Atmos. Chem. Phys., 25, 17301-17318, 2025 Atmospheric
https://doi.org/10.5194/acp-25-17301-2025 :

© Author(s) 2025. This work is distributed under Chemls.try
the Creative Commons Attribution 4.0 License. and Physics

Understanding mesoscale convective processes over the
Congo Basin using the Model for Prediction Across
Scales-Atmosphere (MPAS-A)

Siyu Zhao'-2, Rong Fu!2, Kelly Nuifiez Ocasio’, Robert Nystrom®, Cenlin He’, Jiaying Zhang®,
Xianan Jiang'’, and Joao Teixeira’

!Joint Institute for Regional Earth System Science & Engineering, University of California,
Los Angeles, Los Angeles, CA, USA
2Department of Atmospheric and Oceanic Sciences, University of California,
Los Angeles, Los Angeles, CA, USA
3Department of Atmospheric Sciences, Texas A&M University, College Station, TX, USA
4Department of Earth, Atmosphere, and Climate, lowa State University, Ames, [A, USA
Research Applications Laboratory, NSF National Center for Atmospheric Research (NCAR),
Boulder, CO, USA
6Agroecosystem Sustainability Center, Institute for Sustainability, Energy, and Environment,
University of Illinois Urbana-Champaign, Urbana, IL, USA
7Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

Correspondence: Siyu Zhao (siyu_zhao@atmos.ucla.edu)

Received: 25 July 2025 — Discussion started: 25 August 2025
Revised: 3 November 2025 — Accepted: 4 November 2025 — Published: 2 December 2025

Abstract. The Congo Basin in Central Africa is one of three convective centers in the tropics, characterized
by a high proportion of precipitation produced by mesoscale convective systems (MCSs). However, process-
level understanding of these systems and their relationship to environmental factors over the Congo Basin re-
mains unclear, largely due to scarce in-situ observations. This study employs the Model for Prediction Across
Scales—Atmosphere (MPAS-A), a global cloud-resolving model, to investigate MCSs in this region. Compared
to satellite-observed brightness temperature (7},), MPAS-A realistically simulates key MCS features, allowing
a detailed comparison between two mesoscale convective complex (MCC) cases: one over the southern moun-
tainous region (MCC-south) and the other over the northern lowland forests (MCC-north). MCC-south is larger,
longer-lived, and moves a longer distance than MCC-north. Our analysis shows that MCC-south is supported by
higher convective energy and more favorable vertical wind shear. The shear extends up to 400 km ahead of the
convection center, exhibits a strong association with T;, variability, and is well balanced by a moderately strong
cold pool. In contrast, MCC-north features weaker, localized shear near the center and a stronger cold pool.
The African Easterly Jet helps maintain the shear in both cases, but an overly strong jet may suppress low-level
westerlies and weaken convection. These results show how latitude and topography modulate environmental
influences on Congo Basin MCS developments. The findings underscore the value of global cloud-resolving
models for understanding convective systems and their impacts on weather extremes and societal risks in data-
sparse regions.
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1 Introduction

The tropical rainforest rainfall is critical in regulating global
weather and climate patterns, sustaining more than 50 % of
the global biospecies, and providing resources for local com-
munities and the broader global ecosystem. Rainfall in trop-
ical rainforests is primarily driven by convective processes,
with mesoscale convection systems (MCSs) playing a ma-
jor role (e.g., Trismidianto et al., 2017; Rehbein et al., 2019;
Andrews et al., 2024). MCSs are large, organized clusters
of thunderstorms that produce significant rainfall and se-
vere weather, persisting for several hours when they develop
and mature through the aggregation of cumulonimbus clouds
(Houze, 2004, 2018).

Recent studies have advanced the understanding of MCSs,
including their classification, dynamics, and links to large-
scale circulations and atmospheric chemistry (e.g., Zuluaga
and Houze, 2013; Peters and Schumacher, 2016; Clavner et
al., 2018; Houze, 2018; Schumacher and Rasmussen, 2020;
Chakraborty et al., 2023), but challenges remain in under-
standing the physical mechanisms that control MCS char-
acteristics, such as their lifetimes, geographic variation and
evolution across land surfaces influenced by varying atmo-
spheric dynamics (Houze, 2018). In the midlatitudes, MCS
research has focused on their strong seasonality, role in se-
vere weather, and interactions with low-level jets, frontal sys-
tems, and extratropical cyclones (e.g., Kunkel et al., 2012;
Smith et al., 2012; Rasmussen et al., 2016; Feng et al., 2019).
In the tropics, MCSs are commonly observed in regions such
as the Indo-Pacific warm pool, the Amazon, and tropical
Africa, with numerous studies examining their interactions
with the Madden-Julian Oscillation (MJO), monsoons, and
tropical cyclones (e.g., Laing and Fritsch, 1997; Lee et al.,
2008; Barnes and Houze, 2013; Sullivan et al., 2019; Chen et
al., 2022).

