with both T,
and precipitation. MCSs defined by the T,-only method are also examined to demonstrate the
impact of different MCS tracking approaches on evaluating the model capability in capturing
MCS properties, which helps explain the differences between the current study and previous
literatures relevant to the MCS evaluation in GCMs (e.g., Dong et al., 2021, 2023; Hsu et al.

2023).

3. Results

3.1. MCS simulated in EAMvV2

15
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338 3.1.1. Global MCS

339 We evaluate the global MCS properties simulated with the default EAMv2 model physics
340 against observations. Figure 1 compares the global spatial distribution of annual mean total and
341  MCS precipitation amount between 60°S and 60°N. For total precipitation, the default EAMv2
342  model reasonably simulates the large precipitation amount along the intertropical convergence
343  zone (ITCZ) region. Precipitation in the South Pacific convergence zone (SPCZ) is also

344  comparable to the IMERG observation. However, simulated total precipitation in the tropical
345 Indian Ocean and the Maritime Continent region is underestimated by ~30% in EAMv2 (Figure
346  2a). Over the Amazon region, the model also slightly underestimates total precipitation

347  compared to the observation, but strong precipitation peaks are found in the coastal region of
348 Colombia near the equatorial eastern Pacific Ocean. In terms of the MCS precipitation (Figures
349  1cand 1d), observations show that MCSs greatly contribute to the total precipitation in the

350 tropics. Observed MCS precipitation well co-locates with the spatial patterns of total

351  precipitation occurrences, where the ITCZ, SPCZ, tropical Indian Ocean, and Maritime

352  Continent regions have the largest MCS precipitation amount. In EAMV2, it is encouraging that
353  the spatial distribution of simulated MCS precipitation is overall reasonably simulated. For

354  example, simulated MCSs are dominant over the ITCZ, SPCZ, and tropical Indian Ocean.

355  However, the simulated MCS precipitation amount is underestimated by more than 60%

356  compared to the observation (Figure 2b). The underestimation is most substantial over the

357  Maritime Continent and tropical Indian Ocean, while the underestimation is also noticeable over
358 the tropical lands (e.g., Africa and Amazon) and midlatitude storm tracks.

359 We note that earlier literatures stated that GCMs at 50 km horizontal resolution can

360 reasonably capture observed MCSs in the tropics (Dong et al., 2021), which seems to be

16



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

Manuscript submitted to Journal of Geophysical Research: Atmospheres

inconsistent with our current analysis. One possible reason for this is a different MCS tracking
method used in Dong et al. (2021), which only used Ty,. To understand the impact of different
MCS tracking methods on the GCM evaluation, we additionally show the MCS precipitation
defined only using Ty, in both observation and EAMv2 (Figures 1e and 1f) and the MCS
precipitation amount difference between two definitions (Figures 2d and 2e). Compared with the
MCS precipitation defined with T, and precipitation, Figure 2c indicates that the low bias of
MCS precipitation is slightly alleviated using the Ty-only tracking method. The larger MCS
precipitation from MCSs defined with T, are more noticeable over the tropical land areas (e.g.,
Africa, Amazon, and Maritime Continent) and to a lesser degree over midlatitude storm tracks
(Figure 2e). On the other hand, the precipitation difference between two MCS tracking methods
is substantially smaller for the IMERG observation, particularly in the tropics. The small impact
from MCS tracking method on the observed MCS precipitation suggests that the mesoscale
cloud structures associated with observed MCSs nearly always contain heavy precipitation
features. However, this is not the case for the model. This comparison suggests that using the Tp-
only method could possibly overestimate the model’s capability in simulating MCSs.

The contribution of MCS precipitation to total precipitation is evaluated in Figure 3 by
examining the MCS precipitation fraction between EAMv2 and the IMERG data. In the tropics,
the observed annual mean MCS precipitation is found to contribute to up to 90% of total
precipitation, and the largest MCS precipitation contribution is found in the Indo-Pacific region.
This is consistent with previous studies (Nesbitt et al. 2006; Feng et al., 2021a). In contrast, the
default EAMv2 simulated MCS precipitation fraction is significantly lower than observed
(Figure 3e). The simulated MCS precipitation fraction rarely reaches 80%. Using the T,-only

tracking method, the MCS precipitation fraction increases largely in the tropical land (Africa and
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Amazon) and midlatitude storm tracks compared to MCSs defined with combined T, and
precipitation in EAMv2 (Figure 3f). However, the simulated MCS precipitation fraction remains
underestimated compared to observations using the Tp-only method.

Figure 4 compares the MCS precipitation frequency between EAMv2 and the
observations. The MCS precipitation frequency is calculated as the number of hours MCS
precipitation occurred (rain rate > 0.5 mm h™) divided by total number of hours in the five years
period. In the observation, the large MCS precipitation frequency appears in the same regions
where observed MCS precipitation is large. There are also relatively high MCS precipitation
occurrences in the midlatitude storm track region in the northern hemisphere. Compared to the
observations, the EAMv2 simulated MCS frequency is largely underestimated over the tropical
Indo-Pacific warm pools and midlatitude regions (Figure 4e). This is consistent with the
underestimated MCS precipitation in Figure 2b. However, over the central Pacific Ocean, the
simulated MCS occurrence becomes comparable to the observations, while over the tropical
eastern Pacific Ocean, EAMv2 shows higher MCS frequency even though its MCS precipitation
is slightly underestimated. The overestimated frequency of occurrence could imply either the
simulated MCSs occur too frequently, or they are overly long-lived. In addition, simulated MCS
precipitation frequency and precipitation amount are both overestimated over the tropical Andes
and east African highlands.

To provide more insights on the MCS occurrence, Figure 5 shows the annual mean MCS
number in both the model and observation. The MCS number is counted as the number of unique
latitude/longitude pairs of each MCS track within a 5° x 10° latitude/longitude grid. The
difference between MCS number and MCS frequency (Figure 4) is that the impact of MCS

lifetime and area footprint is excluded from the MCS counts in Figure 5. For example, if an MCS
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takes a few hours to slowly pass one grid, the MCS number in this grid is counted once but the
occurrence of frequency of MCS is the total number of hours this MCS takes to move over the
grid. In Figure 5, the location of large observed MCS number is overall consistent with those
regions having large MCS frequency and MCS precipitation amount. However, the number of
MCSs defined using both Ty, and precipitation in EAMV2 is largely underestimated globally
except over the central Pacific Ocean and SPCZ region (Figure 5e). Such an underestimation of
MCS number suggests that the overestimated MCS precipitation frequency in the tropical eastern
Pacific Ocean (Figure 4e) may be caused by the overly long-lived and/or larger MCSs. Further
analysis shows that the underestimated MCS number is the result of underestimated MCS
genesis in the tropics (not shown).

Consistent with MCS precipitation amount, the T,-only MCS tracking method results in
a substantial increase in MCS precipitation frequency and MCS number compared to MCSs
tracked using the combined method in EAMV2, particularly over Congo and Amazon (Figures 4f
and 5f). Additional increase in the simulated MCS number in the Maritime Continent, tropical
Indian Ocean, and midlatitude continents are also found, leading to a more comparable MCS
number spatial distribution to the observations. Note that such an increase in MCS frequency and
number is less noticeable for the observations (not shown). Dong et al. (2021) also found that
MCS defined using only Ty, well produces the resemblance of observed tropical MCS number in
the GFDL C192AM4 model, where they concluded that GCM is capable of simulating MCS
characteristics at 50 km horizontal resolution. However, our current analysis shows that if
surface precipitation is included in the MCS tracking to sample more robust MCSs, it is still

challenging for EAMV2 to simulate MCSs at 25 km horizontal grid spacing.
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To further evaluate the MCS characteristics in EAMv2, Figure 6 compares the
probability density function (PDF) of simulated and observed MCS properties over the Indo-
Pacific region to understand the reasons for the biased MCS precipitation in EAMv2 and the
impact of different MCS definitions on MCS evaluation. The choice of Indo-Pacific region is
because of (1) the largely underestimated MCS precipitation amount in simulated MCSs; (2) the
substantial increase in MCS number between two tracking methods in EAMv2, while the
IMERG observation presents negligible difference.

