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Abstract: Warnings of severe weather with a lead time longer that two hours require the use of
skillful numerical weather prediction (NWP) models. In this study, we test the performance of
the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Conformal Cubic At-
mospheric Model (CCAM) in simulating six high-impact weather events, with a focus on rainfall
predictions in South Africa. The selected events are tropical cyclone Dineo (16 February 2017), the
Cape storm (7 June 2017), the 2017 Kwa-Zulu Natal (KZN) floods (10 October 2017), the 2019 KZN
floods (22 April 2019), the 2019 KZN tornadoes (12 November 2019) and the 2020 Johannesburg floods
(5 October 2020). Three configurations of CCAM were compared: a 9 km grid length (MN9km) over
southern Africa nudged within the Global Forecast System (GFS) simulations, and a 3 km grid length
over South Africa (MN3km) nudged within the 9 km CCAM simulations. The last configuration
is CCAM running with a grid length of 3 km over South Africa, which is nudged within the GFS
(SN3km). The GFS is available with a grid length of 0.25◦, and therefore, the configurations allow
us to test if there is benefit in the intermediate nudging at 9 km as well as the effects of resolution
on rainfall simulations. The South African Weather Service (SAWS) station rainfall dataset is used
for verification purposes. All three configurations of CCAM are generally able to capture the spatial
pattern of rainfall associated with each of the events. However, the maximum rainfall associated
with two of the heaviest rainfall events is underestimated by CCAM with more than 100 mm. CCAM
simulations also have some shortcomings with capturing the location of heavy rainfall inland and
along the northeast coast of the country. Similar shortcomings were found with other NWP models
used in southern Africa for operational forecasting purposes by previous studies. CCAM generally
simulates a larger rainfall area than observed, resulting in more stations reporting rainfall. Regarding
the different configurations, they are more similar to one another than observations, however, with
some suggestion that MN3km outperforms other configurations, in particular with capturing the
most extreme events. The performance of CCAM in the convective scales is encouraging, and further
studies will be conducted to identify areas of possible improvement.

Keywords: CCAM; high-impact weather; tropical cyclone; cut-off low; cold front; rainfall

1. Introduction

South Africa is located in the subtropics, and therefore, its weather is influenced by
tropical, subtropical and mid-latitude weather systems. Tropical cyclones make landfall

Atmosphere 2022, 13, 1987. https://doi.org/10.3390/atmos13121987 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13121987
https://doi.org/10.3390/atmos13121987
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-2111-4595
https://orcid.org/0000-0002-4941-8016
https://orcid.org/0000-0002-7408-218X
https://orcid.org/0000-0001-8056-8875
https://doi.org/10.3390/atmos13121987
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13121987?type=check_update&version=1


Atmosphere 2022, 13, 1987 2 of 24

along the eastern coast line of southern Africa, and they occassionally impact the north-
eastern part of South Africa [1–5]. The subtropical belt is characterized by high pressure
with the semi-permanent St. Helena and Mascarene highs to the west and east of southern
Africa, with frequent impacts on the Cape south coast, east coast and northeastern parts
of the country [6,7]. When the Atlantic high-pressure systems located to the west ridge
by extending eastward across South Africa (referred to as ridging highs), they transport
moisture from the southwestern Indian ocean into the land [8]). When a ridging high is
coupled with an upper midlatitude system such as an upper level trough or a cut-off low,
heavy rainfall may occur [9–11]. These systems can cause high-impact weather (HIW),
which when coupled with societal challenges may result in major disasters [12].

The World Meteorological Organization (WMO) publishes the state of the climate in
Africa reports on an annual basis [13–15]. These publications report on climate indicators,
extreme weather and climate events, and their impacts on human health, water and
food security, as well as socioeconomic development. The reports all stress a need for
multi-hazard early warning systems (MHEWSs) on the African continent to strengthen
climate resilience and climate change adaptation efforts. MHEWSs can potentially mitigate
the adverse impacts caused by extreme weather events especially regarding the loss of
life and damage to movable property. In his speech on 23 March 2022, the secretary
general of the United Nations, his excellency António Guterres urged for an increase in
coverage of MHEWSs, and the WMO has been tasked to lead efforts to ensure that everyone
has access to MHEWSs in the next five years [16]. An MHEWS has many components
to it, with observations and numerical weather prediction (NWP) models as the basic
requirements for such a system to exist (e.g., [17]).

In South Africa, a number of models are used to forecast weather and to produce
climate predictions and projections. In case of the former i.e., NWP, the South African
Weather Service (SAWS) employs the UK Met Office (Met Office) Unified Model (UM) as its
main operational system [18,19], which replaced the National Centers for Environmental
Prediction (NCEP) regional Eta Model [20,21]. Other NWP models used in southern Africa
for operational purposes are the Consortium for Small Scale Modeling (COSMO) and the
Weather Research and Forecasting (WRF) [22,23]. The three models were compared in
a recent study when simulating HIW events in South Africa, and all three captured the
selected events [24]. The centers responsible for these models are working on replacing
them. The UM is being replaced with LFric [25], which is a cube-based system that offers
quasi-uniform resolution and computational advantages. The Deutchscher Wetterdienst
(DWD) and its partners are in the process of replacing COSMO with the Icosahedral
Nonhydrostatic (ICON) Limited Area Mode (LAM) for NWP purposes [26].

