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Abstract

Squall lines are some of the most common types of mesoscale cloud systems in tropical and
subtropical regions. Thunderstorms associated with these systems are among the major
causes of weather-related disasters and socio-economic losses in many regions across the
world. This study investigates the capability of the Weather Research and Forecasting (WRF)
model in simulating squall line features over the South African Highveld region. Two squall
line cases were selected based on the availability of South African Weather Service (SAWS)
weather radar data: 21 October 2017 (early austral summer) and 31 January–1 February
2018 (late austral summer). The European Centre for Medium-Range Weather Forecasts
ERA5 datasets were used as observational proxies to analyze squall line features and
compare them with WRF simulations. Mid-tropospheric perturbations were observed
along westerly waves in both cases. These perturbations were coupled with surface troughs
over central interior together with the high-pressure systems to the south and southeast
of the country creating strong pressure gradients over the plateau, which also transports
relative humidity onshore and extending to the Highveld region. The 2018 case also had
a zonal structured ridging High, which was responsible for driving moisture from the
southwest Indian Ocean towards the eastern parts of South Africa. Both ERA5 and WRF
captured onshore near surface (800 hPa) winds and high-moisture contents over the eastern
parts of the Highveld. A well-defined dryline was observed and well simulated for the
2017 event, while both ERA5 and WRF did not show any dryline for the 2018 case that was
triggered by orography. While WRF successfully reproduced the synoptic-scale processes
of these extreme weather events, the simulated rainfall over the area of interest exhibited a
broader spatial distribution, with large-scale precipitation overestimated and convective
rainfall underestimated. Our study shows that models are able to capture these systems
but with some shortcomings, highlighting the need for further improvement in forecasts.
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1. Introduction
Extreme rainfall events and associated floods in South Africa are largely attributed

to convective rain, usually from isolated thunderstorms or thunderstorms embedded
within large scale cloud bands [1–3] and cut-off low pressure systems [4–6]. Defined as
violent storms localized in scale, thunderstorms are characterized by deep convective
clouds, lightning, thunder, and heavy precipitation, sometimes accompanied by hail. The
development and nature of thunderstorms are studied through comprehensive analyses
using weather radars, satellite products as well as numerical weather and climate models.
Hailstorms, floods, downbursts, tornadoes, and lightning associated with thunderstorms [7]
pose significant threats to property, crops, and livestock, and can lead to fatalities. A
substantial portion of the South African population resides in the eastern part of the
country [8], a region prone to frequent thunderstorms during austral summer. Notably,
studies (e.g., refs. [9–14]) emphasized the expectation that thunderstorms will not only
become more prevalent in the future but also intensify due to the impacts of global warming
and climate change.

South Africa experiences diverse thunderstorm systems, which also include supercell,
single-cell, multi-cell, and Mesoscale Convective Systems (MCSs) [2,15–19]. Our study
focusses on a type of MCS, i.e., squall lines, and an MCS is typically defined as a complex
thunderstorm that organizes into a larger, cohesive structure [15,20]. Earlier investiga-
tions [21–23] indicated that these systems undergo a developmental process lasting from
3 to 6 h or longer and produce both convective and stratiform precipitation. MCSs are
the largest of the convective storm family [22] and are common over the eastern region of
South(ern) Africa [24]. These MCSs are also linked to severe weather events, resulting in ad-
verse socio-economic impacts [25]. Most common MCSs over the Southern African region
are the Mesoscale Convective Complexes (MCCs) and squall lines, both of which cover a
large area and produce heavy rainfall over the region. Squall line thunderstorms are narrow
bands of non-frontal cumulonimbus storms producing intense rainfall along a downdraft
front [26–29]. They are associated with severe weather such as hail, floods, downbursts,
tornadoes, and a high rate of positive lightning, especially in drier regions with trailing
stratiform clouds [30–32]. Despite their damaging potential and impact on infrastructure
and the economy, squall lines remain understudied in Southern Africa, though they account
for about seven percent of multicellular storms over the South African Highveld alone, a
region known for its high frequency of thunderstorm occurrences [2,33].

Numerical Weather Prediction (NWP) models are commonly used in atmospheric
research to study and forecast the behaviour of high-impact events such as squall line thun-
derstorms. The Weather Research and Forecasting (WRF) model is widely used for such
studies since it supports various cloud physics schemes with different complexities [34,35].
In South Africa, the WRF model has been used successfully in the past for seasonal fore-
casting and for the simulation of convective rainfall events where different cloud physics
were adopted (e.g., refs. [36–38]). Due to the complexities that exist for squall line events in
different environments, cloud microphysical schemes are also used to represent physical
processes within the lifecycle of squall line thunderstorms, from initiation all the way to
when the storms dissipate. Cloud microphysical processes usually occur on very small
scales and are therefore commonly represented through parameterization [39–41].
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Different cloud microphysical schemes have been used in models to simulate the
stratiform and/or convective regions of squall lines in different parts of the world (e.g.,
refs. [42–49]). Morrison et al. [43] compared single- and double-moment schemes and
found that the latter produced larger stratiform regions that persist for several hours, which
was credited to the reduced rain evaporation rates in the double-moment scheme. Hong
et al. [44] used both WRF Double-Moment 6-Class (WDM6) and Single-Moment 6-Class
(WSM6) and found that WDS6 simulated better precipitation forecast of both the light and
heavy precipitation of a squall line event in the Great Plains.