Figure 6 shows that most of the simulated MCS properties differ substantially from the
observation for MCSs tracked using combined Ty and precipitation, with the exceptions in the
maximum CCS area and maximum PF area. Compared to the observation, EAMv2 simulated
MCSs tend to have longer CCS lifetime, warmer minimum cloud-top Ty, (i.e., lower convective
cloud-top height), and weaker mean rain rate within the PF area. Although the model
overestimates the probabilities of total rain volume and heavy rain volume between 10° and 10’
kg, the heavy rain ratio (i.e., heavy rain volume divided by total rain volume) in EAMv2 peaks at
a lower value (~50%) than the observation (~75%). The lower heavy rain ratio is probably
associated with the underestimated convection strength, which is indicated by the large
occurrences of warm cloud-top Ty in the model (minimum T, warmer than 205 K). These warm
Tp occurrences suggest the simulated MCS in EAMV2 is less penetrative compared to the
observed MCS, implying the issue in representing MCS development in the model physical
parameterizations. Moreover, by comparing the PDFs of CCS area and PF area to the PDFs of
PF features, it is likely that the weaker precipitation intensity, rather than the areas of convective
clouds or surface precipitation, explain the underestimated MCS number (Figure 5) and their

associated precipitation (Figures 1-2). This speculation is supported by the fact that in the eastern
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Pacific Ocean, where the default EAMV2 better simulates MCS precipitation amount, the PDF of
heavy rain ratio tends to peak at ~78% which matches the IMERG observation (~80%) more
than any other examined locations (not shown).

For MCSs defined with two different methods, it is shown that the PDFs of MCS
properties are nearly identical in the observation over the Indo-Pacific region. The comparable
PDFs between MCSs defined with Ty, and combined Ty, and precipitation are also found in other
regions (i.e., eastern Pacific Ocean, Africa and Amazon tropical lands, not shown). In other
words, the MCS precipitation features are nearly always generated in these mesoscale cloud
structures, especially over the tropics. Such a feature indicates the robustness of observed MCS
characteristics using the cloud-top Ty, tracking. However, the differences in MCS properties
between the two MCS definitions are substantially larger in EAMv2. The largest discrepancies
are found in the lifetime minimum Ty and heavy rain volume ratio. For example, while the
minimum T, of MCSs defined using combined Ty and precipitation peaks at ~198 K, which is
comparable to the observation, the largest occurrence of minimum T, for MCSs defined with Ty
locates at ~215 K, suggesting cloud clusters with much weaker convective strength are included.
Meanwhile, the largest occurrence for heavy rain volume ratio locates below 5% for MCSs
defined with Ty, whereas it is at ~50% for MCSs defined with both Ty, and precipitation. The
lower heavy rain ratio from the MCSs defined with Ty is caused by the more occurrences of
weak precipitation under the CCS cloud shields (Figures 6e-6g). These weak precipitation events
are more likely to be associated with stratiform-type precipitation rather than convective-type
strong precipitation in EAMv2, which is not the characteristics of MCS precipitation as in the

observations. The difference in simulated MCS precipitation also impacts the CCS lifetime

21



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

Manuscript submitted to Journal of Geophysical Research: Atmospheres

simulation. With the weaker simulated MCS strength, the CCS lifetime is also shorter for MCSs
defined with Ty, than those defined with both Ty, and precipitation.

We note that the simulated precipitation features (i.e., mean PF rain rate, total and heavy
rain volume) of tracked MCSs are more comparable between the model and the observation in
the Indo-Pacific region for MCSs defined with both Ty, and precipitation than the T,-only
definition, even though the annual mean MCS number and precipitation rate are substantially
underestimated. Although Figure 5 shows that the number of Ty-only defined MCSs is overall
comparable to the observed MCS number, the use of Tp-only method in MCS tracking could
include many weak convective events (i.e., suggested by the warm minimum T, and low heavy
rain ratio). The inclusion of these weak convective systems can ultimately result in an
underestimation of the severity of MCS extreme precipitation by introducing a severe low bias in

the precipitation counted as MCSs.

3.1.2. MCS over CONUS

MCS precipitation was found to contribute more than 50% of total precipitation over the
CONUS region and can reach 70% in the central U.S. during the warm season (Feng et al., 2018,
2019). It is therefore imperative for GCMs to accurately simulate MCS precipitation in order to
understand and examine the impact of future climate change on MCS precipitation over the
CONUS. In this section, both the IMERG satellite precipitation data and the ground-based Stage
IV rain gauge measurements are analyzed to address the potential uncertainties in observational
datasets.

Figure 7 compares the mean total and MCS precipitation amount from March to August

over the CONUS region. Both IMERG and ground-based Stage 1V observations indicate that
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total precipitation peaks in the central CONUS (i.e., Kansas, Missouri, Oklahoma, and
Arkansas). Strong total precipitation is also found in southeast U.S. (i.e., Florida) in both
observations. Note that the strong total precipitation in the central U.S. is observed in both boreal
spring (MAM) and summer (JJA), while the southeast strong precipitation mainly occurs in the
summertime. Due to the higher horizontal resolution (native resolution of 4 km), the ground-
based data shows more fine-scale precipitation variability than the satellite data, but the general
precipitation patterns and magnitudes are similar in both datasets. For observed MCS
precipitation, both datasets present the peak MCS precipitation around the same regions where
strong total precipitation occurs in the central U.S. (i.e., the border of Kansas, Missouri,
Oklahoma, and Arkansas). Note that the difference between two MCS tracking methods is
negligible for observed MCS precipitation amount (Figures 7d-7e and Figures 7g-7h), same as
the tropical MCSs.

Compared to observations, the total precipitation peak simulated by the EAMv2 is mostly
located in the southeast U.S. and Florida. The simulated total precipitation is overestimated along
the southeast coasts, but the model significantly underestimates the strong precipitation in the
central U.S. This dry bias in the central U.S. is consistent with earlier studies (Cheruy et al.,
2014; Klein et al. 2006; Morcrette et al., 2018; Zheng et al., 2019). With the biased total
precipitation amount in EAMv2, simulated MCS precipitation defined with combined T, and
precipitation is substantially underestimated in the CONUS region. Not only the MCS
precipitation magnitude is significantly weaker than the observed MCS precipitation, the spatial
coverage of MCS precipitation is also much smaller. Similar to the results from tropical MCS,

the MCS precipitation increases largely when using the Ty-only tracking method, in particular in
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519 the southeast U.S. However, MCS remains significantly underestimated in the central CONUS
520 regardless which tracking method is used.

521 The biased MCS precipitation in EAMV2 is also reflected in the MCS precipitation

522  frequency over the CONUS (Figure 8). The simulated MCS precipitation frequency defined by
523 Ty, and precipitation is substantially underestimated in the central U.S., while the frequency is
524  comparable to the observations in the southeast U.S. Although the impact of different MCS
525 tracking methods is small for observations, the MCS precipitation frequency is substantially
526 larger for MCSs from the Tp-only tracking in EAMV2. It is also shown in Figure 8f that the
527  frequency of occurrence of simulated MCSs defined with T, becomes largely overestimated in
528 the eastern U.S.

529 Figure 9 compares the MCS number between EAMv2 and the observations in the

530 CONUS region. It is unsurprising to find the significant underestimation of MCS number in
531 EAMV2 over the entire CONUS when MCSs are defined using the combined method. On the
532  other hand, the impact of MCS definition on simulated and observed MCS number is again
533  consistent with the global MCS number in Figure 5. For example, the MCS number over the
534  CONUS region in both the IMERG and Stage-IV observations remains similar between two
535 definitions (Figures 9a-9b and 9d-9e), but the simulated MCS number from Ty-only method
536  becomes more comparable to the observation in EAMv2, although the location of MCS number
537  peaks is misrepresented. However, we note that the good agreement is a result of less accurate
538 tracking of MCSs.

539 The PDFs of MCS properties over the central CONUS region are shown in Figure 10. In
540 general, the statistics of MCS properties are comparable between the two observations. This is

541 the case especially for cloud shield related properties such as CCS lifetime, maximum CCS area,
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542  and minimum cloud-top Ty, throughout the lifetime, which implies the small uncertainty in these
543  observed CCS properties in different datasets. On the other hand, larger differences are found in
544  the PDFs of precipitation related properties (i.e., maximum PF area, mean rain rate, rain volume,
545 and heavy rain ratio). For instance, the IMERG data shows larger PF area and higher rain

546  volume, but lower mean rain rate and heavy rain ratio compared to the ground-based

547  measurements, consistent with previous studies (Cui et al., 2020; Zhang et al., 2021; Ayat et al.,
548  2021). Compared to the observations, it is similar to the tropical MCSs that the simulated CCS
549 lifetime is longer than observed (Figure 10a) and the simulated cloud-top minimum Ty, is warmer
550  (Figure 10c) over the CONUS region. EAMv2 simulated MCSs contain substantially weaker rain
551 rate (Figure 10e) and lower heavy rain ratio (Figure 10h) than observations. However, different
552  from the tropical region, the simulated maximum CCS area and PF area are larger than both

553  observations (Figures 10b and 10d), which leads to larger total and heavy rain volume within the
554  MCS cloud shields (Figures 10f and 10g) over the CONUS. We note that the biases in rain rate
555 and convective strength (i.e., implied by the minimum Ty) are the primary reasons for the

556  underestimated MCS precipitation in the CONUS region.