Another model that has been in use in South Africa is the Commonwealth Scien-
tific and Industrial Research Organisation (CSIRO) Conformal Cubic Atmospheric Model
(CCAM) [27]. The model was used in the past for NWP purposes with a grid length of
15 km [18]; however, most of the work completed with the model over South Africa has
focused on climate change projections [3,28,29]. CCAM solves the primitive equations on
a conformal-cubic grid, which is a cube that is conformally projected onto the spherical
Earth’s surface. CCAM was the first full atmospheric model to exploit the computational
advantages and scalability of solving the primitive equations on the quasi-uniform con-
formal cubic grid. CCAM can also be applied with variable resolution to provide higher
resolution over an area of interest, with decreasing resolution as one moves from an area
of interest [30]. CCAM has also been applied successfully as a seamless model, for NWP,
seasonal forecasting and climate change projections in South Africa [31]. CCAM is receiving
increasing attention in South Africa and for building local model development capacity;
due to its seamless nature, it can operate as a global and regional model, and it has been in
use in the country for almost two decades.

The spatial resolution used by models including for NWP has been increasing over
time due to the increased availability of super-computing resources [32]. Well-resourced
NWP centers run downscalings at convection-permitting resolutions. Although CCAM
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has been tested for NWP purposes in South Africa, these tests were performed at lower
resolutions, with grid lengths of more than 10 km [18,31]. In order for CCAM to be
considered for operational forecasting, its performance, especially when simulating HIW,
needs to be tested. CCAM has been tested with a grid length of 4 km over Australia and
found to produce better solar radiation information compared to the global model that
provided the forcing data [33]. In this study, the performance of CCAM when simulating
rainfall is studied for six HIW events in South Africa. The methodology followed in the
study is discussed in Section 2, and the results are in Section 4, with the summary and
conclusions in Section 5.

2. Model, Data and Simulations

Simulations of six HIW events discussed in Section 3 were performed using CCAM.
CCAM is described in Section 2.1, the simulations setup is described in Section 2.2, observa-
tions used for verification are described in Section 2.3 and objective verification measures
are described in Section 2.4.

2.1. Model Description

CCAM was developed at CSIRO, Melbourne, Australia in the 1990s [34]. It is a
non-hydrostatic model, and its differencing is applied using the semi-implicit and semi-
Lagrangian techniques for efficiency. CCAM also uses a reversible staggering of the grid
(R-Grid), switching between the A and C grids. CCAM solves momentum, energy and
mass conservation equations given by Equations (1), (2) and (3), respectively.

dHui
dt

+ m
∂φv

∂xi
+ mRdTv

∂ ln ps

∂xi
+

.
σ

∂u
∂σ

= ( f + fm)v + Nvi (1)

dHT
dt

+
.
σ

∂T
∂σ

− RdTv

cpσ

ω

ps
= NT (2)

dH ln ps

dt
+ D +

∂
.
σ

∂σ
= 0 (3)

Here, u is the flow velocity, T is the temperature, p is the pressure, Tv is the virtual
temperature, φv is the geopotential including virtual temperature contributions, f is the
Coriolis parameter, and Rd is the gas constant for dry air. cp is the specific heat of water
vapor at constant pressure and ω is the pressure vertical velocity. D is the divergence term,
and the various N terms denote contributions from physical parametrizations

The cloud microphysics scheme in CCAM is single moment and based on Rotstayn [35],
and it was extended to include graupel [36]. The radiation scheme is based on the Geophys-
ical Fluid Dynamics Laboratory Coupled Model 3 (GFDL-CM3) and is described in Freiden-
reich and Ramaswamy [37] and Schwarzkopf and Ramaswamy [38]. The turbulent mixing
is represented with a turbulent kinetic energy-based scheme described by Hurley [39]. Cu-
mulus schemes are used to represent the deep convection process that the models cannot
resolve explicitly. Generally, as resolution increases in models, these schemes are switched
off where the understanding is that the convection is resolved. The suggested thresholds
where the convection schemes can be switched off range from about 4 km [40] to around
1 km [41] and 100 m [42]. CCAM represents an interesting case with its variable resolution
mode that implies that the scheme in the model needs to be scale aware, similar to schemes
such as the Multi-Scale Kain–Fritsch [43–45] and Grell–Freitas schemes [46]. CCAM em-
ploys a mass flux cumulus convection scheme, the CSIRO9, which is based on the Arakawa
mass flux scheme [47]. A description of CCAM and its different components can be found
on https://confluence.csiro.au/display/CCAM/CCAM (accessed on 1 September 2022).