In tropical Africa, MCSs are linked to African easterly
waves and can contribute to tropical cyclone genesis through
favorable West African Monsoon conditions and proper
phasing between convective heating and the wave’s vortic-
ity center (e.g., Sultan et al., 2003; Hopsch et al., 2010;
Nuifiez Ocasio et al., 2020a, 2020b, 2021; Mayta et al., 2025).
The Congo Basin, located in Central Africa, occupies only
10 % of Africa’s landmass, but supplies 30 % of the conti-
nent’s water resources by housing the world’s second-largest
river by discharge volume (the Congo River) (Brummett et
al., 2009; N’kaya et al., 2022). It houses one of the three
core regions of convection in the tropics (the other two lo-
cate over the Maritime Continent and the Amazon Basin)
and the world’s second-largest rainforest (Washington et al.,
2013). The Congo Basin experiences some of the world’s
most intense thunderstorms, often associated with MCSs,
which contribute to over 80 % of the region’s total rainfall —
significantly higher than in other tropical regions (e.g., Mohr
et al., 1999; Nicholson, 2022; Andrews et al., 2024). In re-
cent years, extreme rainfall-driven runoff anomalies have in-
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tensified river flood hazards across the Congo Basin, caus-
ing major economic losses and around 2000 deaths annu-
ally from river-related incidents (CICOS, 2012; Tshimanga
et al., 2016; Schumann et al., 2022). Thus, studying MCSs
and rainfall in this region is crucial for agriculture, river nav-
igation, economic stability, and overall human well-being in
central sub-Saharan Africa (Tshimanga et al., 2022).

Previous studies have widely evaluated the observed char-
acteristics, including temporal frequency, spatial variability,
and moving tracks of equatorial African or Congo Basin
MCSs, as well as their connections to rainfall, lightning, and
environmental factors (e.g., Laing and Fritsch, 1993; Nguyen
and Duvel, 2008; Jackson et al., 2009; Laing et al., 2011;
Hartman, 2020; Mba et al., 2022; Nicholson, 2022; Kigotsi
et al., 2022; Solimine et al., 2022; Andrews et al., 2024).
The seasonality of Congo Basin MCS occurrence indicates
that MCS activity and associated rainfall migrate periodically
across the equator, occurring southward in boreal winter and
northward in boreal summer (Jackson et al., 2009; Andrews
et al., 2024). Although the migration is often linked to the
Intertropical Convergence Zone, recent studies suggest that
rainfall and MCS activity over the Congo Basin involve more
complex processes, as heavy rainfall may occur without the
typical low-level convergence (Yang et al., 2015; Nicholson,
2018). MCSs in the Congo Basin typically exhibit westward
propagation, with a substantial number originating along the
lee side of the high terrain of the Great Rift Valley (Jackson
et al., 2009; Laing et al., 2011; Hartman, 2020). This west-
ward propagation is influenced by moderate low-level shear
associated with the African Easterly Jet (AEJ), as well as the
modulation of convectively coupled Kelvin waves and the
MJO (Nguyen and Duvel, 2008; Jackson et al., 2009; Laing
etal., 2011).

However, due to sparse in-situ observations (Nicholson et
al., 2018; Tshimanga et al., 2022) and the low-resolution
of reanalysis data (0.25° over Central Africa), the relation-
ship between Congo Basin MCSs and environmental factors
(e.g., vertical shear) has largely been explored from a cli-
mate perspective, with limited quantitative analyses based on
MCS moving tracks. Quantitative, process-level understand-
ing of Congo Basin MCSs and their relationships with envi-
ronmental factors — particularly those based on MCS tracks
from a weather perspective — remains limited. Such weather
timescale studies necessitate model simulations capable of
resolving mesoscale circulations (Laing et al., 2011).

Although Congo Basin rainfall has been simulated by re-
gional and global models (e.g., Washington et al., 2013;
Aloysius et al., 2016; Creese and Washington, 2016, 2018;
Creese et al., 2019; Fotso-Kamga et al., 2020), few stud-
ies have utilized models, especially high-resolution cloud-
resolving models, to simulate individual Congo Basin
MCSs. Such models are essential for accurately represent-
ing mesoscale convective processes. One of the studies
focusing on Congo Basin MCSs using a high-resolution
cloud-resolving model was conducted by Raghavendra et al.
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(2022), who utilized the Weather Research and Forecasting
(WRF) at 4km with convection-permitting setup and per-
turbed topography with varying heights for November 2014.
Their study showed that brightness temperature (7y) is well
simulated in the control run, indicating the capability of WRF
at a high resolution in simulating a key feature of MCSs over
the Congo Basin. The important relationships between trop-
ical MCSs/rainfall and topography have been documented
in their study and others (e.g., Hamilton et al., 2017, 2020).
However, Congo Basin MCSs have not been explicitly iden-
tified, tracked, or classified using a tracking algorithm, and
the quantitative influences of key environmental factors on
their developments along the track have not been examined
in previous studies.

In the past decade, global cloud-resolving models have
been developed, such as the Model for Prediction Across
Scales—Atmosphere (MPAS-A) (Skamarock et al., 2012).
MPAS-A incorporates physics schemes from WRF but of-
fer the option of using a variable-resolution global Voronoi
mesh, which can avoid nesting techniques or usual pole-
related grid transformations and improves computational
performance over traditional regional cloud-resolving mod-
els. Recently, both global and regional configurations of
MPAS-A have been applied to the African and Atlantic
regions during the genesis of Hurricane Helene (2006)
(Nunez Ocasio and Rios-Berrios, 2023; Nufiez Ocasio and
Dougherty, 2024; Nuiiez Ocasio et al., 2024). For example,
MPAS-A has been used to examine the role of moisture in the
AEJ and monsoon dynamics, rainfall shifts, easterly wave—
MCS interactions related to tropical cyclogenesis, and the
impacts of a warmer, moister climate on these multiscale
tropical systems (Nufiez Ocasio and Dougherty, 2024).