557 Figure 10 shows that the differences in observed MCS properties between two tracking
558 methods are again insignificant, similar to the Indo-Pacific region (Figure 6). This indicates the
559  robustness of the MCS tracking methods in identifying warm season MCSs in observations. On
560 the other hand, the statistics of model simulated MCS properties are more sensitive to the MCS
561  definition with precipitation. In contrast to the Indo-Pacific region, all the simulated MCS

562  properties show large sensitivities to the MCS definition. The difference from the Indo-Pacific
563  region exists in the maximum CCS area and PF area, which suggests the impact of MCS

564  definition on CCS identification in the central U.S. But again, the simulated PF characteristics
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such as the PF rain rate and heavy rain ratio are significantly weaker for MCSs defined with Ty,
than the combined method. Note that our analysis suggests that EAMv2 does not show an
improvement in simulating MCSs compared to EAMv1, in which the MCS precipitation amount,
frequency of occurrence, and number are all underestimated compared to observations from
March to May (Wang et al., 2021).

Similar MCS evaluation was made in Dong et al. (2023) to evaluate the GCM (uniform
50 km horizontal resolution) simulated MCS properties in the CONUS region. Based on the
MCS samples tracked using only Ty, they found that the model well reproduces the spatial
distribution of occurrence frequency of MCS and the MCS duration, MCS strength, size, and
movement speed. However, given the differences between two MCS tracking methods analyzed
in the current study, without considering surface precipitation features in the MCS tracking
might lead to different conclusions in the evaluation of model skills in simulating MCSs and
associated precipitation characteristics. For example, large-scale predominantly stratiform
precipitation associated with synoptical-scale cloud bands (e.g., low pressure or frontal systems)
may be included in the sampled MCSs when surface precipitation is not accounted for. Together
with the similar findings in the global analysis, our study suggests the importance of including
precipitation characteristics in the MCS definition and tracking when evaluating MCS properties

in GCMs.

3.2. Impact of cloud and convection parameterizations
The previous sections have shown that EAMV2 is not capable of reproducing the
observed MCS properties in the tropics and the CONUS region. In this section, we examine four

new cloud and convection parameterizations (described in Section 2.2) that are developed for
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EAMV3 to see if these new developments will lead to an improvement in the E3SM simulated
MCSs. The sensitivity tests on each of the four new features are examined to understand their
individual impacts on the MCS simulation. Note that the sensitivity test with all new features
combined was also examined. However, because the combined impact of all new features on
MCS simulation is dominated by P3 and MAdj, we do not include this sensitivity experiment in
this discussion. Based on the MCS evaluation in the earlier sections, we find that the MCS
tracking method using only Ty, overestimates the model’s capability in capturing MCSs for
E3SMv2. Therefore, we focus our discussion on results using the more stringent MCS tracking
method with both Ty, and surface precipitation in this section.

The spatial distribution of annual mean total precipitation and MCS precipitation
differences between EAMV2 sensitivity experiments and the default EAMv2 physics (CTL
hereafter) is shown in Figure 11. In general, the impact of these new cloud and convection
schemes on the simulated total precipitation is minor over most regions for the MCSP and
ZMmicro experiments, but noticeable impacts are found in the sensitivity experiments of P3 and
MAUd]. For example, using P3 cloud microphysics largely increases the total precipitation
simulated over the subtropical western Pacific Ocean and SPCZ compared to CTL, but the total
precipitation is decreased in the central and eastern Pacific Ocean and tropical Indian Ocean.
Similar effects on total precipitation are also found with the cloud base mass flux adjustment test
in the tropical ocean, but the changed precipitation amount is much smaller than P3. Meanwhile,
the deep convective cloud microphysics in the ZM scheme only slightly increases tropical total
precipitation, and the impact of MCSP is minimal.

Similar impact is seen in the simulated MCS precipitation. For example, P3 largely

increases the MCS precipitation in the subtropical western Pacific Ocean while it leads to a
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reduction in the Indian Ocean and equatorial central and eastern Pacific Ocean. It is interesting
that MAd] leads to a reduction of MCSs over oceans globally, particularly over the ITCZ and
SPCZ regions. The increased and decreased MCS precipitation due to P3 and MAd]j both enlarge
the existing MCS precipitation biases identified in CTL shown in Figure 2. We note that the
reduced MCS precipitation in the ITCZ region is more significant for the MCSs defined using
combined Ty, and surface precipitation than the MCSs defined with Ty, (not shown). By
examining the PDF of hourly precipitation rate in the tropics where MCS precipitation
substantially increased for P3 (Figures 12e), we indeed find that compared with CTL where
MG?2 is used, P3 tends to largely increase the occurrences of heavy precipitation rate (rain rate >
5 mm hr'!) because of the accounted riming (Wang et al., 2021). The increased heavy
precipitation rate becomes most comparable to observations among all sensitivity experiments.
However, P3 presents less degree of improvement in simulated heavy rain rate compared to CTL
over other regions (Figures 12d). This suggests that the change in simulated MCS precipitation is
primarily driven by the variation in simulated heavy precipitation rate. On the other hand, the
simulated frequency of heavy rain rate is significantly lower in MAdj than CTL. This explains
why MCS precipitation becomes substantially weaker in the tropics in MAdj. The reduced heavy
rain frequency in MAdj is possibly the result of more convection formation in the low CAPE
environment using the new cloud base mass flux adjustment treatment. Both MCSP and
ZMmicro show little impacts on MCS precipitation compared to CTL.

To further diagnose the reasons of model behavior change in simulating tropical
precipitation, Figure 13 shows the global annual mean relative contribution of convective
precipitation to total precipitation in CTL and sensitivity experiments. It is shown in Figure 13a

that the total precipitation is primarily generated by large-scale precipitation in the western
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Pacific Ocean and tropical Indian Ocean, while the convective precipitation mainly contributes
to the precipitation in the tropical eastern Pacific Ocean. The substantial contribution of large-
scale precipitation to total precipitation in CTL is somehow counterintuitive, particularly for the
tropical convective systems. It also probably explains the underestimated heavy precipitation in
simulated MCSs. In sensitivity experiments, it is interesting to note that both P3 and MAdj
largely increase the convective precipitation fractions in the tropics compared to CTL. Although
ZMmicro slightly decreases the convective precipitation fraction over the subtropical ocean in
the southern hemisphere, the impacts of MCSP and ZMmicro on convective precipitation
fraction is overall insignificant in the tropics. In addition, with larger convective precipitation
fraction in P3 and MAAdj, the occurrences of large convective precipitation rate are also increased
compared to CTL (Figures 12c and 12f). However, the magnitude of convective precipitation
rate remains lower than large-scale precipitation rate by more than a factor of 5. The increased
convective precipitation fraction but the weak convective precipitation from P3 and MAd]
suggest that the precipitation formation in convective scheme is likely not strong enough to
produce sufficient heavy precipitation to be counted as MCSs, which therefore causes the
underestimated MCS precipitation in the model.

Figure 14 shows the individual impacts of new physics features on the total and MCS
precipitation simulation over the CONUS region. In general, P3 microphysics tends to further
worsen the underestimated total precipitation in the central U.S., except for Arkansas, Louisiana,
and Mississippi, while all other three schemes generally show positive effects to increase
simulated total precipitation compared to CTL. In terms of the simulated MCS precipitation,
although P3, MCSP, and ZMmicro all tend to increase the MCS precipitation rate, the magnitude

is too small to have a meaningful impact on the largely underestimated MCS in EAMV2.
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In summary, the sensitivity experiments suggest that these newly implemented cloud and
convection features are likely not to help improve the simulation of MCS in the next version of
E3SM. A higher model resolution (i.e., km-scale) for the model to better resolve heavy
precipitation processes for MCSs or the better representation of mesoscale dynamics and physics

in cloud and convection parameterizations are needed.

4. Summary and discussion

This study evaluates the MCS simulation in EAMv2 model using uniform high resolution
(~0.25°) model configuration. We use the recently developed PyFLEXTRKR MCS tracking
algorithm, which considers both cloud-top Ty, and surface precipitation to track global MCS
evolution and evaluate the statistics of MCS properties simulated in EAMv2 against
observational datasets. The MCSs defined purely based on cloud-top Ty, which is commonly
used in previous studies, are also examined to understand the impact of different MCS
definitions on the MCS evaluation.