2.2. Model Set up

CCAM was run on South Africa’s Centre for High Performance Computing (CHPC)
Dell cluster with 1536 cores of Haswell Intel processors. CCAM was nudged with the

https://confluence.csiro.au/display/CCAM/CCAM
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National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS)
data [48], which runs with a grid length of 0.25◦. The target resolution of the simulations
is a grid length of 3 km, which is considered to be convection permitting [49]. Three
configurations are tested as follows:

• CCAM running with a grid length of 9 km over most of southern Africa shown in
Figure 1a, nudged within the GFS data. This configuration is referred to as MN9km in
this study.

• CCAM running with a grid length of 3 km over South Africa shown in Figure 1b.
The simulations are nudged within the 9 km CCAM simulations above and referred
to as MN3km.

• CCAM running with a grid length of 3 km on the same domain as MN3km shown in
Figure 1b; however, it is nudged directly within the GFS data. This configuration is
referred to as SN3km.

Spectral nudging is applied for surface pressure, air temperature, water vapor and
winds every three hours for MN9km and SN3km, which is the time scale at which the GFS
data are available. For MN3km, the spectral nudging is applied every one hour. Thirty
hour simulations were made for each of the six selected case studies, with the first six hours
being considered as the spin-up period [50]. The names of South Africa’s neighboring
countries are written out in full, while the provinces that will be mentioned later on in the
study are abbreviated in Figure 1b. LP is Limpopo, GP is Gauteng, NW is Northwest, FS is
Free State, MP is Mpumalanga, NC is Northern Cape, WC is Western Cape, EC is Eastern
Cape, and KZN is Kwa-Zulu Natal, which make up South Africa’s nine provinces. The six
case studies will be discussed in Section 3.

Figure 1. The simulation domain where CCAM runs with the highest resolution, with 9 km resolution
across southern African and 3 km across South Africa. The colored contours are altitude above sea
level in m.

2.3. Observation Data

Observed twenty-four hour rainfall data from SAWS were used in this study for
verification purposes. For each of the case studies described in Section 3, the number of
stations that reported twenty-four rainfall exceeds 1000. Specifically, the number of stations
that reported observations successfully is 1454 on 16 February 2017, 1452 on 7 June 2017,
1445 on 9 October 2017, 1357 on 22 April 20219, 1365 on 12 November 2019 and 1271 on 5
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October 2020. The ERA5 reanalysis are considered as observations to indicate the prevailing
synoptic scale circulation at 12h00Z on all the selected days for the case studies. ERA5
reanalyses are the latest climate reanalysis product from ECMWF [51]. ERA5 combines vast
amounts of historical observations into global estimates using the Integrated Forecasting
System (IFS) and data assimilation systems.

2.4. Verification

The Mean Error (ME) and Root Mean Square Error (RMSE) [52] were calculated as
shown below:

ME = F̄ − Ō (4)

RMSE =

√
1
N

Σn
i=1

(
Fi − Oi

)2
(5)

where F represents data from one of the simulations, O represents the observations, i labels
stations, and N is the total number of stations for each of the case studies.

In addition to the ME and RMSE, the Probability of Detecting Yes (PODY), the False
Alarm Rate (FAR), and the Critical Success Index (CSI) are also calculated for a number of
thresholds, starting with 0.1 mm, and then 5 mm, followed by 10 mm and increments of 10
up to 60 mm. The PODY, FAR and CSI are defined based on the contingency Table 1 [52].

Table 1. Contingency table for calculating the skill scores.

Observations

Yes No

Forecast Yes hits (H) false alarms (F)
No misses (M) correct rejects (R)

PODY indicates the proportion of correctly predicted events from total observed
events. PODY ranges between 0 and 1, with 1 being the perfect score, and it is given by:

PODY =
H

H + M
. (6)

FAR indicates the proportion of false alarms to all forecasts, and it ranges from 0 to 1,
with 0 being a perfect score. It is defined as:

FAR =
F

F + H
. (7)

CSI indicates the proportion of hits in all predicted and missed events. It ranges
between 0 and 1, with 1 being a perfect score and is given by:

CSI =
H

H + F + M
. (8)

3. Case Study Descriptions

The cases of weather system occurrences were selected due to their high impact
as well as to ensure there is at least one system to represent the tropics, subtropics and
midlatitudes (Table 2). Five of the selected case studies are listed in the Center for Research
on the Epidemiology of Disasters (CRED) Emergency Events Database (EM-DAT).The
majority of the cases were found to be associated with a cut-off low-pressure system. At the
time of writing, there had already been another cut-off low event that resulted in the loss
of life of over 500 people on 11 April 2022; however, that event is not included in this
study. The twenty-four hour spatial distribution of rainfall associated with each of the six
case studies is shown in Figure 2, while the ERA5 sea-level pressure (shaded colors) and
500 hPa level geo-potential heights (white labeled contours) are shown in the top panel
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of Figures 3 and 4. The corresponding CCAM simulations are from MN9km because it
has a domain size large enough to show circulation extending into the adjacent oceans.
Each of the case studies are discussed below and divided according to synoptic weather
system types.