Therefore, we take the advantage of the cloud-resolving
capability and global Voronoi mesh offered by MPAS-A
to gain the process-level understanding of Congo Basin
MCSs and their connections to environmental factors. From
November 2023 to January 2024, the Democratic Republic
of the Congo and Congo-Brazzaville experienced their worst
flooding during the past 60 years (Davies, 2024; Joachim et
al., 2024). We apply satellite observations and MPAS-A to
analyze MCSs from 21 to 25 November 2023. We then ap-
ply the Tracking Algorithm for Mesoscale Convective Sys-
tems (TAMS; Niiiez Ocasio et al., 2020b; Niufez Ocasio
and Moon, 2024) to objectively identify, track, and classify
MCSs over the Congo Basin. TAMS offers capabilities com-
parable to other tracking methods but stands out due to its
unique tracking approach, MCS classification scheme, and
consideration of background flow. Once MCS tracks are ob-
tained, we focus on long-lasting (over 15 h) MCS events and
use MPAS-A to quantify the role of key environmental fac-
tors in MCS developments. The remainder of the paper is
organized as follows. Data and methodology are described in
Sect. 2. Section 3.1 discusses Congo Basin rainfall and MCS
statistics. Section 3.2 evaluates model’s ability to simulate
mesoscale convective processes. The role of vertical wind
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shear and the AEJ is discussed in Sect. 3.3. A summary and
additional discussion are provided in Sect. 4.

2 Data and methodology

2.1 Data

We use hourly data to examine Congo Basin MCSs for the
period of 21-25 November 2023. The National Centers for
Environmental Prediction (NCEP)/Climate Prediction Cen-
ter (CPC) L3 Half Hourly 4km Global Merged infrared (IR)
Ty, data (Janowiak et al., 2017) is used to detect MCSs.
This Ty, data has been widely used in tracking MCSs, espe-
cially over tropical regions (e.g., Feng et al., 2021, 2023a,
2025; Chen et al., 2023; Prein et al., 2024; Muetzelfeldt et
al., 2025). Due to the sparsity of gauge networks over the
Congo Basin in recent decades (Nicholson et al., 2018), we
will mainly use satellite precipitation data. Since MCS de-
tection requires high-resolution, sub-daily data, we analyze
precipitation associated with identified MCSs using half-
hourly precipitation data from the CPC Morphing Technique
(CMORPH) Climate Data Record (CDR) with an 8 km hor-
izontal resolution (Xie et al., 2019) and the Global Precip-
itation Measurement (GPM) Integrated Multi-satellite Re-
trievals (IMERG) Final Precipitation with a 0.1° horizontal
resolution (Huffman et al., 2023).

In addition to hourly data, daily precipitation data are
used to analyze daily and monthly precipitation over the
Congo Basin. These datasets include CMORPH CDR (0.25°
horizontal resolution, 1998-2024) (Xie et al., 2019), GPM
IMERG Final Precipitation (0.1° horizontal resolution,
2001-2024) (Huffman et al., 2023), and the CPC Global
Unified Gauge-Based Analysis of Daily Precipitation (0.5°
horizontal resolution, 1979-2024) (Chen et al., 2008). Addi-
tionally, daily runoff data are obtained from the Global Land
Data Assimilation System (GLDAS) Catchment Land Sur-
face Model L4 (0.25° horizontal resolution, 2004-2024) (Li
et al., 2020).

2.2 Model configuration and simulations

MPAS-A is a global cloud-resolving model representing a
new category of atmospheric models and is a participant in
DYAMOND, the first intercomparison project of such mod-
els (Stevens et al., 2019). It solves non-hydrostatic equa-
tions using kilometer-scale global meshes and simulates deep
convection explicitly (Skamarock et al., 2012; Satoh et al.,
2019). In this study, we use MPAS-A version 8 modified to
output variables at 27 isobaric levels (Nufiez Ocasio et al.,
2024). We use a variable-resolution, 60-3 km global mesh,
and the Congo Basin is roughly within the 3 km domain
(Fig. 1a). The model uses 55 vertical levels up to ~30km
height.

The model physics follows the standard mesoscale-
reference suite incorporating the new scale-aware Tiedtke
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convection scheme, which is newly added to MPAS-A ver-
sion 8 and suitable for a convection-permitting mesh with
grid spacing below 10km (Wang, 2022). The scale-aware
Tiedtke scheme effectively reduces deep convection by de-
creasing the convective portion of total surface precipitation,
and also ensures smooth handling of convection across mesh
transition zones when applied to a variable mesh in MPAS-A
(Wang, 2022). The other schemes of the physics suite include
the WSM6 microphysics scheme (Hong and Lim, 2006), the
Noah land surface scheme (Niu et al., 2011), the YSU bound-
ary layer scheme (Hong et al., 2006), the Monin-Obukhov
surface layer scheme (Jiménez et al., 2012), the RRTMG
shortwave and longwave radiation scheme (Iacono et al.,
2008), and the Xu-Randall subgrid cloud fraction scheme
(Xu and Randall, 1996).

We use the European Centre for Medium-Range Weather
Forecasts (ECMWF) fifth-generation reanalysis (ERAS;
Hersbach et al., 2020), including a complete set of atmo-
spheric pressure level and surface variables, to initialize
model simulations. The experiments begin at 12:00 Coor-
dinated Universal Time (UTC) on 21 November 2023, run-
ning for four days, with the first six hours discarded for spin-
up. The model produces hourly outputs at 27 isobaric lev-
els. In addition to the primary simulation discussed above,
we have conducted additional simulations to ensure that our
conclusions were not influenced by model stochasticity. In
the sensitivity tests, random perturbations were added to the
1000 hPa potential temperature field following a Gaussian
distribution with a standard deviation of 0.6 K, as in Nufiez
Ocasio et al. (2024). Since the results of the sensitivity tests
closely resemble those of the unperturbed simulation, we
present only the model simulation without random pertur-
bations in this study.