A study by Gallus and Pfeifer [42] compared various WRF microphysical schemes,
i.e., the Lin [50], older and newer Thompson [51], WRF Single-Moment 5-Class (WSM5),
and WRF Single Moment 6-class (WSM6) [52,53] for simulating a squall line thunderstorm
in Germany, finding that all these schemes overestimated radar reflectivity in the trailing
stratiform region of the squall line thunderstorm. Similarly, Wu et al. [45] evaluated
different microphysics schemes, including WSM5, WSM6, and Goddard Cumulus Ensemble
(GCE) schemes, over the U.S. Southern Great Plains and found that surface precipitation
and storm structure were sensitive to schemes containing graupel or ice.

Fan et al. [54] and Han et al. [55] conducted a two-part intercomparison study of a well-
observed squall line during the Midlatitude Continental Convective Clouds Experiment
(MC3E) campaign, using a cloud-resolving model with eight cloud microphysics schemes.
Seven schemes were common to both studies, i.e., the Morrison (MORR), Milbrandt–Yau
(MY2), WSM6, Thompson (THOM), NSSL, P3, and Fast Spectral-Bin Microphysics (FSBM).
The eighth scheme was TAMU in Part I and FSBM_NEW in Part II. Fan et al. [54] found
that all simulations overestimated convective regions and vertical updrafts while underrep-
resenting stratiform areas. Han et al. [55] then reported that most schemes underestimated
stratiform precipitation and total rainfall. Over the tropics on the other hand, McCumber
et al. [56] showed that ice microphysics schemes increased stratiform rainfall compared to
liquid-only schemes.

Despite advances in atmospheric modelling, there is still a crucial gap in comprehend-
ing the simulation of squall line features, notably over Africa. While the occurrence of
squall lines was found to be infrequent over South Africa in the past compared to other
storm types, squall lines can account for a significant quantity of rainfall due to their large
spatial scale when they travel across parts of the country [57]. The goal of this study is
therefore to investigate the capability of the WRF model in capturing observed features
of squall line events over the Highveld region of South Africa. This study also explores
how well WRF model simulations reproduce both the stratiform and convective regions in
squall lines over the study area.

2. Data and Methods
2.1. Study Area

This study focusses on the South Africa Highveld indicated in Figure 1, which is
characterized by an elevation exceeding 1400 m and is particularly prone to substantial
number of severe thunderstorm occurrences [58]. This is due to a combination of factors,
including the Highveld region’s elevated topography, abundant summer moisture, and
favourable atmospheric conditions such as instability and frequent dryline occurrences,
which act as lifting mechanisms to trigger severe thunderstorms [59,60]. The Highveld
region is also highly industrialized, with high aerosol loading during spring, and a decrease
in aerosol loading is observed during summer as a result of the wet deposition removal
processes [61]. Tesfaye et al. [61] also mentioned that early summer tends to have higher
aerosols than late summer, which can be attributed to the fact that the country receives the
bulk of its rainfall during late summer [2], which washes away aerosol in the atmosphere.
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Figure 1. Topographical map of South Africa with elevation in metres. The red dashed line indicates
the location of the South African Highveld, while the black dots show location of South African
Weather Service (SAWS) stations, which are used for rainfall distribution for the two squall line
thunderstorm events. The blue box shows the WRF simulation domain.

2.2. Case Study Selection

Two squall line events, which were observed on 21 October 2017 and 31 January/1
February 2018, were selected for this study. The case selection was motivated by the avail-
ability of the Irene’s S-band radar located in the Gauteng province. While the Irene S-band
radar covers the region where both events occurred, the SAWS radar reflectivity composites
were used to provide coverage for a larger region in order to track storm movements even
beyond the study area. The country typically experiences extratropical and conditionally
unstable atmospheric conditions from October to early December, while conditions are
mostly tropical and convectively unstable from late December to February [33,62]. As a
result, the two selected events occur during seasons of different atmospheric instabilities.
These two cases were also amongst the most notable severe weather events, as they led
to significant weather-related disasters and were documented in the SAWS Caelum pub-
lication [63], highlighting both their meteorological and societal significance. Caelum is
a publication managed by SAWS that records and archives weather-related disasters in
South Africa.