Figure 2. Observed twenty-four rainfall (mm) on (a) 16 February 2017, (b) 7 June 2017, (c) 9 October
2017, (d) 12 November 2019, (e) 22 April 2019, and (f) 5 October 2020.

Figure 3. The ERA5 reanalysis sea level pressure in shaded colors and 500 hPa geopotential heights
in white labeled contours for (a) 16 February 2017, (b) 7 June 2017, (c) 5 October 2020, and the same
variables for CCAM MN9km (d) 16 February 2017, (e) 7 June 2017 (f) 5 October 2020.
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Figure 4. The ERA5 reanalysis sea level pressure in shaded colors and 500 hPa geopotential heights
in white labeled contours for (a) 9 October 2017, (b) 22 April 2019 and (c) 12 November 2019 and the
same variables for CCAM MN9km (d) 9 October 2017, (e) 22 April 2019 and (f) 12 November 2019.

Table 2. Selected case studies of high-impact weather in South Africa.

High-Impact Event Date Weather System Origin

Dineo Floods 16 February 2017 Tropical cyclone Tropical
Cape Strong winds 7 June 2017 Cut-off low and Cold front Midlatitude
2017 KZN floods 9 October 2017 Cut-off low and ridging high Midlatitude and subtropical
2019 KZN floods 22 April 2019 Cut-off low and ridging high Midlatitude and subtropical
KZN Tornadoes 12 November 2019 Upper level trough and surface trough Midlatitude and tropical

Joburg floods 05 October 2020 Upper trough and surface trough Midlatitude and tropical

3.1. Tropical System

The tropical cyclone case considered in this study is Dineo, which formed on 13 Febru-
ary 2017 in the Mozambique Channel and dissipated on 17 February. The system im-
pacted on a number of southern African countries including Mozambique, Zimbabwe and
Botswana, and it has been a subject for a number of studies. For example, Moses and
Ramotonto [53] assessed the performance of the ECMWF Integrated Forecast System (IFS)
model and GFS on forecasting the system over Botswana and found the GFS to outper-
form the IFS on maximum rainfall location and amount. In Zimbabwe, the system was
used to study the behavior of social workers during disasters, and it was found that the
profession was reactive [54]. The current study focuses on 16 February 2017, when rainfall
was reported over the northeastern parts of South Africa. On this day, the system had
already deteriorated to an ex-tropical cyclone depression as shown in Figure 3 and the
SAWS weather map [55]. The event impacted the northern parts of KZN, the MP and
LP provinces of South Africa (Figure 2a). Ref. Meyiwa [56] studied the event using WRF
and found the model underestimated the rainfall at a number of stations in the northeast of
South Africa.

3.2. Coupled Tropical and Midlatitude Systems

On 12 November 2019, a surface trough coupled with a cut-off low resulted in
widespread rainfall, which was associated with severe thunderstorms. The circulation
plot shown in Figure 4c shows the surface trough over land and an upper-level trough
south of the country. The SAWS synoptic chart indicated the presence of a cut-off low
system on this day [57]. Rainfall was observed over most of the eastern half of South
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Africa (Figure 2d). The amount of rainfall reported, is however, generally less than for
the other events being studied. The thunderstorms resulted in a series of tornadoes in the
midlands of KwaZulu Natal province, in New Hanover. Ref. Mahomed [58] studied the
event using SAWS weather radar data and lightning information and found that the storm
that produced the tornadoes was a supercell. The supercell that produced the tornado was
characterized by a rapid increase in the flash rate followed by a rapid decline, which was
an indication of a tornado on the ground.

An upper-level trough and a surface trough (Figure 3c) occurred on 5 October 2020,
resulting in some flooding in Johannesburg ([59]). Johannesburg is the financial capital
of South Africa and is located in the Gauteng province indicated by GP in Figure 1b.
The SAWS synoptic weather map [60] shows that there was a surface trough to the northeast
of the country. The existence of an upper trough resulted in the heavy rainfall over the
northeastern parts of the country.

3.3. Coupled Subtropical and Mid Latitude Systems

The subtropics are characterized by a high pressure belt which promotes subsidence,
and therefore, rainfall occurrence is considered an anomaly [61]. The unique topography of
South Africa characterized by a sharp escarpment and narrow coasts allows for ridging
anticyclones to be associated with orographic lifting and rainfall. About half of annual
rainfall over the south coast is due to ridging anticyclones [11]. Since the focus of the study
is heavy rainfall, the subtropics are represented by ridging highs that occur in conjunction
with midlatitude systems. Two events are selected, where cut-off low systems occurred
in conjunction with a ridging St Helena high, one on 9 October 2017 and another 22 April
2019. The two events caused flooding, damage to property and loss of life in the KZN
province (Figure 1b). For the April 2019 event, over 80 lives were lost due to flooding and
property damage associated with the severe weather event. The ridging high can be seen
clearly on the SAWS synoptic weather maps [62,63] and ERA5 renalysis (Figure 4a,b) which
also shows the location of the cut-off low systems. The two cases were part of the intense
cut-off low systems analyzed by Muofhe et al. [64] to determine the performance of the
UM in forecasting these systems. The heavy rainfall associated with 9 October 2017 was
restricted to the southeast coast and adjacent interior (Figure 2c), while the 22 April 2019
event resulted in high amounts of rainfall also in the central interior provinces (Figure 2e).