2.3 MCS tracking

The Congo Basin MCS tracking is conducted objectively
using the latest version of TAMS, an open-source, Python-
based package for tracking and classifying MCSs (Nufez
Ocasio and Moon, 2024). Following the MCS tracking algo-
rithm described in Nufiez Ocasio et al. (2020b) and Nufiez
Ocasio and Moon (2024), hourly 7y contours are used to
identify cloud elements (CEs), selecting < 235 K regions that
contain embedded < 219K areas of at least 4000km?. In
MPAS-A, Ty is derived from the model’s outgoing long-
wave radiation output following the method of Yang and
Slingo (2001). MCS tracks are determined by linking CEs
from the current time step to those from the previous step
based on maximum CE polygon overlap. Once an MCS is
identified and tracked, its complete trajectory is analyzed,
allowing its entire lifespan to be assigned to a single clas-
sification. Table 1 shows the MCS classification criteria
adopted from Nufiez Ocasio and Moon (2024) for use in
TAMS, which includes four categories: mesoscale convective
complex (MCC), convective cloud cluster (CCC), disorga-
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nized long-lived (DLL), and disorganized short-lived (DSL).
Other studies (e.g., Maddox, 1980; Evans and Shemo, 1996;
Tsakraklides and Evans, 2003; Nuifiez Ocasio et al., 2020b)
have similar criteria to classify MCS. TAMS outputs include
the latitude and longitude centroids of < 219 and < 235 K re-
gions for each MCS at every time step, along with additional
statistics such as area, duration, and mean precipitation for
each identified MCS.

3 Results

3.1 Congo Basin rainfall and MCS statistics

The Congo Basin spans a vast area across Central Africa,
with elevation varying significantly. It primarily consists of
lowlands in the west, central, and northern regions, sur-
rounded by higher elevations in the south and east (Fig. 1b).
It is home to a complex river system, dominated by the
Congo River, the second largest in the world by discharge.
The seasonal cycle of Congo Basin domain-averaged precip-
itation exhibits a biannual pattern, with the first peak occur-
ring in March—April and the second in October—November
(Fig. 1c). The satellite data generally show a higher daily pre-
cipitation rate compared to gauge-based data, a discrepancy
that has been widely studied in comparisons with gauging
station networks (e.g., Hughes, 2006). This biannual cycle
is recognized as a key characteristic of Congo Basin rainfall
(e.g., Washington et al., 2013; Pokam et al., 2014; Dyer et
al., 2017), though it is more pronounced south of the equator
(Nicholson, 2022).

Between November 2023 and January 2024, the Demo-
cratic Republic of the Congo and Congo-Brazzaville expe-
rienced their worst flooding in the past 60 years (Davies,
2024; Joachim et al., 2024). Figure 2a shows daily runoff
in November 2023 (bars) compared with the climatological
daily mean (gray line) and the climatological mean +£1 stan-
dard deviation (dashed blue lines). Extreme runoff anoma-
lies, reaching up to 50 % above the climatological mean, oc-
curred during 21-25 November, with values exceeding one
standard deviation between 23-25 November. All three rain-
fall datasets also exhibit consecutive days of positive pre-
cipitation anomalies, especially in GPM IMERG and CPC
gauge-based data (Fig. 2b—d). GPM IMERG shows three
consecutive days above +1 standard deviation. In addition to
the precipitation anomalies observed during 21-25 Novem-
ber, the preceding dry conditions — particularly the near- or
below- —1 standard deviation of precipitation prior to 15
November, as indicated by CMORPH CDR - may also con-
tribute to the extreme flooding. The antecedent dry condi-
tions would have reduced soil moisture retention capacity,
leading to increased runoff during subsequent heavy rainfall
events. Such conditions could enhance flood risks, even when
the precipitation event itself is not exceptionally intense (e.g.,
Barendrecht et al., 2024). Since MCSs account for approxi-
mately 80 % of the total rainfall in the Congo Basin (e.g.,
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Table 1. Criteria to categorize MCS. n/a: not applicable
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Category Size and temperature

Duration

Shape

MCC <219 K region has area > 25 000 km2;
< 235K region has area > 50 000 km?

sustains for > 6h

g =+/1—(b2/a?) <0.7 (a and b denote the

semi-major and -minor axes, respectively, of

the ellipse)
CCC < 219K region has area > 25 000 km? sustains for > 6h n/a
DLL <219 K region has area > 4000 km? sustains for > 6h n/a
DSL < 219K region has area > 4000 km? sustains for < 6 h n/a

(a) 60-3 km variable resolution

30N —

30S —

0 30E 60E

(c) Rainfall

(b) Topography and rivers

15°E 20°E 25°E 30°E

100 400 700 1000 1300
Elevation (m)

mm/d

_| e GPM IMERG_F

o N O~ O 0 O

Jan Mar May

Jul  Sep Nov

Figure 1. (a) Illustration of the 60-3 km global variable resolution mesh. Contours represent resolution from 3 to 40 km. The pink box
represents the Congo Basin (10° S-5°N, 15-30° E), which roughly has the resolution of 3 km. (b) The elevation (m) of the Congo Basin
(within the dashed box). Blue lines indicate rivers. (¢) Climatology of the monthly mean basin-averaged precipitation (mm d=1) for three
observed datasets. The climatological period for each dataset corresponds to its available data range, as detailed in Sect. 2.1.