2.3. Synoptic Analysis

Observational rainfall data used was obtained from the SAWS automatic weather
and rainfall stations. For circulation datasets, the European Centre for Medium Range
weather Forecasting (ECMWF) ERA5 reanalysis datasets [64] were used as a proxy of
observations in this study, owing to a lack of data availability for weather observations
of most parameters. The ERA5 datasets have a spatial resolution of 0.25◦ and 137 hybrid
sigma/pressure levels in the vertical, with the top level at 0.01 hPa. ERA5 replaced ERA-
interim [65] and has been found to correlate well with observations in all seasons over Africa
when analyzing precipitation [66]. ERA5 was selected for this study due to its high spatial
and temporal resolution, along with strong physical consistency, ensuring that atmospheric
variables evolve in a realistic and physically coherent manner. The SAWS surface weather
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charts were used to complement surface features observed in ERA5 data. The variables
discussed are sea level pressure, geopotential height, horizontal winds, relative humidity,
dew point temperature, and the Convective Available Potential Energy (CAPE). The CAPE
is defined as a measure of how much energy an air parcel would gain by being raised
to a specific height in the atmosphere [67] and contributes to the kinetic energy of the
updraft. Whilst CAPE may be the most preferred index, it does not always bring best
results when it is analyzed alone. Therefore, additional instability indices, namely, the K
Index (K, Equation (1)) and the Total Totals Index (TT, Equation (2)), were also analyzed in
this study. The K assesses thunderstorm potential based on temperature and dew point in
the lower atmosphere, incorporating both lapse rate and moisture content, while the TT
Index indicates the likelihood and severity of thunderstorm development [68].

K = (T850 − T500) + Td850 − (T700 − Td700) (1)

TT = (T850 − T500) + (Td850 − T500) (2)

where T is temperature, and Td is dewpoint temperature in ◦C at the indicated pressure
level in hPa. Subscripts indicate specific pressure levels.

2.4. Model and Simulation Description

The WRF model, version 4.1.2 [35] was used in this study. The WRF model is a
fully nonhydrostatic model and runs at various spatial and temporal resolutions. This
model was selected because it is an open-source model with many microphysics scheme
options with different levels of complexity. The tropical suite was selected because of
the latitudinal location of South Africa, as the country is dominated by both tropical and
subtropical systems. The physics suite selected applies the following schemes: (i) WRF
Single Moment 6-class [69], (ii) new Tiedtke cumulus scheme [70], (iii) Rapid Radiative
Transfer Model (RRTM); Ref. [71] for both shortwave and long wave radiation, (iv) Yonsei
University scheme [72], and (v) Mellor–Yamada–Janjic TKE scheme [73]. The WRF model
was set up to run at a horizontal resolution of 6 km with 390 × 251 grid points over
SA. While the 6 km resolution falls within the grey zone for deep convection [74], the
study kept the cumulus scheme turned on to capture smaller-scale weak convection that
the grid cannot fully resolve, particularly in the trailing stratiform region of squall line
thunderstorms. Stratiform regions often feature under-resolved weak convection that
benefits from parameterization [75]. Therefore, this approach allows for the simulation of
both convective and stratiform portions of squall lines, providing a realistic representation
of total precipitation and squall line thunderstorm structure. A study by Bopape et al. [76]
also found that, at 6 km, turning off the cumulus parameterization did not significantly
weaken the simulation quality, particularly in terms of rainfall distribution over Southern
Africa.

The model domain ranges from latitude −36◦ S to −20◦ S and longitudes 10◦ E to
40◦ E, and the system is centred at −27.5◦ S and 24◦ E, running on Mercator projection. The
model had 33 vertical pressure levels, from 1000 hPa near the surface to a top level of 50 hPa
in the upper atmosphere. The WRF simulation domain, previously shown as part of the
study area in Figure 1, encompasses parts of the adjacent Atlantic and Indian Oceans as well
as neighbouring countries. The WRF system is initialized with the Global Forecast System
(GFS) data, which has the same spatial resolution of 0.25◦ as ERA5. The GFS data has been
used and compared to ERA5 reanalysis data over several regions over Southern Africa in
the recent past (e.g., refs. [48,49,77,78] and proved to capture the synoptic conditions of
events analyzed. The model is initialized with GFS input data at three hourly intervals,
with an integration time step of 36 (dt = 6*dx) seconds, producing forecasts for lead time
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up to 30 h. The model output is written out every 1 h. The first 6 h of each simulation were
discarded as spin-up and not included in the analysis, consistent with previous studies of
severe convection (e.g., refs. [79,80]). The WRF model outputs are then compared to ERA5
datasets. As noted in Section 2.3, ERA5 is used as a reference due to the limited availability
of pressure-level datasets and to provide information on convective and stratiform rainfall
components, serving as a comparison rather than a validation dataset. All the current
simulations were performed on the Council for Scientific and Industrial Research (CSIR),
Centre for High-Performance Computing (CHPC) dell cluster.

2.5. Model Verification

In this study, quantitative statistical verification techniques were applied. The study
used the commonly preferred root mean square error (RMSE), which is calculated as shown
in Equation (3). In addition to the RMSE, coefficient of efficiency (COE), and the correlation
coefficient (r), which have previously been used for WRF model verification for thunder-
storm simulations (e.g., ref. [81]) were also calculated as shown by Equations (4) and (5).
In COE and r, a value of 1 in both statistics indicates a perfect match between the model
output and observation data, while a value of zero indicates no relationship; thus, the
interpretations of these are nearly identical.