3.4. Midlatitude Systems

A strong cold front [65] (Figure 3b) made landfall over the Western Cape on 7 June
2017, resulting in high waves and strong to gale force winds that caused damage to property.
The event was the focus of a study by Barnes et al. [66] who showed that it was associated
with Rossby wave breaking and an intrusion of high potential vorticity (PV) from the lower
stratosphere. The event also resulted in scattered showers and thundershowers over the
western Cape. Figure 2b shows rainfall associated with this event over the western parts of
the Western Cape as well as parts of the Northern Cape. The event is referred to locally as
the “Cape storm”.

4. Results

This section discusses twenty-four rainfall simulations for the six case studies dis-
cussed in Section 3. Section 4.1 discusses the observed twenty-four hour rainfall across
the country and how it compares to the different CCAM simulations. The distribution of
rainfall across the different stations is discussed in Section 4.2, the verification is discussed
in Section 4.3, and the partitioning of the resolved rainfall versus the convective rainfall
from the cumulus scheme is discussed in Section 4.4.

4.1. Total Rainfall

For all the selected events, CCAM is able to capture the relevant weather systems
and associated rainfall patterns; however, there are some shortcomings. The MN9km
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simulated sea level pressure and 500 hPa of the six events are shown in the bottom panel
of Figures 3 and 4 alongside the ERA5 reanalysis. CCAM and ERA5 synoptic events were
found to be generally similar, and they are aligned with the simulated rainfall that show
that the synoptic systems were captured well. We first show the total amount of rainfall
summed from across all the stations that reported rainfall in Figure 5a. In order to undertake
this comparison, the model rainfall was interpolated to each station locations. Any amount
from 0.1 mm is considered as recorded rainfall. The total observed and simulated rainfall is
highest for two cut-off lows with ridging high systems, followed by the 12 November 2019
event, which was also a cut-off low (Figure 5a and Table 3 columns two to five). The total
observed rainfall is higher than simulated for 22 April 2019, while the opposite is found
for the 9 October 2017 event. For other events with lower rainfall, there is a generally
good comparison between the simulations and observations. The MN3km simulated more
rainfall in general compared to the SN3km and MN9km configurations for the case studies.
This results in this configuration being closer to the observations for the tropical cyclone
Dineo event (16 February 2017), the 2019 KZN floods (22 April 2019), and the 2020 KZN
tornadoes event (12 November 2019). The configuration overestimates rainfall for the Cape
storm (7 June 2017), 2017 KZN floods (9 October 2017) and for the Johannesburg floods (5
October 2020). Regarding total rainfall, it is the best performing configuration of the three
for three case studies.

Figure 5b shows the maximum recorded twenty-four hour rainfall across all the
stations. Some stations recorded rainfall amounts of over 300 mm in a space of twenty-four
hours for the two KZN flood events associated with the highest rainfall amount. For 22
April 2019, all model configurations do not simulate maximum rainfall of over 200 mm,
while for 9 October 2017, the MN3KM simulates rainfall of over 200 mm. The general
message from four of the six events is that the model tends to underestimate the extreme
rainfall events. However, it should be kept in mind that even for the 3 km resolution
simulations, rainfall is averaged over a 3 km × 3 km grid box, whereas rainfall from
stations are recorded at a point. The MN3km configuration simulates a higher maximum
rainfall for three of the six events than the other two configurations where the simulated
rainfall is underestimated. Ref. Meyiwa [56], who used WRF with a 6 km grid length
to simulate tropical cyclone Dineo, found WRF underestimated rainfall in some stations.
Ref. Mugume et al. [67] compared the performance of WRF and COSMO with 7 km grid
length when simulating extreme rainfall events in Uganda and found both models to
underestimate the intensity of the events. MN9km simulates a lower maximum in general;
however, for the highest rainfall event, it simulated a slightly higher maximum compared
to the other two events.