Mohr et al., 1999; Nicholson, 2022; Andrews et al., 2024),
this study focuses on the period 21-25 November 2023, to
improve the process-level understanding of MCSs in this re-
gion.

Following the method in Sect. 2, we apply TAMS to objec-
tively identify, track, and classify MCSs. Figure 3a displays
all identified MCSs that passed through the Congo Basin dur-
ing the study period in observations. For simplicity, only the
initial and final locations are shown. Consistent with previ-
ous studies (Jackson et al., 2009; Laing et al., 2011; Hart-
man, 2020), most MCSs propagate westward, with a substan-
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tial number originating in the lee side of the high terrain of
the Great Rift Valley. Following the strictest criteria in Ta-
ble 1, MCCs with an elliptical shape (¢ =,/1— (b%/a?) <
0.7) generally initiate in the eastern portion of the basin and
propagate the longest distance; one MCC case even moves
from the eastern boundary to the western boundary. CCCs
have the second-longest moving distances, slightly longer
than DLLs. By definition, DSLs are localized, with the short-
est moving distances, and they can occur over most areas of
the basin.
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Figure 2. (a) Daily mean basin-averaged runoff (kg m~2d~!) from GLDAS for 2023 (bars), along with climatological mean (solid gray
line) and the climatological mean %1 standard deviation (dashed blue lines) for the period 1-30 November. The period analyzed in this study
is within the turquoise box. (b—d) Same as (a), but for precipitation (mm dfl) from three observational datasets. The climatological period
for each dataset corresponds to its available data range, as detailed in Sect. 2.1.

3.2 Model’s ability to simulate MCSs

In this section, we evaluate how well MPAS-A simulates
MCSs by conducting simulations for 21-25 November 2023,
as described in Sect. 2. We do not expect the model to cap-
ture every individual MCS track in MPAS-A; instead, our
goal is to assess whether long-duration or long-track MCS
events and the overall MCS statistics are realistically repre-
sented. The model successfully simulates the general west-
ward propagation of MCSs, but the number of MCC cases
is lower than in observations (Fig. 3b). Notably, the long-
track MCC case over the southern basin (referred to as
MCC-south) is well captured in terms of spatial location.
Figure 3c—d compares MCS characteristics between obser-
vations and model simulations. The MCS duration is well
simulated, particularly for DSL, DLL, and CCC (Fig. 3c).
MCC:s typically last over 15h, with one observed case last-
ing 27 h. The two simulated MCCs last 15 and 20 h, respec-
tively, consistent with observations. Compared to observa-
tions, the model exhibits higher rainfall magnitudes for all
four categories (Fig. 3d), consistent with previous studies
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(e.g., Raghavendra et al., 2022; Feng et al., 2023b) com-
paring rainfall between observations and WRF, which form
the basis of MPAS-A’s physics schemes (Skamarock et al.,
2012). These differences may arise from uncertainties in both
the model simulations and the observational data.

We compare the spatial distribution of the observed MCC-
south case with that from MPAS-A simulations. The ob-
served Ty, shows that MCC-south originates from the Great
Rift Valley (Fig. 4a), propagates westward during the late
afternoon and evening (local time UTC +01:00 or +02:00,
Fig. 4b—c), and weakens in the following morning (Fig. 4d).
The mean area of the observed MCC-south (averaged across
all time steps) is 6.7 x 10° km?2, covering nearly 30 % of the
Congo Basin, and the mean area enclosed by the 219 K con-
tours is 3.2 x 10° km?, approximately half of the total MCC
area. The simulated MCC-south originates from the Great
Rift Valley, though slightly farther south, and propagates
westward across the Congo Basin (Fig. 4e—h). While the sim-
ulated T is more scattered and the mean MCC area is 12 %
smaller than observed, the model still successfully captures
the timing and general location of MCC-south.

https://doi.org/10.5194/acp-25-17301-2025
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Figure 3. Initial (circles) and final (triangles) locations of each detected MCS during 21-25 November 2023, based on (a) observations and
(b) MPAS-A simulations. The four categories of MCS are represented by different colors. Dashed lines indicate the connection between
initial and final locations but do not represent the actual MCS tracks. Shading represents elevation (m). The MCC cases analyzed in this
study are marked. Violin plots of (c) duration (hours) and (d) mean precipitation (from CMORPH; mm h_l) within the 219 K contours for
each MCS category in observations and MPAS-A simulations. The width of the violin plot indicates probability distribution.