RMSE =

(
∑n

i=1(Mi − Oi)
2

n

)1/2

(3)

COE = 1.0 − ∑n
i=1|Mi − Oi|

∑n
i=1
∣∣Oi − O

∣∣ (4)

r =
1

(n − 1)

n

∑
i=1

(
Mi − M

σM

)(
Oi − O

σO

)
(5)

where Oi represents the ith observed value, and Mi represents the ith modelled value for a
total of n observations.

This study also employed the Bias Score (BIAS) and Threat Score (TS) model validation
metrics (Equations (6) and (7)) to assess the performance of the WRF model for the two
squall line events using hourly rainfall data of both the WRF model and SAWS stations.
This method has also been employed in the past for convection studies (e.g., refs. [82,83]).

BIAS =
Nhits + N f alse

Nhits + Nmisses
(6)

TS =
Nhits

Nhits + N f alse + Nmisses
(7)

where Nhits represents the number of hours correctly forecasted to have rain, N f alse repre-
sents the number of hours predicted to have rain but where no rain occurred, and Nmisses

represents the number of hours when rain occurred but was not forecast. A BIAS value
below 1 indicates that the model underpredicts the frequency of hours, whereas a BIAS
above 1 indicates overprediction. The TS ranges from 0 to 1, with values closer to 1 showing
better agreement between the model and observations and thus higher forecast skill.

3. Event Description
3.1. Case 1: 21 October 2017 Squall Line (Afternoon Case)

In the case of the first event that was observed on the 21 of October 2017, SAWS issued
an alert (media release archived on the SAWS website; https://www.weathersa.co.za/,
accessed on 20 April 2025) indicating level 2,3,4 or 5 watch on the impact-based forecasting

https://www.weathersa.co.za/
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scale, which shows that the storm was expected to be associated with high impact. Several
warnings for severe thunderstorms over large parts of South Africa were later issued by
SAWS as an attempt to minimize the resulting impacts. This thunderstorm was reported by
local newspapers (e.g., ref. [84]) to have affected much of South Africa’s interior, including
regions such as the eastern parts of North-West and Free State, Gauteng, Western Bushveld
of the Limpopo province, and the Highveld of Mpumalanga. This event was associated
with a surface trough (Figures 2a and 3a) extending over the northern interior of the country,
which was coupled with mid-tropospheric (500 hPa) perturbations within a general westerly
wave pattern over the highveld (Figure 2a). The trough together with the anticyclonic
circulation of the high-pressure system observed to the southeast of the country created a
significant pressure gradient, which may have been responsible for the onshore advection
of moisture from the southwest Indian Ocean (SWIO) towards most of the eastern parts of
the country.

Figure 2. Mean sea level pressure (MSLP, shaded) and 500 hPa geopotential height (GPH, contours)
during the (a) 21 October 2017 at 12:00 UTC and (b) 31 January 2018/1 February 2018 squall lines at
23:00 UTC.

Figure 3. The SAWS surface weather charts on (a) the 21 of October 2017 and (b) 31 of January 2018
for 14:00 South African Standard Time (SAST). The letters ‘L’ and ‘H’ on the charts indicate low
pressure and high-pressure systems respectively.
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3.2. Case 2: 31 January 2018/1 February 2018 Squall Line (Midnight Case)

A high-impact squall line thunderstorm was observed and confirmed by SAWS on
the 1 of February 2018 in media release documents archives online at the SAWS website
(https://www.weathersa.co.za/, accessed on 20 April 2025) and also available upon request
from the SAWS library. Media reports suggested that this event was associated with
damaging winds and hail, affecting most parts of the Free State Province in the South
African Highveld in the early hours of the day, which led to at least 950 miners being
trapped underground [85]. The Guardian also provided images of damages from this
event, ranging from damaged roofs and roads [85]. Mid-tropospheric perturbations and
jet streaks over southern region of the Highveld were also observed on 31 January 2018,
which extended to the early hours on the 1 of February 2018 (Figure 2b). The middle-level
perturbations were coupled with a surface trough extending over the northern interior of
the country and a zonal structured type-N ridging high [86] in the southern parts of the
country, which was responsible for moisture advection towards the eastern parts of the
country. The interplay of the surface trough and ridging high was also observed in the
SAWS surface chart at 14:00 SAST (Figure 3b).

4. Results and Discussions
The results of this study are presented in four subsections. The first subsection

presents a brief radar analysis for selected times during the squall line events, followed
by a subsection presenting model verification statistics. The third subsection presents and
discusses circulation patterns, both observed and simulated, for the two squall line events in
the South African Highveld. Finally, the last subsection presents 24 h total simulated rainfall
in comparison to the observations. Furthermore, a breakdown analysis of convective and
stratiform rainfall of the squall lines is also presented in the last subsection.