The total number of stations that reported rainfall of over 0.1 mm is shown in Figure 5c
and Table 3 columns six to eight. More stations reported rainfall in the 2019 Kwa-Zulu
Natal floods, which is followed by the 2019 KZN tornadoes event and then the 2017 KZN
events. The model does not capture this effect; the two latter events are associated with
the most stations reporting rainfall, which are followed by the 2019 KZN floods. A general
message for all case studies is that CCAM overestimates the number of stations that report
rainfall; however, the extent of the overestimation is event specific. For example, there is
a big difference between the number of stations that recorded rainfall and those that are
simulated to have recorded rainfall for the 2017 KZN floods and 2019 KZN tornado events.
The configuration with the lowest resolution, MN9km, reports more stations in general than
all the other configurations for four of the case studies; however, the difference between
different model configurations is generally smaller than between all the simulations and the
observations. This result is explored further in Section 4.2 where the rainfall distribution
is discussed.
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Figure 5. Observed and simulated (a) total twenty-four hour rainfall summed across all stations,
(b) maximum twenty-four hour rainfall , and (c) stations that reported more 0.1 mm of rain in a
twenty-four hour period.

Table 3. The twenty-four hour rainfall summed across all the stations that reported rainfall in
columns 2 to 5 and number of stations that reported more than 0.1 mm of rainfall in columns 6 to 9,
for observations, the different CCAM configurations and for the six events.

Total Rainfall Stations Reporting 0.1 mm and Above
High-Impact Event Obs SN3km MN3km MN9km Obs SN3km MN3km MN9km

Dineo Floods 5451.40 4091.24 5147.11 4821.94 284 490 445 637
Cape Strong winds 5016.90 4390.93 5790.66 4578.82 306 386 412 424
2017 KZN floods 11,375.60 12,649.33 15,860.36 13,591.34 643 1019 1036 1051
2019 KZN floods 18,879.90 15,716.36 17,740.54 15,179.72 789 865 870 935
KZN Tornadoes 7671.10 7015.98 7555.30 5816.60 693 1027 1018 1026

Joburg floods 3329.20 3335.51 4523.80 2821.14 268 366 398 373
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We show examples of two cut-off lows with ridging high events that resulted in the
highest amount of rainfall of the six events that occurred in October 2017 (Figure 6) and
April 2019 (Figure 7) to show the spatial distribution of rainfall from observations and the
different CCAM configurations. The shaded colors indicate rainfall of 0.1 mm and above in
a twenty-four hour period. The heaviest rainfall on 9 October 2017 (Figure 6) was observed
in the southern parts of KZN and northern parts of the EC province (Figure 1). CCAM
is able to capture this feature with all the configurations. However, all configurations
extend the heavy rainfall across most of the eastern coastline, which is a feature that is not
observed. The model is able to distinguish well provinces that received rainfall from those
that did not.

The 22 April 2019 event is different from the October 2017 event in that the heaviest
rainfall is not only restricted to the coastal provinces in the east, but NW and FS provinces
(Figure 1b) also received heavy rainfall (Figure 7). For the coast, CCAM once again extends
the heavy rainfall to the north of Kwa-Zulu Natal, which is a feature found for the October
2017 event. A previous study of the same event with a different model, the Met Office
UM, showed the same feature [19]. Another aspect is that the model progressed the
system inland slower than observed. This is shown by the simulated heaviest rainfall
occurring in the western half of the FS province and the northeastern part of the NC
province. The observed heaviest rainfall was in the eastern half of the Free State province
and southwestern parts of the Northwest province. This is in agreement with a previous
study by Muofhe et al. [64] which showed that heaviest rainfall is usually mislocated in
another NWP model, especially in the mature stages of the cut-off low systems.

Figure 6. Observed twenty-four rainfall (mm) on (a) 9 October 2017 and CCAM simulated rainfall
for (b) SN3km (c) MN3km and (d) MN9km, for the same day.
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Figure 7. Observed twenty-four rainfall (mm) on (a) 22 April 2019 and CCAM simulated rainfall for
(b) SN3km (c) MN3km and (d) MN9km, for the same day.

4.2. Rainfall Distribution

We use scatter plots as a start to understand the rainfall distribution in the observations
and the three CCAM configurations. Figure 8 shows these for all six case studies. A perfect
arrangement would be for all the points to be along a 45 degree line, indicating an agreement
in rainfall amount and location between the model forecasts and observations. The x-axis
and y-axis range are set to be similar in all the plots, and the range was set up to include
all the available points. The plots confirms that the model did not capture the highest
observed rainfall amounts with the exception of the 5 October 2020 event where SN3km
simulated a rainfall amount exceeding 80 mm, which was not observed. There is an almost
continuous surface of points between 0 and about 40 mm, the lower range where observed
and simulated frequencies are the highest.

The results discussed in Section 4.1 showed that the number of stations reporting
simulated rainfall is more than those observed. The observed and simulated rainfall was
split into bins to provide an indication of the rainfall distribution across all the stations
(Figure 9). This metric evaluates the model simulated rainfall distribution across a range of
categories without the location penalty [68] associated with traditional skill score. The first
bin is rainfall amounts starting from 0.1 to 5 mm, followed by 5 mm to 10 mm, and then
bins with 10 mm increments up to 60 mm. For all the case studies, the model simulates
a higher frequency of small rainfall amounts than observed. This is at least partially due
to the fact that the model rainfall is averaged into grid boxes of either 9 km × 9 km or
3 km × 3 km in dimension. The tropical cyclone example of 16 February 2017 (Figure 9a)
shows the MN9km configuration as worse performing with four times the number of
stations simulating rainfall than observed. The MN3km is the best performing; however, it
is closer to SN3km than to the observations.