In the tropical region, EAMvV2 reasonably simulates the total precipitation in the
equatorial central and eastern Pacific Ocean, but it underestimates the total precipitation over the
tropical Indian Ocean and Maritime Continent region. For the simulated MCS precipitation,
EAMV2 largely underestimates the tropical MCS precipitation compared to the observations. The
underestimation is more substantial in the tropical Indian Ocean and Maritime Continent,
indicating that the dry bias in the total precipitation over the region is primarily due to the lack of
MCS precipitation. Simulated MCS precipitation fraction is thus also substantially
underestimated. EAMv2 shows that the simulated frequency of occurrence is comparable to the

observations in the central Pacific Ocean along the equator, while it substantially underestimates

30



680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

Manuscript submitted to Journal of Geophysical Research: Atmospheres

MCS occurrences in the tropical Indian Ocean and Maritime Continent. The simulated MCS
frequency of occurrence in the eastern equatorial Pacific Ocean, on the other hand, is found
slightly higher than observations even though the MCS precipitation rate over the region is
slightly underestimated. This is because the model CCS lifetime is longer than the observed
MCSs.

Over the CONUS region, EAMV?2 also substantially underestimates the MCS
precipitation rate and MCS precipitation occurrences in the central U.S. in both spring and
summer seasons. Note that EAMv2 shows problems in simulating MCSs in both magnitude and
location. We find that EAMv2 simulated MCS is dominant in the southeast U.S., but the model
significantly misses the MCS occurrence in the central U.S.

Our analysis also shows that the MCS number is substantially higher by using the Ty-only
tracking, which includes cloud systems with weak surface precipitation that may not be
associated with MCSs. As a result, the MCS precipitation amount and frequency are also largely
increased by using the Ty, tracking. The largest impact is found in the tropical Africa and
Amazon lands and the southeast U.S., where simulated MCS number detected by Ty, becomes
comparable to the observations. This indicates using the Ty, tracking method could overestimate
the model’s capability in simulating MCSs. It is thus important to include precipitation
characteristics in MCS definition when evaluating MCS properties in GCMs. It also points out
that the biases in simulating MCSs in EAMV2 is mainly due to the underestimation of MCS
precipitation intensity. Additionally, we also find that the simulated MCS number is slightly
increased in the tropics when we reduce the lifetime-dependent tunable PF parameters (i.e.,
smaller slopes of coefs_pf_area, coefs_pf rr, and coefs_pf skew in Table Al) used in the

tracking (not shown). This further suggests the sensitivity of simulated MCS number to the

31



703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

Manuscript submitted to Journal of Geophysical Research: Atmospheres

precipitation associated tracking parameters. Compared to the MCS precipitation, the model can
reasonably simulate the mesoscale cloud shield structures (CCS area) at 0.25° horizontal
resolution.

To examine the impact of model physics on the simulation of MCS, four sensitivity
experiments are performed with the new cloud and convection parameterizations that are
developed for EAMv3. These include the P3 microphysics, MCSP, convective cloud
microphysics, and cloud base mass flux adjustment. Our analysis shows little impact on the
simulation of MCSs using these new features at 0.25° horizontal resolution. Only the P3 cloud
microphysics scheme presents a notable improvement in the simulated MCS precipitation in the
subtropical western Pacific Ocean. This indicates that the MCS simulation will likely remain a
challenge in the next version of EAM at the mesoscale resolution. However, it is interesting to
note that both P3 and cloud base mass flux adjustment treatment largely increase the convective
precipitation contribution to total precipitation in the tropics. This increased convective
precipitation fraction is physically more reasonable, but the remaining issue in simulating heavy
precipitation in MCSs is likely caused by the insufficient strong precipitation formation in the
convective scheme.

Over the CONUS region, P3, MCSP, and deep convective cloud microphysics all tend to
enhance the simulated MCS precipitation in the central U.S., but the change is overall minimal.
However, we note that Wang et al. (2021) suggested that the use of P3 scheme substantially
improves the MCS number and precipitation over the CONUS region in the RRM version of
E3SMv1. The minimal impact of P3 based on EAMv2 model configuration tested in this study
suggests that the performance of parameterizations could also depend on model configurations

and other physics parameterizations used in the model. Furthermore, our results are consistent
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with Feng et al. (2021b) who also tracked MCS using both Ty, and precipitation feature and found
weak MCS precipitation intensity and underestimated MCS number over CONUS in simulations
at 25 km and 50 km resolution. Tracking MCS using both T, and precipitation in the NICAM
(Nonhydrostatic ICosahedral Atmospheric Model) simulations at 14 km resolution, Na et al.
(2022) also found underestimated MCS number over the CONUS during summer. Without the
use of any cumulus parameterizations, the NICAM simulation produced stronger MCS
precipitation, smaller precipitation area, and larger cold cloud system than those observed. Both
Feng et al. (2021b) and Na et al. (2022) attributed the MCS biases over CONUS to the dry bias
in the lower atmosphere. Recent studies suggested that the dry bias in the atmospheric boundary
layer could result from biases in land surface models and land-atmosphere interactions (Barlage
et al., 2021; Qin et al., 2023). Future direction of improving MCS simulation in E3SM involves
both increasing model resolution to better resolve key dynamical processes and improving model

physics to better represent MCSs.

Acknowledgment: This research was supported as part of the Energy Exascale Earth System
Model (E3SM) Science Focus Area, funded by the U.S. Department of Energy, Office of
Science, Office of Biological and Environmental Research Earth System Model Development
program area. Zhe Feng was supported by the U.S. Department of Energy, Office of Science,
Office of Biological and Environmental Research Regional and Global Model Analysis program
area. Portions of this study were supported by the Regional and Global Model Analysis (RGMA)
component of the Earth and Environmental System Modeling Program of the U.S. Department of

Energy's Office of Biological & Environmental Research (BER) under Award Number DE-

33



749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

Manuscript submitted to Journal of Geophysical Research: Atmospheres

SC0022070, and by the National Center for Atmospheric Research, which is a major facility
sponsored by the National Science Foundation (NSF) under Cooperative Agreement No.
1852977. Work at LLNL was performed under the auspices of the U.S. DOE by Lawrence
Livermore National Laboratory under contract No. DE-AC52-07NA27344. PNNL is operated
for the Department of Energy by Battelle Memorial Institute under contract DE-ACO05-
76RL01830. Argonne National Laboratory is operated for the DOE by UChicago Argonne, LLC,
under contract DE-AC02-06CH11357. We gratefully acknowledge the computing resources
provided on Bebop (and/or Swing and/or Blues), a high-performance computing cluster operated
by the Laboratory Computing Resource Center at Argonne National Laboratory. This research
also used resources of the National Energy Research Scientific Computing Center (NERSC), a
U.S. Department of Energy Office of Science User Facility located at Lawrence Berkeley

National Laboratory, operated under Contract No.DE-AC02-05CH11231.

Data Availability Statement: The U.S. DOE E3SMv2 (E3SM Project, DOE, 2021, September
29) model was used in the creation of this manuscript. The model and observational data used in

this study can be accessible at https://doi.org/10.5281/zenodo.10521291 (Zhang et al., 2024).

The PyFLEXTRKR tracking codes are available on GitHub

(https://github.com/FlexTRKR/PYFLEXTRKR).

34


https://doi.org/10.5281/zenodo.10521291

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

Manuscript submitted to Journal of Geophysical Research: Atmospheres

References
Ayat, H., Evans, J. P., Sherwood, S., & Behrangi, A. (2021). Are Storm Characteristics the Same
When Viewed Using Merged Surface Radars or a Merged Satellite Product?. Journal of

Hydrometeorology, 22(1), 43-62. https://doi.org/10.1175/JHM-D-20-0187.1

Barlage, M., Chen, F., Rasmussen, R., Zhang, Z., & Miguez-Macho, G. (2021). The importance
of scale-dependent groundwater processes in land-atmosphere interactions over the central
United States. Geophysical Research Letters, 48(5), e2020GL092171.

https://doi.org/10.1029/2020GL092171

Beres, J. H., Alexander, M. J., & Holton, J. R. (2004). A Method of Specifying the Gravity Wave
Spectrum above Convection Based on Latent Heating Properties and Background Wind, Journal

of the Atmospheric Sciences, 61, 324-337. https://doi.org/10.1175/1520-

0469(2004)061<0324:AMOSTG>2.0.CO;2

Chen, C.-C., Richter, J. H., Liu, C., Moncrieff, M. W., Tang, Q., Lin, W., et al. (2021). Effects of
organized convection parameterization on the MJO and precipitation in E3SMvL1. Part I:
Mesoscale heating. Journal of Advances in Modeling Earth Systems, 13, e2020MS002401.

https://doi.org/10.1029/2020MS002401

Cheruy, F., Dufresne, J. L., Hourdin, F., & Ducharne, A. (2014). Role of clouds and land-

atmosphere coupling in midlatitude continental summer warm biases and climate change

35


https://doi.org/10.1175/1520-0469(2004)061%3c0324:AMOSTG%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2004)061%3c0324:AMOSTG%3e2.0.CO;2
https://doi.org/10.1029/2020MS002401

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

Manuscript submitted to Journal of Geophysical Research: Atmospheres

amplification in CMIP5 simulations. Geophysical Research Letters, 41, 6493-6500.

https://doi.org/10.1002/2014GL 061145

Cui, W., Dong, X., Xi, B., Feng, Z., & Fan, J. (2020). Can the GPM IMERG Final Product
Accurately Represent MCSs’ Precipitation Characteristics over the Central and Eastern United

States?. Journal of Hydrometeorology, 21(1), 39-57. https://doi.org/10.1175/JHM-D-19-0123.1

Dong, W., Zhao, M., Ming, Y., Krasting, J. P., & Ramaswamy, V. (2023). Simulation of United
States Mesoscale Convective Systems using GFDL’s New High-Resolution General Circulation

Model. Journal of Climate, 36(19), 6967-6990. https://doi.org/10.1175/JCLI-D-22-0529.1

Dong, W., Zhao, M., Ming, Y., & Ramaswamy, V. (2021). Representation of Tropical
Mesoscale Convective Systems in a General Circulation Model: Climatology and Response to

Global Warming. Journal of Climate, 34(14), 5657-5671. https://doi.org/10.1175/JCLI-D-20-

0535.1

E3SM Project, DOE. (2021, September 29). Energy Exascale Earth System Model v2.0.