4.1. Radar Analysis

Radar reflectivity composites for both squall line incidents are shown in Figure 4.
These squall line thunderstorm events on the radar plots are characterized by elongated
and continuous bands of high radar reflectivity (>40 dBZ), extending over tens to hundreds
of kilometres. The squall line on 21 October 2017 had a shallow stratiform zone and an
intense convection region marked by an overshooting top (Figure 4a), which is indicative
of a strong updraft and a severe thunderstorm. The radar reflectivity of this event’s
convective zone was more than 57 dBZ (Figure 4a), indicating the possibility of hail and
severe rainfall, which was later reported on SAWS Caelum [63], which is a publication that
archives weather related disasters. This indicates the significance of this case as one notable
weather-related disaster. The storm extended 17.5 km into the upper troposphere as shown
by the radar cross section in Figure 4a. Further investigation of the radar plots for this case
reveals a bow echo. Bow echoes, in general, indicate the risk of destructive winds at the
surface [87]. The storm was moving at a horizontal speed of 49 km/h, as shown in the
radar observations (Figure 4b).

The second squall line, which occurred in the early hours of 1 February 2018, also
featured a line of active cells followed by a large stratiform zone (Figure 4c). This storm’s
radar shows hail probability of 90%, with reflectivity above 50 dBZ (Figure 4c). The storm
exhibited limited vertical development, reaching only about 8 km in height. This case was
also listed in the SAWS Caelum publication. The squall one of 31 January to 1 February
2018 was the fastest of the two cases, moving at a horizontal speed of 58 km/h around
02:30 UTC (Figure 4d).

https://www.weathersa.co.za/
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Figure 4. (a) Radar reflectivity and cross section at 14:42 UTC and (b) forecast speed for the squall line
event of 21 October 2017 squall line at 14:54 UTC. (c) Radar reflectivity, cross section and (d) forecast
speed at 02:30 UTC for the squall line event of 1 February 2018. SAWS radar reflectivity data
composites are analyzed to track the storm movement.

4.2. Verification Statistics

The model verification statistics presented in Table 1 were discussed in Section 2.5.
Observed and simulated rainfall data were compared over a 24 h period for each of the
two case studies. For this evaluation, hourly rainfall data from SAWS automatic weather
stations (AWSs) were used, with one station selected per case study due to the completeness
of the AWS data. The comparison was performed using model output from the grid cells
corresponding to the AWS locations. For the 21 October 2017 squall line event, there is
general agreement between the modelled and observed rainfall across all three verification
statistics (RMSE = 1.96 mm, COE = 0.7, r = 967). For the 31 January to 1 February 2018
event, despite a correlation coefficient (r = 0.962) comparable to that of the 21 October 2017
case and an RMSE indicating reasonable agreement between simulations and observations
(RMSE = 12.19 mm) indicating large errors, COE had negative values, which implies that
this statistic was not in agreement with the other two verification statistics but rather
indicating the substantially overestimate rainfall amount for this case.
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Table 1. Rainfall verification statistics (RMSE, COE, and r) during two squall line events over the
South African Highveld.

Event Date RMSE (mm) COE r

21 October 2017 1.959855 0.703313 0.967335

1 February 2018 12.19444 −0.61467 0.961866

The TS hourly data analysis results show a BIAS of 1.67 and a TS of 0.6, indicating
moderate forecasting skill for the 2017 case (Table 2). This was not the case for the 2018
case, and this corresponded to a BIAS of 7.5 and a TS of 0.13, reflecting very low skill.

Table 2. Rainfall verification results using the BIAS and TS methods for two squall line events over
the South African Highveld.

Event Date Hits Misses False Alarms Bias TS

21 October 2017 0.36 0 0.24 1.67 0.6

1 February 2018 0.08 0 0.52 7.5 0.13

4.3. Circulation Analysis: Observations Versus WRF Simulations of the Two Squall Lines

The ERA5 sea level pressure (SLP) on 21 of October 2017 shows a surface trough
extending over much of the northern central interior of the country, with a high-pressure
system to the southeast of the country during the squall line (Figure 5a). The combination
of cyclonic circulation around the surface trough together with the anticyclonic circulation
of the high-pressure system created a strong pressure gradient, which was responsible for
onshore moisture flow from the SWIO towards most of the eastern parts of the country.
The observed and simulated SLP agree on the latitudinal location for both the Atlantic and
Indian oceans anticyclones (Figure 5b). The source of moisture during the 2017 squall line
event was likely the Mozambique Channel as indicated for both ERA5 and WRF; there
was significantly high RH (>70%) at 800 hPa with horizontal winds towards the area of
interest (Figure 6a,b). The northern and northeastern regions of the Highveld exhibited
higher moisture levels near the surface, in contrast to the drier conditions observed in the
southern and western areas. The WRF simulations demonstrated reliable performance by
reproducing the distinct moisture patterns observed at lower levels of the atmosphere over
South Africa.

ERA5 relative humidity values suggest a middle-level dryness in southern parts of the
Highveld (Figure 6c) on 21 October 2017. However, the presence of moisture in the middle
levels of the atmosphere observed across the northern parts of the Highveld during the
afternoon provided a steady flow of moist air into the storm, which may strengthen the
thunderstorm updraft. This moisture flow sustains and strengthens the updraft, enhancing
the vertical growth of the thunderstorm convective clouds. The WRF simulations had a
somewhat thin layer of fairly high (>70%) moisture content at 500 hPa within the area
of interest, while most of the South African Highveld, just like much of the country,
had a drier atmosphere (Figure 6d). Noteworthy insights from earlier studies, such as
Browning and Ludlum [88] and Johns and Doswell [89] in the United Kingdom and United
States of America, respectively, also emphasized that a moist mid-level atmosphere during
thunderstorms can lead to the formation of stronger downdrafts. This finding was also
echoed by recent work from Miao and Yang [90].