To better understand the evolution of T, and associated
rainfall, we present the Hovmoller diagram along the MCC
track. Figure 5a illustrates the observed T;, evolution for
MCC-south, which originates near 29°E, featuring three
centers (T, < 210K) along its path, excluding the one east
of 30°E, as it does not belong to MCC-south. The simu-
lated Ty evolution shares a similar pattern with observations,
but during the initial stage, 7, magnitudes are smaller, and
the Ty, pattern appears more scattered (Fig. Sb). The simu-
lated MCC strengthens (7;, decreases) significantly during
the mid-stage of MCC-south (around 16:00:00Z), warranting
further analyses to investigate the underlying mechanisms.
While rainfall from the two observations generally aligns
with Ty, from NCEP/CPC data, CMORPH shows lower rain-
fall in the early—mid stages and higher rainfall in the later
stage (Fig. 5c). Consistent with Fig. 3d, the simulated rain-
fall magnitudes exceed those in observations (Fig. 5d). The
high rainfall magnitudes in cloud-resolving models have also
been observed in previous studies (e.g., Raghavendra et al.,
2022; Feng et al., 2023b). Despite these differences, the re-
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sults above suggest that MPAS-A shows promise in simulat-
ing long-lived, long-track MCC over the Congo Basin.
Next, we utilize the model to further understand mesoscale
convective processes by comparing two representative MCC
cases, MCC-south and another MCC case over the northern
basin, referred to as MCC-north (Fig. 3b). MCC-north orig-
inates during the evening over the northeastern boundary of
the Congo Basin, where the elevation ranges from approxi-
mately 700 to 1000 m (Fig. 6a). The system then propagates
westward through midnight (Fig. 6b) and weakens over low-
lands, where elevations drop to 400-700 m or lower, by early
morning (Fig. 6¢). The mean area of the simulated MCC-
north is about 22 % of that of MCC-south, with a shorter
lifecycle of 15 h compared to 20 h for MCC-south. Addition-
ally, its moving distance is approximately 35 % of that of
MCC-south. Overall, MCC-north is smaller in size, shorter
in duration, and less extensive in movement compared to
MCC-south. Figure 6d—e presents the Hovmoller diagrams
of Ty, and rainfall along the MCC-north track. MCC-north
intensifies rapidly after its initiation, characterized by low
Ty, centers and rainfall exceeding 10 mmh~! during its early
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Figure 4. (a—d) MCC-south tracking of T;, (K) every 6 h (in UTC) from NCEP/CPC data in observations. The black line represents the MCC
track, and the open circle denotes its initiation location. (e)—(h) Same as (a)—(d), but for MPAS-A simulations. Note that the MCC-south in

MPAS-A simulations ends at 03:00 UTC on 21 November.

stage (before 19:00:00Z). Contrary to MCC-south, the sim-
ulated MCC-north weakens (75 increases) significantly from
the mid-stage (around 21:00:00Z) (Fig. 6d). We investigate
the mechanisms responsible for such difference in Sect. 3.3.

Figure 7a-b shows convective available potential en-
ergy (CAPE), which reflects atmospheric instability and the
potential for convection, and convective inhibition (CIN),
which represents the energy barrier that must be overcome
for convection to initiate, for the two MCC cases. For MCC-
south, large CAPE values, as high as 2000Jkg~!, consis-
tently preceding the track and accompanied by CIN values
below 507 kg’l, create favorable conditions for convection
development. For MCC-north, CAPE is significantly lower,
with CAPE values dropping below 1200Jkg~!, and CIN
also increases, during the mid-stage (around 21:00:00Z). In
addition, we examine the vertical profile of atmospheric en-
ergy. Following Hobbs and Wallace (2006), moist static en-
ergy (MSE), which represents total energy of an air parcel, is
expressed as:

MSE = Lyq +¢,T + @, 1

where L, is latent heat of vaporization, ¢ is specific humidity,

cp is specific heat capacity at constant pressure, 7" is air tem-
perature, and ® is geopotential. Figure 7c shows that MSE
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decreases with height for both MCC cases, indicating a con-
vectively unstable environment favorable for MCC develop-
ments. MCC-south exhibits higher MSE from 850 hPa to the
mid-troposphere, suggesting greater potential for convection
and stronger moist updrafts.

3.3 The role of vertical wind shear and African Easterly
Jet

In this section, we examine dynamic factors driving the dif-
ferent evolutions of the two MCC cases. Although previ-
ous studies have explored the relationship between MCSs
over the Congo Basin or equatorial Africa and dynamic fac-
tors such as vertical wind shear and AEJ (Nguyen and Du-
vel, 2008; Jackson et al., 2009; Laing et al., 2011), they
primarily relied on low-resolution reanalysis data from a
climate perspective without quantitative analyses based on
MCS tracks. Weather-focused investigations, such as quanti-
fying the influence of these dynamic factors on MCS devel-
opments along its track, require cloud-resolving model sim-
ulations (Laing et al., 2011).

During the mid-stage (16:00:00Z) of MCC-south, its con-
vection, linked to low-tropospheric convergence (blue shad-
ing) and updrafts (red contours), is concentrated over ele-
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Figure 5. Hovmoller diagram for (a) 6-7.5° S averaged Ty, (K) from NCEP/CPC data and (b) 8-9° S averaged T;, from MPAS-A simulations,
along the track of MCC-south. The black dashed line represents the MCC track. (¢)—(d) Same as (a)—(b), but for precipitation (mm h_l). In
(c), both CMORPH CDR (shading) and GPM IMERG (contours; contour values: 1, 2, and 5 mm h_l) precipitation are shown.
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Figure 7. (a) Hovmoller diagram for 8-9°S averaged CAPE (contours; J kg_l; the light and dark red contours represent 1200 and
20007 kg_1 , respectively) and CIN (shading; J kg_l) for MCC-south from MPAS-A simulations. The blue dashed line represents the MCC
track. (b) Same as (a), but for 1.5-2.5° N averaged fields for MCC-north. (¢) The mean MSE (103 J kgfl) for all timesteps along the track of
MCC-north (blue line) and MCC-south (red line) from MPAS-A simulations. Shading represents the spread of the minimum and maximum

values of MSE for all timesteps along the track.

vated terrain (Fig. 8a), with a cold pool region behind it
(Fig. 9a). Westerly mountain-valley breezes ahead of the
MCC lift moisture-rich air from the lower troposphere, pro-
viding abundant latent energy to fuel the system. As the MCC
propagates into the valley, convergence intensifies from the
surface to the mid-troposphere, accompanied by enhanced
vertical wind shear between the lower and mid-troposphere
ahead of the center (Fig. 8b) and a narrow cold pool re-
gion trailing the MCC center (Fig. 9b). The vertical wind
shear ahead of the MCC-south track is generally easterly. For
MCC-north, however, the system reaches the lowland forest
region during its mid-stage (21:00:00Z), where the lower tro-
posphere is dominated by divergence (orange shading), in-
hibiting the upward transport of low-level moisture to the
mid-troposphere (Fig. 8c). The cold pool behind the MCC
center extends broadly in the zonal direction (from 26 to
29°E, ~300km), with temperatures dropping by up to 4K
(291 K vs. 295 K) (Fig. 9¢).