733 [Software]. https://github.com/E3SM-Project/E3SM/releases/tag/v2.0.0.

734. https://doi.org/10.11578/E3SM/dc.20210927.1

Fan, J., Han, B., Varble, A., Morrison, H., North, K., Kollias, P., et al. (2017). Cloud-resolving

model intercomparison of an MC3E squall line case: Part I—Convective updrafts. Journal of

36


https://doi.org/10.1002/2014GL061145
https://doi.org/10.1175/JCLI-D-22-0529.1
https://doi.org/10.1175/JCLI-D-20-0535.1
https://doi.org/10.1175/JCLI-D-20-0535.1
https://doi.org/10.11578/E3SM/dc.20210927.1

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Geophysical Research: Atmospheres, 122(17), 9351-9378.

https://doi.org/10.1002/2017JD026622

Feng, Z. (2019). Mesoscale convective system (MCS) database over United States (V2).

[Dataset]. Retrieved from: https://doi.org/10.5439/1571643

Feng, Z., Hardin, J., Barnes, H., Li, J., Leung, L. R., Varble, A., & Zhang, Z. (2022).
PYFLEXTRKR: a flexible feature tracking Python software for convective cloud analysis

(Version 2023.10.0) [Computer software]. https://doi.org/10.5194/gmd-16-2753-2023

Feng, Z., Hardin, J., Barnes, H. C., Li, J., Leung, L. R., Varble, A., & Zhang, Z. (2023).
PYFLEXTRKR: a flexible feature tracking Python software for convective cloud analysis,

Geoscientific Model Development, 16, 2753-2776, https://doi.org/10.5194/gmd-16-2753-2023

Feng, Z., Houze, R. A,, Leung, L. R., Song, F., Hardin, J. C., Wang, J., et al. (2019).
Spatiotemporal characteristics and large-scale environments of mesoscale convective systems
east of the Rocky Mountains. Journal of Climate, 32(21), 7303-7328. https://doi.org/10.1175/

JCLI-D-19-0137.1

Feng, Z., Leung, L. R., Hagos, S., Houze, R. A., Burleyson, C. D., & Balaguru, K. (2016). More

frequent intense and long-lived storms dominate the springtime trend in central US rainfall.

Nature Communications, 7, 13429. https://doi.org/10.1038/ncomms13429

37


https://doi.org/10.1002/2017JD026622
https://doi.org/10.5194/gmd-16-2753-2023

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Feng, Z., Leung, L. R., Houze, R. A., Hagos, S., Hardin, J., Yang, Q., et al. (2018). Structure and
evolution of mesoscale convective systems: Sensitivity to cloud microphysics in convection-
permitting simulations over the United States. Journal of Advances in Modeling Earth

Systems, 10(7), 1470-1494. https://doi.org/10.1029/2018MS001305

Feng, Z., Leung, L. R., Liu, N., Wang, J., Houze, R. A., Li, J., et al. (2021a). A global high-
resolution mesoscale convective system database using satellite-derived cloud tops, surface
precipitation, and tracking. Journal of Geophysical Research: Atmospheres, 126(8).

https://doi.org/10.1029/2020JD034202

Feng, Z., Song, F., Sakaguchi, K., & Leung, L. R. (2021b). Evaluation of Mesoscale Convective
Systems in Climate Simulations: Methodological Development and Results from MPAS-CAM

over the United States. Journal of Climate, 34(7), 2611-2633. https://doi.org/10.1175/JCLI-D-

20-0136.1

Gettelman, A., & Morrison, H. (2015). Advanced two-moment bulk microphysics for global
models. Part I: Off-line tests and comparison with other schemes. Journal of Climate, 28(3),

1268-1287. https://doi.org/10.1175/JCLI-D-14-00102.1

Gettelman, A., Morrison, H., Santos, S., Bogenschutz, P., & Caldwell, P. M. (2015). Advanced
two-moment bulk microphysics for global models. Part I1: Global model solutions and aerosol-
cloud interactions. Journal of Climate, 28(3), 1288-1307.

https://doi.org/10.1175/jcli-d-14-00103.1

38


https://doi.org/10.1029/2018MS001305
https://doi.org/10.1175/JCLI-D-20-0136.1
https://doi.org/10.1175/JCLI-D-20-0136.1
https://doi.org/10.1175/JCLI-D-14-00102.1
https://doi/

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Golaz, J.-C., Caldwell, P. M., Van Roekel, L. P., Petersen, M. R., Tang, Q., Wolfe, J. D., et al.
(2019). The DOE E3SM coupled model version 1: Overview and evaluation at standard
resolution. Journal of Advances in Modeling Earth Systems, 11, 2089-2129.

https://doi.org/10.1029/2018MS001603

Golaz, J.-C., Larson, V. E., & Cotton, W. R. (2002). A PDF-based model for boundary layer
clouds. Part I: Method and model description. Journal of the Atmospheric Sciences, 59(24),

3540-3551. https://doi.org/10.1175/1520-0469(2002)059<3540:APBMFB>2.0.CO;2

Golaz, J.-C., Van Roekel, L. P., Zheng, X., Roberts, A. F., Wolfe, J. D., Lin, W., et al. (2022).
The DOE E3SM Model version 2: Overview of the physical model and initial model evaluation.
Journal of Advances in Modeling Earth Systems, 14, e2022MS003156.

https://doi.org/10.1029/2022MS003156

Haberlie, A. M., & Ashley, W. S. (2019). A radar-based climatology of mesoscale convective

systems in the United States. Journal of Climate, 32(5), 1591-1606. https://doi.org/10.1175/jcli-

d-18-0559.1

Houze, R. A. (2004). Mesoscale convective systems. Reviews of Geophysics, 42(4), RG4003.

https://doi.org/10.1029/2004RG000150

39


https://doi.org/10.1175/1520-0469(2002)059%3c3540:APBMFB%3e2.0.CO;2
https://doi.org/10.1029/2022MS003156
https://doi.org/10.1175/jcli-d-18-0559.1
https://doi.org/10.1175/jcli-d-18-0559.1
https://doi.org/10.1029/2004RG000150

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Houze, R. A. (2018). 100 years of research on mesoscale convective systems. Meteorological

Monographs, 59, 17.1-17.54. https://doi.org/10.1175/amsmonographs-d-18-0001.1

Hsu, W.-C., Kooperman, G. J., Hannah, W. M., Reed, K. A., Akinsanola, A. A., & Pendergrass,
A. G. (2023). Evaluating mesoscale convective systems over the US in conventional and
multiscale modeling framework configurations of E3SMv1. Journal of Geophysical Research:

Atmospheres, 128, e2023JD038740. https://doi.org/10.1029/2023JD038740

Huang, B., Liu, C., Banzon, V., Freeman, E., Graham, G., Hankins, B., et al. (2021).
Improvements of the Daily Optimum Interpolation Sea Surface Temperature (DOISST) Version

2.1. Journal of Climate, 34, 2923-2939. https://doi.org/10.1175/JCLI-D-20-0166.1

Huang, X. M., Hu, C. Q., Huang, X., Chu, Y., Tseng, Y. H., Zhang, G. J., & Lin, Y. L. (2018). A
long-term tropical mesoscale convective systems dataset based on a novel objective automatic

tracking algorithm. Climate Dynamics, 51, 3145-3159, https://doi.org/10.1007/s00382-018-

4071-0

Huffman, G. J., Bolvin, D. T., Braithwaite, D., Hsu, K., Joyce, R., Kidd, C., et al. (2019a).
Algorithm Theoretical Basis Document (ATBD) Version 06. NASA Global Precipitation
Measurement (GPM) Integrated Multi-satellitE Retrievals for GPM (IMERG) (Algorithm
Theoretical Basis Document). Retrieved from

https://docserver.gesdisc.eosdis.nasa.qov/public/project/GPM/IMERG ATBD V06.pdf

40


https://doi.org/10.1175/amsmonographs-d-18-0001.1
https://doi.org/10.1007/s00382-018-4071-0
https://doi.org/10.1007/s00382-018-4071-0
https://docserver.gesdisc.eosdis.nasa.gov/public/project/GPM/IMERG_ATBD_V06.pdf

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Huffman, G. J., Bolvin, D. T., Nelkin, E. J., & Tan, J. (2019b). Integrated Multi-satellitE
Retrievals for GPM (IMERG) technical documentation (technical documentation). Retrieved

from https://docserver.gesdisc.eosdis.nasa.gov/public/project/GPM/IMERG doc.06.pdf

Huffman, G. J., Stocker, E. F., Bolvin, D. T., Nelkin, E. J., & Tan, J. (2019c). GPM IMERG
final precipitation L3 half hourly 0.1 degree x 0.1 degree V06. Retrieved from Greenbelt, MD:
Goddard Earth Sciences Data and Information Services Center (GES DISC). https://doi.