Atmosphere 2025, 16, 1055 11 of 24

Figure 5. ERA5 SLP (a) and WRF SLP (b) on 21 October 2017. (c) ERA5 SLP and (d) WRF SLP on 31
January 2018. The grey box indicates the South African Highveld. The letters ‘L’ and ‘H’ indicate low
pressure and high-pressure systems respectively.

For the 31 of January to 1 February 2018 squall line, WRF was also able to simulate the
general location of large-scale patterns when compared to the observed pressure patterns,
i.e., surface trough, which was observed over the northern interior of South Africa and the
zonal ridging high pressure (Figure 5c,d). While RH was transported from the Mozambique
Channel towards the north-eastern parts of the country extending to the Highveld during
this squall line event, the ridging high played a pivotal role in channelling onshore moisture
flow from the SWIO towards the eastern and southeastern parts (Figure 6e,f) of the country.
This dynamic interaction likely enhanced orographic lifting, contributing to widespread
rainfall over the eastern regions of South Africa where the Drakensberg Mountains are
found.

The middle-level atmosphere for this case exhibited generally drier conditions over
the western half of the country, a consensus observed in both the ERA5 and WRF datasets
(Figure 6g,h) for the 31 January to 1 February 2018 event. However, the comparisons were
not as consistent in the country’s eastern half compared to the western half. The model
largely overestimated the amount of moisture in the mid-troposphere over the eastern parts
of the country, which includes the South African Highveld by ~40%.
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Figure 6. Relative humidity (RH, 0–100%) and horizontal wind vectors at 800 hPa and 500 hPa for
two cases over South Africa. Right panels (a–d): 21 October 2017 (a) ERA5 800 hPa, (b) WRF 800 hPa,
(c) ERA5 500 hPa, (d) WRF 500 hPa. Left panels (e–h): 31 January 2018 (e) ERA5 800 hPa, (f) WRF 800
hPa, (g) ERA5 500 hPa, (h) WRF 500 hPa. The red box highlights the South African Highveld. Both
pressure levels are shown to illustrate the vertical structure and support of storm development.
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Both ERA5 data and WRF simulations for the 21 October 2017 squall line thunderstorm
were able to depict a well-defined dryline (Figure 7a,b) over the Highveld, which often
serves as a triggering mechanism for thunderstorms [59]. The western region was much
drier than the eastern region within the Highveld. In the January to February 2018 case,
neither the observed nor simulated 2m-dewpoint (Figure 7c,d) could exhibit a dryline
over the Highveld, which might be attributed to the fact that the atmosphere is mostly
barotropic at this time of year [33]. This suggests that, through the process of orographic
lifting, the Drakensberg Mountain range to the eastern parts of South Africa (Figure 1)
where the thunderstorm occurred, served as a triggering mechanism for the formation of
the thunderstorm on 1 February 2018 instead of a dryline. The observed and simulated
dryline results in this study agree with the findings of a recent study by van Schalkwyk
et al. [59], which focused on the climatology of drylines over the region and demonstrated
that frequent drylines are observed during early summer over our study area, but these
drylines are typically located far west in the Northern Cape Province as the summer season
progresses.

Figure 7. (a) ERA5 2 m dewpoint (◦C) and (b) WRF 2 m dewpoint on 21 Oct 2017 at 12: 00 UTC.
(c) ERA5 2 m dewpoint (◦C) and (d) WRF 2 m dewpoint on 31 Jan 2018 at 23: 00 UTC. The red box
indicates the South African Highveld, while the green arrow in (a,b) indicates the location of the
dryline.

An analysis of three instability indices was performed during the event’s occurrences
on 21 October 2017: CAPE, K, and TT. The ERA5 data of these indices all concurred that the
atmosphere was unstable (Figure 8a–c) for this event, which favours the occurrence of se-
vere thunderstorms. While the CAPE indicated a very unstable environment (~2000 J/kg),
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the K was around 30 ◦C, and the TT was 45–50 ◦C, indicating a higher likelihood of thun-
derstorm with heavy rain. The WRF simulations captured the general pattern of all three
atmospheric instability indices (Figure 8d–f). The CAPE was accurately simulated, while
both K and TT were underestimated by the WRF model by 10 ◦C and 20 ◦C, respectively.
Simulated K were around 20–30 ◦C and did not favour severe thunderstorm occurrence.
However, it must be noted that this index considers dewpoint temperature and dryness
that can occur at 700 hPa, but, given sufficient moisture below this level (as it is the case
here) and a suitable lifting mechanism, thunderstorms can still occur.