Compared to MCC-south, lower-level westerly winds
are absent ahead of the MCC-north, resulting in generally
weaker easterly wind shear (Fig. 8c—d); the cold pool is gen-
erally stronger and extends broader zonally in MCC-north
(Fig. 9c—d). According to Rotunno et al. (1988), that is RKW
theory, the weaker vertical wind shear may result from an
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overly strong cold pool, characterized by greater intensity
and broader horizontal extent in this case, causing the con-
vective system to tilt upshear and limiting MCC develop-
ments (e.g., Schumacher and Rasmussen, 2020; Kirshbaum
et al., 2025). In contrast, MCC-south features a more fa-
vorable balance between vertical wind shear and cold pool
strength, approaching the “optimal state” for MCC develop-
ments during the mid-stage.

We further quantify how vertical wind shear influences
MCC evolution by using a simple linear regression model
(e.g., Zhao and Zhang, 2022; Zhao and Fu, 2022):

Th=a+B x VU,, 2)

where Ty, is brightness temperature at the MCC center, VU,
is vertical zonal wind shear (Uggg — Ug75 for MCC-south and
Usoo — Uggp for MCC-north) with the longitudinal distance
(x; i.e., degree) relative to the MCC center, and « and § are
regression coefficients. We calculate coefficient of determi-
nation (R?>=1—RSS/TSS, where RSS is sum of squares
of residuals and TSS is total sum of squares) to assess how
much of the variance in 7 can be linked to wind shear.
Figure 10a shows that vertical wind shear located approxi-
mately 1.5 to 4° ahead of the MCC-south center corresponds
to 35 %—65 % of the total variance in T}, with the highest val-
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ues around 2° W of the MCC center. This result suggests that
vertical wind shear ahead of the MCC-south center plays a
key role in modulating convection, corresponding up to 65 %
of the Ty variance, and that this favorable environment may
promote the formation of a gust front ahead of the MCC
center (Schumacher and Rasmussen, 2020). Strong convec-
tion (T, <220K) is associated with easterly wind shear ex-
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291 293 295

L. contour values: —0.1 (blue)

ceeding 10ms~! (Fig. 10b). In contrast, for MCC-north, the
wind shear that significantly links to 7;, variance (~ 60 %)
is confined near the center of the MCC, with a sharp de-
cline beyond 1°W of the center (Fig. 10c), indicating that
the generation of convective cells is primarily close to the
cold pool. During several timesteps along the track, MCC-
north exhibits weak or even westerly shear (positive values),
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despite persistent easterly flow in the mid-troposphere along
the MCC track (Fig. 10d). This suggests that the lower tro-
posphere experiences relatively stronger easterly winds than
the mid-level.

Therefore, compared to MCC-north, the longer duration
and longer track of MCC-south are likely associated with a
more favorable pre-existing wind shear structure extending
up to ~ 400 km ahead of the system. According to the RKW
theory, which relates the balance between cold-pool outflow
and vertical wind shear to convective organization (e.g., Ro-
tunno et al., 1988; Schumacher and Rasmussen, 2020; Kir-
shbaum et al., 2025), this shear environment can achieve an
“optimal” balance with the cold pool, effectively interacting
with its outflow to lift warm, moist air, sustain updrafts, and
promote the continued development and forward propagation
of the MCC. These differences between the two MCC cases
highlight the role of latitude and topography in modulating
the impacts of environmental factors on MCS developments.

Finally, we investigate the linkage between the AEJ and
the vertical wind shear associated with the two MCC cases.
The AEJ system, consisting of both a northern and a southern
branch (AEJ-N and AEJ-S), can promote mid-tropospheric
moisture convergence within the right entrance region of
the jet, thereby enhancing rainfall (Uccellini and Johnson,
1979; Jackson et al., 2009). Figure 11a shows zonal winds
at 650hPa averaged over the study period. The AEJ cen-
ters are typically identified by zonal wind speeds exceed-
ing 6ms~!, and their approximate locations in this figure
are consistent with previous studies (e.g., Jackson et al.,
2009). MCC-north and MCC-south are located near the AEJ-
N and AEJ-S, respectively. We define AEJ-N and AEJ-S in-
dices as the domain-averaged zonal winds within the yel-
low boxes and calculate their correlations with vertical wind
shear along MCC tracks. The strength of AEJ-N and AEJ-S
is strongly positively correlated (correlation > 0.7) with the
vertical shear associated with MCC-north and MCC-south,
respectively, based on the temporal evolution of the MCCs
throughout their lifecycles (not shown). This suggests that
the AEJ helps establish the wind shear conditions neces-
sary for MCC developments. This is consistent with previ-
ous studies emphasizing the AEJ’s role in shear propaga-
tion over the West African monsoon region (Nufiez Ocasio et
al., 2020a). However, AEJ-N is notably stronger than AEJ-S
(Fig. 11b vs. 11c) and is associated with weaker low-level
westerlies (lighter pink shading), which may lead to overall
weaker convection in MCC-north.