0rg/10.5067/GPM/IMERG/3B-HH/06

Janowiak, J., Joyce, B., & Xie, P. (2017). NCEP/CPC L3 half hourly 4km global (60S - 60N)

merged IR V1. Retrieved from https://doi.org/10.5067/PAHZBIN27EKU

Klein, S. A., Jiang, X., Boyle, J., Malyshev, S., & Xie, S. (2006). Diagnosis of the summertime
warm and dry bias over the U.S. Southern Great Plains in the GFDL climate model using a
weather forecasting approach. Geophysical Research Letters, 33, L18805. https://doi.

0rg/10.1029/2006GL027567

Larson, V. E. (2017). CLUBB-SILHS: A parameterization of subgrid variability in the

atmosphere. arXiv preprint arXiv:1711.03675v2

Lin, G., Jones, C. R., Leung, L. R., Feng, Z., & Ovchinnikov, M. (2022). Mesoscale convective

systems in a superparameterized E3SM simulation at high resolution. Journal of Advances in

Modeling Earth Systems, 14, e2021MS002660. https://doi.org/10.1029/2021MS002660

41


https://docserver.gesdisc.eosdis.nasa.gov/public/project/GPM/IMERG_doc.06.pdf

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Lin, Y., Dong, W., Zhang, M., Xie, Y., Xue, W., Huang, J., & Luo, Y. (2017). Causes of model
dry and warm bias over central U.S. and impact on climate projections. Nature Communications,

8(1), 881. https://doi.org/10.1038/s41467-017-01040-2

Liu, X., Ma, P.-L., Wang, H., Tilmes, S., Singh, B., Easter, R. C., et al. (2016). Description and
evaluation of a new four-mode version of the Modal Aerosol Module (MAM4) within version
5.3 of the Community Atmosphere Model. Geoscientific Model Development, 9(2), 505-522.

https://doi.org/10.5194/gmd-9-505-2016

Ma, P.-L., Harrop, B. E., Larson, V. E., Neale, R., Gettelman, A., Morrison, H., et al. (2022).
Better calibration of cloud parameterizations and subgrid effects increases the fidelity of E3SM
Atmosphere Model version 1, Geoscientific Model Development. 15(7), 2881-2916.

https://doi.org/10.5194/gmd-15-2881-2022

Milbrandt, J. A., & Morrison, H. (2016). Parameterization of cloud microphysics based on the
prediction of bulk ice particle properties. Part I11: Introduction of multiple free categories.

Journal of the Atmospheric Sciences, 73, 975-995. https://doi.org/10.1175/JAS-D-15-0204.1

Milbrandt, J. A., Morrison, H., Dawson, D. T., Il, & Paukert, M. (2021). A triple-moment

representation of ice in the Predicted Particle Properties (P3) microphysics scheme. Journal of

the Atmospheric Sciences, 78, 439-458. https://doi.org/10.1175/JAS-D-20-0084.1

42


https://doi.org/10.5194/gmd-9-505-2016

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Moncrieff, M. W. (2019). Toward a dynamical foundation for organized convection
parameterization in GCMs. Geophysical Research Letters, 46, 14103-14108.

https://doi.org/10.1029/2019GL 085316

Moncrieff, M. W., Liu, C., & Bogenschutz, P. (2017). Simulation, modeling, and dynamically
based parameterization of organized tropical convection for global climate models. Journal of

the Atmospheric Sciences, 74, 1363—-1380. https://doi.org/10.1175/JAS-D-16-0166.1

Morcrette, C. J., Van Weverberg, K., Ma, H.-Y., Ahlgrimm, M., Bazile, E., Berg, L. K., et al.
(2018). Introduction to CAUSES: Description of weather and climate models and their near-
surface temperature errors in 5 day hindcasts near the Southern Great Plains. Journal of

Geophysical Research: Atmospheres, 123, 2655-2683. https://doi.org/10.1002/2017JD027199

Mueller, B., & Seneviratne, S. I. (2014). Systematic land climate and evapotranspiration biases
in CMIP5 simulations. Geophysical Research Letters, 41, 128-134.

https://doi.org/10.1002/2013GL058055

Na, Y., Fu, Q., Leung, L. R., Kodama, C., & Lu, R. (2022). Mesoscale convective systems
simulated by a high-resolution global nonhydrostatic model over the United States and China.
Journal of Geophysical Research: Atmospheres, 127, e2021JD035916. https://doi.

0rg/10.1029/2021JD035916

43


https://doi.org/10.1029/2019GL085316
https://doi.org/10.1175/JAS-D-16-0166.1
https://doi.org/10.1002/2017JD027199
https://doi.org/10.1002/2013GL058055

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Nesbitt, S. W., Cifelli, R., & Rutledge, S. A. (2006). Storm morphology and rainfall
characteristics of TRMM precipitation features. Monthly Weather Review, 134(10), 2702—-2721.

https://doi.org/10.1175/mwr3200.1

Prein, A. F., Liu, C. H., Ikeda, K., Trier, S. B., Rasmussen, R. M., Holland, G. J., & Clark, M. P.
(2017). Increased rainfall volume from future convective storms in the US. Nature Climate

Change, 7(12), 880-884. https://doi.org/10.1038/s41558-017-0007-7

Qin, H., Klein, S. A., Ma, H.-Y., Van Weverberg, K., Feng, Z., Chen, X., et al. (2023).
Summertime near-surface temperature biases over the central United States in convection-
permitting simulations. Journal of Geophysical Research: Atmospheres, 128, €2023JD038624.

https://doi.org/10.1029/2023JD038624

Qin, Y., Zheng, X., Klein, S. A., Zelinka, M. D., Ma, P.-L., Golaz, J.-C., Xie, S. (2023). Causes
of Reduced Climate Sensitivity in E3SM from Version 1 to Version 2. ESS Open Archive.

https://doi.org/10.22541/essoar.168677205.57448605/v1

Rasch, P. J., Xie, S., Ma, P.-L., Lin, W., Wang, H., Tang, Q., et al. (2019). An overview of the

atmospheric component of the Energy Exascale Earth System Model. Journal of Advances in

Modeling Earth Systems, 11, 2377-2411. https://doi.org/10.1029/2019MS001629

44


https://doi.org/10.1038/s41558-017-0007-7

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Richter, J. H., Sassi, F., & Garcia, R. R. (2010). Toward a Physically Based Gravity Wave
Source Parameterization in a General Circulation Model, Journal of the Atmospheric Sciences,

67, 136-156. https://doi.org/10.1175/2009JAS3112.1

Richter, J. H., Chen, C.-C., Tang, Q., Xie, S., & Rasch, P. J. (2019). Improved Simulation of the
QBO in E3SMv1, Journal of Advances in Modeling Earth Systems, 11, 3403-3418.

https://doi.org/10.1029/2019MS001763

Schumacher, C., Houze, R. A., & Kraucunas, I. (2004). The tropical dynamical response to latent
heating estimates derived from the TRMM precipitation radar. Journal of the Atmospheric

Sciences, 61(12), 1341-1358. https://doi.org/10.1175/1520-

0469(2004)061<1341:TTDRTL>2.0.CO;2

Song, X., & Zhang, G. J. (2011). Microphysics parameterization for convective clouds in a
global climate model: Description and single-column model tests. Journal of Geophysical

Research: Atmospheres, 116, D02201. https://doi.org/10.1029/2010JD014833

Song, X., Zhang, G. J., & Li, J. F. (2012). Evaluation of Microphysics Parameterization for
Convective Clouds in the NCAR Community Atmosphere Model CAMS5. Journal of Climate,