Figure 8. Atmospheric instabilities: ERA5 (a) CAPE (J kg−1), (b) K (◦C), (c) TT (◦C), and WRF
simulated (d) CAPE (J kg−1), (e) K (◦C), (f) TT (◦C) for the 21 October 2017 squall line event at 12: 00
UTC. Atmospheric instabilities: ERA5 (g) CAPE (J kg−1), (h) K (◦C), (i) TT (◦C), and WRF simulated
(j) CAPE (J kg−1), (k) K (◦C), (l) TT (◦C) for the 31 January 2018 squall line event at 23: 00 UTC. The
grey box indicates the South African Highveld.

The observed CAPE values are lower than simulated values, which are favourable for
thunderstorm development for the 31 January/1 February 2018 squall line (Figure 8g,j);
however, CAPE is a crude estimation. Previous studies [91,92] indicated that low CAPE
values together with high shear can lead to a severe thunderstorm, particularly over regions
of moist boundary layers as in the case of this squall line event (Figure 6c,d). Wind shear has
also been linked to the organization of convection in squall line events [33]. The simulated
CAPE at midnight for the 2018 case may be underestimated because temperature drops
around this time, and surface cooling stabilizes the boundary layer, which then suppresses
vertical motions and prevents the atmosphere from becoming sufficiently unstable in the
model. Figure 8h,i show the K (20–30 ◦C) and TT (above 45 ◦C), respectively, both indicating
favourable conditions for the generation of moderate thunderstorms. Simulated patterns
of K and TT-indices (Figure 8k,l) agree with observations.
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Figure 9 presents a comparison between observed maximum radar reflectivity data
from SAWS and WRF model simulations during both squall line events. The observed
maximum reflectivity showed a developing thunderstorm in the northern regions of the
South African Highveld. The WRF model demonstrates a commendable ability in capturing
the development of these thunderstorms. However, a noticeable inconsistency arises as
the model consistently simulated the storms further eastward compared to the observed
data. While both observations and simulations are similar in terms of storm propagation
direction and align with the direction of the originating moisture influx, the simulated
storm location appears to be displaced further eastward.

Figure 9. (a) SAWS maximum reflectivity for 21 October 2017 at 15:00 UTC, (b) for 21 October 2017 at
18:00 UTC, (c) for 1 February 2018 at 03:00 UTC. WRF maximum reflectivity (d) for 21 October 2017
at 15:00, (e) for 21 October 2017 at 18:00 UTC, and (f) for 1 February 2018 at 03:00 UTC. The grey box
indicates the South African Highveld.

Figure 9a shows a well-defined squall line event on the 21 of October 2017 with a very
shallow stratiform region as discussed earlier in Section 2.1. The WRF simulations were
able to reproduce storm cells, which were later developed to form a squall line (Figure 9e).
The primary origin of moisture for the squall line event on 21 October 2017, could be traced
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back to the Mozambique Channel as detailed in Section 2.3. Consequently, the simulated
storm exhibits a marginal eastward displacement in comparison to the observations around
18:00 UTC (Figure 9b), aligning with the trajectory of horizontal winds that transported RH
near the surface.

For the 31 January to 1 February 2018 squall line event, a substantial moisture content
was driven from the SWIO by a prominent ridging high-pressure system (Figure 5c,d).
In comparison to the observed storm location (Figure 9c), this event was simulated to
the southeastern parts of the country (Figure 9f) towards the direction of where RH is
transported from. This may suggest that the simulated storm velocity was higher than the
observed velocity.

4.4. Observed Versus Simulated Rainfall

The SAWS observed rainfall data in this section were interpolated using ArcGIS
version 10 and applied the Inverse Distance Weighted (IDW) approach [93]. The IDW
method of interpolation is known for its simplicity and applicability, making it less prone
to errors during the interpretation of results. It also works well with high-density station
data [93] as in the case of the SAWS density network (Figure 1). The 24 h rainfall totals were
used in this analysis because most SAWS stations report manual rainfall measurements
at daily intervals. During the 2017 case, the Highveld region experienced heavy rainfall
exceeding 50 mm shown by the SAWS data (Figure 10a). The WRF model performed
well in capturing this event, particularly in reproducing the highest rainfall amounts
observed over the eastern parts of Mpumalanga. Both ERA5 and the WRF model were
able to reproduce the rainfall occurrence for this event (Figure 10b,c); however, the WRF
simulated rainfall region was higher than the observed rainfall from SAWS stations. The
WRF model also captures heavy rainfall in the southern regions of the Highveld region
where the squall line of 1 February 2018 occurred (Figure 10d–f). Furthermore, despite
simulating the correct location of the heaviest rainfall, the simulated rainfall was higher
than observed. Further investigation of this study involved a comparative analysis of
convective and large-scale rainfall for ERA5 data and WRF simulations, revealing that
WRF underestimated convective rainfall while overestimating stratiform rainfall in both
cases (Figures 11 and 12). The underestimation of convective rainfall in both cases may be
partly linked to the underestimation of instability parameters, with the K and TT indices in
the 2017 case and CAPE in the 2018 case, all indicating a weaker convective environment
in WRF.