4 Summary and discussion

This study investigates mesoscale convective processes over
the Congo Basin using MPAS-A. MCSs are objectively iden-
tified, tracked, and classified using the TAMS algorithm for
the period of 21-25 November 2023, during which severe
flooding was observed across the region. The model cap-
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tures key MCS characteristics, including their general west-
ward propagation and typical lifespans, although it produces
higher rainfall magnitudes, consistent with previous studies
(e.g., Raghavendra et al., 2022; Feng et al., 2023b). Among
the identified MCSs, one long-lived and long-track MCC is
well represented in terms of its timing and location, demon-
strating the model’s capability to simulate MCS in the Congo
Basin.

Two MCC cases — one over the southern mountainous re-
gion (MCC-south) and the other over the northern lowland
forests (MCC-north) — are compared to examine the dis-
tinct environmental factors influencing MCC developments.
Overall, MCC-south is larger in size, longer in duration,
and moves over a longer distance than MCC-north. These
differences are accompanied by higher CAPE and greater
low- to mid-level MSE in MCC-south. The contrasting be-
havior is particularly evident during the mid-stage of each
system: MCC-south shows enhanced convection associated
with strong lower- to mid-level convergence and sustained
updrafts, whereas MCC-north exhibits decreased convection,
linked to low-level divergence. These differences reflect the
role of vertical wind shear in MCC developments and its po-
tential balance with the cold pool. MCC-south is associated
with a more favorable pre-existing shear structure extending
up to ~ 400 km ahead of the system, which exhibits a strong
association with Ty variability, along with a moderate cold
pool that provides a supportive environment for MCC devel-
opments according to RKW theory. In contrast, MCC-north
is primarily influenced by wind shear near the system cen-
ter and a stronger cold pool characterized by a temperature
drop of up to 4K and a zonal extent of ~300km, both of
which may inhibit MCC developments. Finally, while AEJ
supports favorable shear (correlation > (.7), an intensified jet
may suppress low-level westerlies and weaken convection.

Compared to previous studies that examined the relation-
ship between Congo Basin MCSs and environmental fac-
tors without quantitative investigations based on MCS tracks
(e.g., Laing and Fritsch, 1993; Nguyen and Duvel, 2008;
Jackson et al., 2009; Laing et al., 2011; Hartman, 2020; Mba
et al., 2022; Nicholson, 2022; Kigotsi et al., 2022; Solim-
ine et al., 2022; Andrews et al., 2024), this study provides a
process-level view of the initiation, development, and prop-
agation of MCSs in relation to environmental conditions
closely tied to MCS tracks, underscoring the importance of
convection-permitting simulations. In contrast to Raghaven-
dra et al. (2022), who employed WREF to study MCSs in the
Congo Basin, this study objectively identifies, tracks, and
classifies MCSs using an automated algorithm, ensuring all
analyses are based on well-captured MCS tracks. Further-
more, the roles of vertical wind shear and the AEJ in MCS
developments are investigated.

This study has demonstrated the capability of MPAS-
A with refined high-resolution mesh in addressing a major
knowledge gap in understanding MCSs and associated rain-
fall over the Congo Basin, an important region for global ter-
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restrial water and ecosystems, where populations are among
the most vulnerable globally. The insights gained have the
potential to inform broader applications in other regions, par-
ticularly those lacking dense gauge networks. Ultimately,
this work advocates for the use of state-of-the-art global
cloud-resolving models to advance our understanding of
MCSs, given their significant role in driving weather ex-
tremes and associated hazards with direct implications for
socio-economic stability and human well-being.

One caveat of this study is the relatively short simulation
period and the limited number of MCS categories, particu-
larly MCCs, which are represented by only two cases. We
focus on the period from 21-25 November in 2023 because
of the extreme runoff anomalies observed over the Congo
Basin during this time. Although the ensemble simulations
are not shown here, we performed additional experiments
to ensure that our conclusions are not affected by model
stochasticity (Sect. 2.2). Because the results from the sen-
sitivity tests closely resemble those of the unperturbed simu-
lation, only the latter is presented in this study. Nevertheless,
this caveat should be noted: while the results appear robust
for the short analyzed period, the results from other MCS
events or longer simulation periods may behave differently.
As a follow-up of this study, we will examine additional
MCS cases over a much longer simulation period and per-
form multiple ensemble simulations using initial conditions
from the Global Ensemble Forecast System (GEFS). We will
also explicitly examine the influence of large-scale atmo-
spheric dynamic fields and land surface conditions (espe-
cially the role of land—atmosphere interaction) on MCSs over
the Congo Basin through numerical experiments by MPAS-
A (e.g., Koster et al., 2004; Imamovic et al., 2017; Nufez
Ocasio et al., 2024). In addition, we will conduct spatial—
temporal, process-based research by incorporating future cli-
mate states and perturbing MPAS-A to better understand oro-
graphic, dynamic, and thermodynamic processes, as well as
diurnal cycles (e.g., Alber et al., 2021).

Code and data availability. All the data used in this study
are freely available online. The links to the data are pro-
vided in the reference. The modified MPAS version 8 to out-
put isobaric variables following MPAS developers can be found
at https://doi.org/10.5281/zenodo.13696552 (Duda et al., 2024;
Nuiiez Ocasio et al., 2025). The latest version of TAMS is in
https://doi.org/10.5281/zenodo.15353123 (Moon and Nuifiez Oca-
sio, 2025). The code and MPAS’s outputs have been uploaded in
https://doi.org/10.5281/zenodo.15758254 (Zhao, 2025).
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