25(24), 8568-8590. https://doi.org/10.1175/JCLI-D-11-00563.1

45


https://doi.org/10.1175/2009JAS3112.1
https://doi.org/10.1029/2019MS001763
https://doi.org/10.1175/1520-0469(2004)061%3c1341:TTDRTL%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2004)061%3c1341:TTDRTL%3e2.0.CO;2
https://doi.org/10.1029/2010JD014833
https://doi.org/10.1175/JCLI-D-11-00563.1

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Song, X., Zhang, G., Wan, H., & Xie, S. (2023). Incorporating the effect of large-scale vertical
motion on convection through convective mass flux adjustment in E3SMv2. Journal of Advances

in Modeling Earth Systems, 15, e2022MS003553. https://doi.org/10.1029/2022MS003553

Tang, Q., Golaz, J.-C., Van Roekel, L. P., Taylor, M. A., Lin, W., Hillman, B. R., et al. (2023).
The fully coupled regionally refined model of E3SM version 2: overview of the atmosphere,
land, and river results, Geoscientific Model Development, 16, 3953-3995.

https://doi.org/10.5194/gmd-16-3953-2023

Tang, Q., Prather, M. J., Hsu, J., Ruiz, D. J., Cameron-Smith, P. J., Xie, S., & Golaz, J.-C.
(2021). Evaluation of the interactive stratospheric ozone (O3v2) module in the E3SM version 1
Earth system model, Geoscientific Model Development, 14, 1219-1236.

https://doi.org/10.5194/gmd-14-1219-2021

Tang, Q., Klein, S. A., Xie, S., Lin, W., Golaz, J.-C., Roesler, E. L., et al. (2019). Regionally
refined test bed in E3SM atmosphere model version 1 (EAMv1) and applications for high-
resolution modeling, Geoscientific Model Development, 12, 2679-2706.

https://doi.org/10.5194/gmd-12-2679-2019

Tang, S., Xie, S., Guo, Z., Hong, S.-Y., Khouider, B., Klocke, D., et al. (2022). Long-term
single-column model intercomparison of diurnal cycle of precipitation over midlatitude and
tropical land. Quarterly Journal of the Royal Meteorological Society, 641(743), 669.

https://doi.org/10.1002/qj.4222

46


https://doi.org/10.1029/2022MS003553
https://doi.org/10.5194/gmd-16-3953-2023
https://doi.org/10.1002/qj.4222

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Tao, C., Xie, S, Tang, S., Lee, J., Ma, H.-Y., Zhang, C., et al. (2022). Diurnal cycle of
precipitation over global monsoon systems in CMIP6 simulations. Climate Dynamics, 60, 3947—

3968. https://doi.org/10.1007/s00382-022-06546-0

Tao, C., Xie, S., Ma, H.-Y., Bechtold, P., Cui, Z., Vaillancourt, P.A., et al. (2023). Diurnal Cycle
of Precipitation Over the Tropics and Central U.S.: GCM Intercomparison. Quarterly Journal of

the Royal Meteorological Society. https://doi.org/10.1002/qj.4629

Van Weverberg, K., Morcrette, C. J., Petch, J., Klein, S. A., Ma, H.-Y., Zhang, C., et al. (2018).
CAUSES: Attribution of surface radiation biases in NWP and climate models near the U.S.
Southern Great Plains. Journal of Geophysical Research: Atmospheres, 123.

https://doi.org/10.1002/2017JD027188

Wang, H., Easter, R. C., Zhang, R., Ma, P.-L., Singh, B., Zhang, K., et al. (2020). Aerosols in the
E3SM Version 1: New developments and their impacts on radiative forcing. Journal of Advances

in Modeling Earth Systems, 12, e2019MS001851. https://doi.org/10.1029/2019MS001851

Wang, J., Fan, J., Feng, Z., Zhang, K., Roesler, E., Hillman, B., et al. (2021). Impact of a new
cloud microphysics parameterization on the simulations of mesoscale convective systems in
E3SM. Journal of Advances in Modeling Earth Systems, 13, e2021MS002628.

https://doi.org/10.1029/2021MS002628

47


https://doi.org/10.1007/s00382-022-06546-0
https://doi.org/10.1002/2017JD027188
https://doi.org/10.1029/2019MS001851
https://doi.org/10.1029/2021MS002628

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Wang, Y.-C., Pan, H.-L., & Hsu, H.-H. (2015). Impacts of the triggering function of cumulus
parameterization on warm-season diurnal rainfall cycles at the Atmospheric Radiation
Measurement Southern Great Plains Site. Journal of Geophysical Research: Atmospheres, 120,

10681-10702. https://doi.org/10.1002/2015JD023337

Xie, S., L.-Y. Leung, Z. Feng, W. Lin, C.-C. Chen, J. Richter, & J. Fan. (2020). Fy2020 fourth
quarter performance metric: Evaluate improvement in simulations of mesoscale convective

systems from new parameterization developments in E3SM. Technical Report. LLNL-TR-

814618, 13 pp., https://doi.org/10.2172/1661028

Xie, S., Lin, W., Rasch, P. J., Ma, P.-L., Neale, R., Larson, V. E., et al. (2018). Understanding
cloud and convective characteristics in version 1 of the E3SM atmosphere model. Journal of

Advances in Modeling Earth Systems, 10, 2618-2644. https://doi.org/10.1029/2018MS001350

Xie, S., Wang, Y.-C., Lin, W., Ma, H.-Y., Tang, Q., Tang, S., et al. (2019). Improved diurnal
cycle of precipitation in E3SM with a revised convective triggering function. Journal of

Advances in Modeling Earth Systems, 11. https://doi.org/10.1029/2019MS001702

Xie, S., & Zhang, M. (2000). Impact of the convection triggering function on single-column
model simulations. Journal of Geophysical Research: Atmospheres, 105(D11), 14983-14996.

https://doi.org/10.1029/2000JD900170

48


https://doi.org/10.1002/2015JD023337
https://doi.org/10.2172/1661028
https://doi.org/10.1029/2019MS001702
https://doi.org/10.1029/2000JD900170

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Yang, Q., Houze, R. A., Jr, Leung, L. R., & Feng, Z. (2017). Environments of long-lived
mesoscale convective systems over the central United States in convection permitting climate
simulations. Journal of Geophysical Research: Atmospheres,122, 13, 288-13, 307.

https://doi.org/10.1002/2017JD027033

Yang, Q., Leung, L. R., Feng, Z., & Chen, X. (2023). A Moist Potential Vorticity Model for
Midlatitude Long-Lived Mesoscale Convective Systems over Land. Journal of the Atmospheric

Sciences, 80(10), 2399-2418. https://doi.org/10.1175/JAS-D-22-0244.1

Yang, G. Y., & Slingo, J. (2001). The diurnal cycle in the Tropics. Monthly Weather Review,

129(4), 784-801. https://doi.org/10.1175/1520-0493(2001)129%3C0784: TDCITT%3E2.0.CO;2

You, Z., & Deng, Y. (2023). A Hierarchical Dissection of Multiscale Forcing on the Springtime
Mesoscale Convective Systems in the United States. Journal of Climate, 36(1), 39-54.

https://doi.org/10.1175/JCLI-D-22-0150.1

Yuan, X., & Houze, J. (2010). Global variability of mesoscale convective system anvil structure
from A-Train satellite data. Journal of Climate, 23(21), 5864-5888.

https://doi.org/10.1175/2010JCLI13671.1

Zhang, G., & McFarlane, N. A. (1995). Sensitivity of climate simulations to the parameterization
of cumulus convection in the Canadian climate centre general circulation model. Atmosphere-

Ocean, 33(3), 407-446. https://doi.org/10.1080/07055900.1995.9649539

49


https://doi.org/10.1175/2010JCLI3671.1
https://doi.org/10.1080/07055900.1995.9649539

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

Manuscript submitted to Journal of Geophysical Research: Atmospheres

Zhang, M., Xie, S., Feng, Z., Terai, C. R., Lin, W., Chen, C.-C.-J.,, Fan, J., Golaz, J.-C., Leung,
L. R, Richter, J. H., Shan, Y., Song, X., Tang, Q., & Zhang, G. (2024). Evaluation of Mesoscale
Convective Systems in High Resolution E3SMv2 [Data set]. Zenodo.

https://doi.org/10.5281/zenodo.10521291

Zhang, M., Xie, S., Liu, X., Zhang, D., Lin, W., Zhang, K., et al. (2023). Evaluating EAMv2
simulated high latitude clouds using ARM measurements in the Northern and Southern
Hemispheres. Journal of Geophysical Research: Atmospheres, 128, e2022JD038364.