Figure 10. Cont.
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Figure 10. (a) SAWS 24 h rainfall, (b) ERA5 24 h rainfall, and (c) WRF 24 h rainfall on 21 October 2017.
(d) SAWS 24 h rainfall, (e) ERA5 24 h rainfall, and (f) and WRF 24 h rainfall on 31 December 2018.
The black box indicates the South African Highveld.

 

Figure 11. (a) ERA5 24 h convective precipitation (CP) rainfall, (b) WRF 24 h CP rainfall, (c) ERA5
24 h large scale precipitation (LSP), and (d) WRF 24 h LSP on 21 October 2017. The box indicates the
South African Highveld.
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Figure 12. (a) ERA5 24 h convective precipitation (CP) rainfall, (b) WRF 24 h CP rainfall, (c) ERA5
24 h large scale precipitation (LSP), and (d) WRF 24 h LSP on 1 February 2018. The box indicates the
South African Highveld.

5. Summary and Conclusions
This study investigated the performance of the WRF model in simulating squall

line processes over the South African Highveld. The Highveld is an elevated region in
the eastern parts of South Africa that is prominently industrialized and experiences a
high frequency of thunderstorm occurrence, including squall lines. This study applied
observational datasets, including station data, ERA5, and SAWS radar images to examine
the incidence of squall lines and their related significant circulation patterns. Despite its
limitations in resolving fine-scale convective processes, ERA5 remains the most advanced
and reliable reanalysis dataset currently available for studying squall line environments due
to its high spatial and temporal resolution and comprehensive assimilation of observations
in comparison to other reanalysis datasets such as ERA-interim [65], NCEP/NCAR [94],
and MERRA-2 [95]. The observed datasets were compared to the WRF simulations, a model
initialized using GFS data. In this study, ERA5 is used solely for comparison of circulations,
including convective and stratiform rainfall patterns, and not as a validation dataset due
to its coarser resolution compared to WRF. Validation is performed using SAWS station
observational data. The WRF model used the tropical physics suite owing to the latitudinal
location of the study area.

Two squall line events were selected for analysis during the austral summer season,
with the selection guided by radar availability. The first event occurred on 21 October 2017,
and the second occurred from 31 January to 1 February 2018. These events occurred during
different rainfall regimes, i.e., early and late summer rainfall regimes, which are separated
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by a mid-summer dry spell between late December and early January [96,97], which are
typically marked by distinct atmospheric instabilities [33].

The two squall line events were characterized by surface troughs, which extended
over the northern interior of South Africa, coupled with middle-level perturbations. The
2018 squall line also had a prevailing zonal structured ridging anticyclone, which is usually
associated with high-moisture fluxes over the eastern parts of the country [86]. The WRF
model did a good job in reproducing these prevailing large scale circulation patterns during
the squall line occurrence. The model was also capable of capturing surface horizontal
winds and the distribution of moisture. The primary source of moisture for the 2017 squall
line was the Mozambique Channel, while the SWIO provided warm and moist air for the
2018 event. While the horizontal winds and dry conditions in the country’s western interior
at 500 hPa were also well simulated, the model was unable to reproduce the middle-level
moisture content observed in the northern parts of the Highveld for the 2017 event. This
middle-level moisture played a role in sustaining the updraught during the event.

Three atmospheric instability indices were analyzed in this study, i.e., CAPE, K, and
the TT. While CAPE is preferred in most studies, using it in conjunction with other indices
helps in optimizing results. The WRF model simulated all three indices for both cases well,
apart from an overestimation of CAPE for the 2018 event. While the observed CAPE did not
favour thunderstorm occurrence for this event, previous studies (e.g., refs. [91,92]) argued
that low-CAPE values together with wind shear can lead to thunderstorm occurrences. The
2 m-dew point temperature was then analyzed for both the observations and simulations
and showed a well-defined dryline for the 2017 event. The 2018 event was of an orographic
nature, and the dryline was neither observed nor simulated as the atmosphere was mostly
barotropic. The dryline results are also consistent with findings by van Schalkwyk et al. [59]
who proved that dry lines are generally eastward during early summer and further placed
western regions in late summer. The resulting rainfall was also simulated by the model;
however, the simulated region is far larger than observed. The model also underestimates
convective rainfall while overestimating stratiform rainfall. Since convective processes
heavily rely on model resolution, future research could benefit from higher-resolution WRF
simulations to better resolve localized convective rainfall.

This study contributes to the understanding of squall line processes in South Africa,
highlighting the capabilities and limitations of the WRF model in simulating these events.
Beyond contributing to the scientific understanding of squall lines, our study underscores
the critical need for ongoing research and model refinement. Improvements in sub-daily
observing stations, upper air data, and radar observations will also assist in improving
the quality of similar studies in the future. This continuous effort is essential not only for
improving our scientific insights into squall lines but also for providing more dependable
information crucial for effective decision making. As weather-related risks are expected
to continue in the future [98–100], the persistent improvement of models and exploration
of additional research avenues are crucial. These efforts play a pivotal role in enhancing
regional resilience and preparedness to tackle the challenges posed by dynamic extreme
weather conditions.
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