Atmosphere 2022, 13, 1987 13 of 24

Atmosphere 2022, 1, 0 15 of 27

Figure 8. The observation and CCAM simulations scatter plot for (a) tropical cyclone Dineo, (b) the
Cape storm, (c) the KZN 2017 October floods, (d) the KZN 2019 April floods, (e) the KZN 2019
tornadoes and (f) the Johannesburg floods.

The results discussed in Section 4.1 showed that the number of stations reporting
simulated rainfall is more than those observed. The observed and simulated rainfall was
split into bins to provide an indication of the rainfall distribution across all the stations
(Figure 9). This metric evaluates the model simulated rainfall distribution across a range of
categories without the location penalty [68] associated with traditional skill score. The first
bin is rainfall amounts starting from 0.1 to 5 mm, followed by 5 mm to 10 mm, and then
bins with 10 mm increments up to 60 mm. For all the case studies, the model simulates a
higher frequency of small rainfall amounts than observed. This is at least partially due to
the fact that the model rainfall is averaged into grid boxes of either 9 km × 9 km or 3 km ×
3 km in dimension. The tropical cyclone example of 16 February 2017 (Figure 9a) shows
the MN9km configuration as worse performing with four times the number of stations
simulating rainfall than observed. The MN3km is the best performing; however, it is closer
to SN3km than to the observations.

Figure 8. The observation and CCAM simulations scatter plot for (a) tropical cyclone Dineo, (b) the
Cape storm, (c) the KZN 2017 October floods, (d) the KZN 2019 April floods, (e) the KZN 2019
tornadoes and (f) the Johannesburg floods.

For 7 June 2017, the cold front event, 95 stations reported rainfall amounts ranging
between 10 and 20 mm, while for simulations, the number of stations ranges from 61 to 68.
For the 22 April 2019 event, which is the one associated with the most rainfall of the six
cases, the model underestimated the stations with rainfall in the 10–20, 20–30, 30–40, and
40–50 mm bins. For the other events, and bins, the number of stations is generally similar
between the model configurations and the observations. The level of correspondence
between the observation and simulations is explored further in Section 4.3.

4.3. Verification Results

The ME and RMSE as defined in Section 2.4 are discussed here and presented in
Table 4. We use these in conjunction with PODY, FAR and CSI also defined in Section 2.4 to
gain further understanding on the performance of CCAM in simulating rainfall associated
with HIW. All the measures discussed in this section penalise the model for misrepresenting
the rainfall location. The latter scores were calculated for different thresholds, as will be
discussed further. The ME results are aligned with Figure 5, which showed that the model
underestimated the total rainfall for tropical cyclone Dineo, 2019 KZN floods and 2019
KZN tornadoes. For the 2017 Cape storm, the MN3km overestimated rainfall. The general
statistics, as well as the RSME, are similar to each other, showing that there are small
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differences amongst the different model configurations. These results therefore indicate
that the simulations are generally similar with very comparable performance statistics.

Figure 9. The number of stations at which rainfall is simulated in the 0.1 to 5 mm, 5 to 10 mm, and 10
to 60 mm ranges with intervals of 10 mm for all six events in the following order: (a) tropical cyclone
Dineo, (b) the Cape storm, (c) the KZN 2017 October floods, (d) the KZN 2019 April floods, (e) the
KZN 2019 tornadoes and (f) the Johannesburg floods.

PODY provides a fraction of the stations where rainfall was simulated and observed
as a percentage of all hits and misses. A perfect score of 1 occurs when all the grid points
are hits and there are no misses. The results for different thresholds as defined in Section 2.4
are shown in Figure 10. The score for a threshold of 0.1 mm is high across all the six
events, and it drops off generally with higher thresholds at different rates. For tropical
cyclone Dineo, the MN9km and MN3km outperform SN3km up to a threshold of 40 mm.
The MN3km outperforms all the configurations from a threshold of 30 mm and PODY
remains above 0.4 even with a threshold of 60 mm. This is an interesting finding that
illustrates the benefits of multi-nudging results in strongly forced systems such as tropical
cyclones being captured better. Although the different configurations are generally close
to one another in performance, the red line which represents MN3km seems be higher
generally, especially with higher thresholds.
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Table 4. The ME in column 2 to 4 and RMSE in columns 5 to 7 for different CCAM configurations
and for the six events.