https://doi.org/10.1029/2022JD038364

Zhang, M., Xie, S., Liu, X,, Lin, W., Zheng, X., Golaz, J.-C., & Zhang, Y. (2022). Cloud Phase
Simulation at High Latitudes in EAMv2: Evaluation using CALIPSO Observations and
Comparison with EAMvL1. Journal of Geophysical Research: Atmospheres, 127,

e2022JD037100. https://doi.org/10.1029/2022JD037100

Zhang, Y., Xie, S., Qin, Y., Lin, W., Golaz, J.-C., Zheng, X., et al. (2023). Understanding
Changes in Cloud Simulations from E3SM Version 1 to Version 2, EGUsphere [preprint],

https://doi.org/10.5194/egusphere-2023-1263

Zhang, Z., Varble, A., Feng, Z., Hardin, J., & Zipser, E. (2021). Growth of Mesoscale
Convective Systems in Observations and a Seasonal Convection-Permitting Simulation over
Argentina. Monthly Weather Review, 149(10), 3469-3490. https://doi.org/10.1175/MWR-D-20-

04111

50


https://doi.org/10.5281/zenodo.10521291
https://doi.org/10.1029/2022JD037100

Manuscript submitted to Journal of Geophysical Research: Atmospheres

1126
1127  Zhao, M. (2020). Simulations of Atmospheric Rivers, Their Variability, and Response to Global
1128  Warming Using GFDL’s New High-Resolution General Circulation Model. Journal of Climate,

1129  33(23), 10287-10303. https://doi.org/10.1175/JCLI-D-20-0241.1

1130
1131  Zheng, X., Golaz, J.-C., Xie, S., Tang, Q., Lin, W., Zhang, M., et al. (2019). The summertime
1132 precipitation bias in E3SM Atmosphere Model version 1 over the Central United States. Journal

1133  of Geophysical Research: Atmospheres, 124, 8935-8952. https://doi.org/10.1029/2019JD030662

1134

1135

1136

1137

1138

1139

1140

1141

1142  Table 1. Model simulations used in evaluation.

1143
Model experiments Description
CTL Default EAMv2 model simulation at 0.25° horizontal resolution.
P3 Based on CTL, including P3 cloud microphysics scheme.
ZMmicro Based on CTL, with two-moment cloud microphysics in ZM convection
scheme.
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1147
1148
1149  Table 2. Observations used in evaluation.
1150
Data name Horizontal Coverage area Data period Note for MCS
resolution tracking
NASA Global 4 km 60°S-60°N 2005-2009 Used as the Ty, data
Merged IR V1 source for both
infrared Ty global and CONUS
product MCS tracking
GPM Integrated 10 km 60°S-60°N 2005-2009 Used as surface
Multi-satelliteE precipitation data
Retrievals source for global
(IMERG) V06B MCS tracking
precipitation data
NEXRAD radar 4 km CONUS 2005-2009 Used as surface
and Stage IV precipitation data
multisensor source for CONUS
precipitation data MCS tracking
1151  Note: Ty, and precipitation data are regridded to 0.25° (~25 km) horizontal resolution to match
1152 the model grid spacing.
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Figure 1. Maps of annual mean total precipitation amount (a, b), MCS precipitation amount
defined with Ty, and precipitation tracking method (c, d), MCS precipitation amount defined with
Ty only tracking method (e, ), The IMERG observation is shown on the left while EAMv2
simulation is on the right. Model and observations cover between 2005 and 2009.
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Figure 2. Maps of annual mean total precipitation bias (a), MCS precipitation bias defined using
Ty and surface precipitation (b), MCS precipitation bias defined using Ty, only in EAMv2
compared to the IMERG observation. The MCS precipitation difference between two tracking
methods is shown in (d) for the IMERG observation and (e) for EAMv2. The MCS precipitation
differences in (d) and (e) are calculated by subtracting Ty, and precipitation combined method
from Ty, only method for tracked MCSs.
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Figure 3. Maps of annual mean MCS precipitation fraction defined using Ty, and surface
precipitation (a, b) and MCS precipitation fraction defined using T, only (c, d). The IMERG
observation is shown on the left and EAMv2 simulation is shown on the right. (e) shows the
MCS precipitation fraction bias defined using T, and precipitation, which is (b) minus (a). (f)
shows the MCS precipitation fraction difference between two tracking methods in EAMvV2,
which is (d) minus (b). The MCS precipitation fraction is calculated by dividing MCS
precipitation by total precipitation.
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Figure 4. Maps of annual mean MCS precipitation frequency defined using Ty, and surface
precipitation (a, b) and MCS precipitation frequency defined using Ty, only (c, d). The IMERG
observation is shown on the left and EAMv2 simulation is shown on the right. (e) shows the
MCS precipitation frequency bias defined using Ty, and precipitation, which is (b) minus (a). (f)
shows the MCS precipitation frequency difference between two tracking methods in EAMv2,
which is (d) minus (b). MCS precipitation frequency is defined as the ratio of total hours of MCS
precipitation to total hours between 2005-20009.
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Figure 5. Maps of annual mean MCS number defined using Ty, and surface precipitation (a, b)
and MCS number defined using Ty, only (c, d). The IMERG observation is shown on the left and
EAMvV2 simulation is shown on the right. (e) shows the MCS number bias defined using T, and
precipitation, which is (b) minus (a). (f) shows the MCS number difference between two tracking
methods in EAMv2, which is (d) minus (b). MCS number is counted as the number of unique
latitude/longitude pairs of each MCS track within the 5° x 10° latitude/longitude grids.
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Figure 6. The PDFs of (a) cold cloud system lifetime, (b) maximum cold cloud system area
throughout the MCS lifetime, (¢) minimum cloud top brightness temperature throughout the
MCS lifetime, (d) maximum precipitation feature area, (e) mean rain rate within the precipitation
feature domain, (f) total rain volume, (g) heavy rain (rain rate > 2 mm h™) volume, and (h) heavy
rain volume ratio over the Indo-Pacific region. Black lines represent the IMERG observation,
and red lines represent the EAMv2 model simulation. Solid lines are for MCSs defined using
combined Ty, and surface precipitation, and dashed lines are for MCSs defined using only Ty,. The
PDFs are calculated in the Indo-Pacific domain indicated by the green box in panel (d).
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Figure 7. Maps of mean total precipitation amount (a-c), MCS precipitation amount defined
using combined Ty, and surface precipitation (d-f), and MCS precipitation amount defined using
only Ty (g-1) from March to August between 2005 and 2009 over the CONUS region.
Precipitation observations from the Stage IV precipitation gauge (left) and from the IMERG
satellite retrieval (middle) are compared with the EAMv2 simulations (right).
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Figure 8. Maps of mean MCS precipitation frequency defined using combined T, and surface
precipitation (a-c) and MCS defined using only Ty, (d-f) from March to August between 2005 and
2009 over the CONUS region. Observations from the Stage IV precipitation gauge (left) and
from the IMERG satellite retrieval (middle) are compared with the EAMv2 simulations (right).
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Figure 9. Maps of mean MCS number of MCS defined using combined Ty, and surface
precipitation (a-c) and MCS defined using only Ty, (d-f) over the CONUS region. Observations
from the Stage IV precipitation gauge (left) and from the IMERG satellite retrieval (middle) are
compared with the EAMv2 simulations (right). The MCS number is calculated as the number of
unique latitude/longitude pairs of each MCS track within the 1° x 1° latitude/longitude grids
from March to August between 2005 and 2009.
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Figure 10. Same as Figure 6, but the PDFs are calculated in the central U.S. domain shown in
panel (d). Black lines represent observations using ground-based measurements. Blue lines
represent the IMERG precipitation data. Black lines represent EAMv2 model simulations.
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1233  Figure 11. Maps of annual mean total precipitation rate difference (a-d) and MCS precipitation
1234  rate difference defined using combined Ty, and surface precipitation (e-h) between 2005 and
1235  2009. (a)-(d) and (e)-(h) are the differences between individual new physics feature (i.e., P3
1236  cloud microphysics, MCSP, convective microphysics scheme in ZM, and cloud base mass flux
1237  adjustment) and CTL simulations, respectively. White and red boxes are the areas used to
1238  calculate rain rate PDFs in Figure 13.
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Figure 12. Probability density functions of hourly total, large-scale, and convective precipitation
rates between 2005 and 2009 sampled over the white box domain (a-c) and red box domain (d-f)
in Figure 11. The IMERG observation and EAMv2 model simulations with CTL and new
physics features are shown.
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Figure 13. Maps of annual mean convective precipitation fraction in the default EAMv2 model
(CTL) between 2005 and 2009, and the convective precipitation fraction difference (b-€)
between individual new physics feature (i.e., P3 cloud microphysics, MCSP, convective
microphysics scheme in ZM, and cloud base mass flux adjustment) and CTL simulations,
respectively. Convective precipitation fraction is calculated as the contribution of hourly
convective precipitation rate to total precipitation rate in the model.
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Figure 14. Same as Figure 11, but for the CONUS region from March to August between 2005
and 20009.
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