ME RMSE
High-Impact Event SN3km MN3km MN9km SN3km MN3km MN9km

Dineo Floods −0.93 −0.32 −0.54 10.43 10.73 10.94
Cape Strong winds −0.42 0.41 −0.4 6.9 7.5 6.7
2017 KZN floods 0.88 3.1 1.53 18.12 20.54 16.89
2019 KZN floods −2.35 −0.84 −2.75 30.45 31.43 28.83
KZN Tornadoes −0.44 −0.38 −0.76 12.51 12.48 11.61

Joburg floods 4.97 0.93 −0.4 8.84 10.13 8.68

Figure 10. The probability of detecting yes score for the three configurations and for all six events in
the following order: (a) tropical cyclone Dineo, (b) the Cape storm, (c) the KZN 2017 October floods,
(d) the KZN 2019 April floods, (e) the KZN 2019 tornadoes and (f) the Johannesburg floods.

Unlike with PODY, a perfect FAR score is 0, which implies that the model should not
simulate rainfall over stations that do not report it. FAR for all six case studies and the
three configurations are shown in Figure 11. For tropical cyclone Dineo, the false alarms are
high for the 0.1 mm thresholds and drop to 0.3 for the next threshold of 5 mm. After that,
these increase gradually, with MN9km as the worst performer from a threshold of 30 mm.
MN3km seems to perform generally better than the other two configurations. For the Cape
storm, there is a similar feature of a higher FAR at 0.1 mm and a lower value at 5 mm. The
false alarms increase as the thresholds increase. MN3km seems to be performing worst in



Atmosphere 2022, 13, 1987 16 of 24

general for this event. The drop to 0 by the MN9km configuration for the 12 November
2019 event is because this configuration did not simulate rainfall above 50 mm; therefore,
there are no false alarms. An increase in FAR indicates that although higher values of
rainfall are simulated, the simulated location does not match the observed location.

Figure 11. The False Alarm Rate for the three configurations and for all six events in the following
order: (a) tropical cyclone Dineo, (b) the Cape storm, (c) the KZN 2017 October floods, (d) the KZN
2019 April floods, (e) the KZN 2019 tornadoes and (f) the Johannesburg floods.

The CSI (Figure 12) provides overall performance by showing the fraction of hits
to all hits, plus false alarms, plus misses. Similar to PODY, the CSI should ideally be 1,
with false alarms and misses being 0. MN3km outperforms the other configurations with
tropical cyclone Dineo. The CSI exceeds 0.3 with thresholds of 30 mm and higher. For the
Cape storm, the model performance is generally similar with MN3km outperforming the
other configurations slightly except with the 40 mm threshold where MN9km is better.
For the 9 October 2017 event, the different configurations perform similarly generally,
with MN9km outperforming the others with the 50 mm and 60 mm thresholds. CCAM
performs better and up to higher thresholds for the more organized events, in particular,
tropical cyclone Dineo and the Cape storm. For 12 November 2019, smaller amounts of
rainfall were distributed across the south and east of the country, and CCAM’s performance
drops off very quickly, reaching zero by a 30 mm threshold.



Atmosphere 2022, 13, 1987 17 of 24

Figure 12. The Critical Success Index for the three configurations and for all six events in the following
order (a) tropical cyclone Dineo, (b) the Cape storm, (c) the KZN 2017 October floods, (d) the KZN
2019 April floods, (e) the KZN 2019 tornadoes and (f) the Johannesburg floods.

4.4. Subgrid vs. Resolved Rainfall

This section of the study looks at the comparison between the convective rainfall
produced by the convective scheme and the total rainfall for all three configurations.
The interest in this regard is to see if the contribution of the convection scheme to total
rainfall decreases with higher resolution. For the configurations being studied here, we are
more interested in how the 9 km grid compares to the 3 km grid. This is because for any
subgrid model, the expectation is that reliance on parametrization reduces as resolution
increases [69]. With CCAM allowing a variable resolution configuration, the schemes need
to adjust with different resolution, automatically.

Rainfall maps similar to Figure 13 were produced for all the events to compare the
amount of convective rainfall to total rainfall. The upper row shows total rainfall from
MN9km and MN3km, while the lower row shows the corresponding convective rainfall.
The MN9km convective rainfall (Figure 13c) has higher values of rainfall compared to
MN3km (Figure 13d). This means the CSIRO9 cumulus scheme produces less rainfall at
3 km compared to at 9 km which is a desired effect indicating that the scheme is scale aware.
MN3km simulated heavier total rainfall in general, which the figure shows is a result of
resolved rainfall not the convective scheme. The discussions above showed that MN3km
has better skill in capturing extreme rainfall events, and this figure suggests that it is a
result of higher resolution and the heavy rainfall being captured.

To confirm that the convective rainfall is lower at high spatial resolution for all the
selected events, a bar chart that corresponds to Figure 5 was prepared to indicate how
convective rainfall compares to total rainfall. The results are shown in Figure 14, where
Figure 14a shows that the contribution of convective rainfall to total rainfall is higher
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when a grid length of 9 km is used compared to the 3km configurations. The contribution
is especially higher for the Dineo tropical cyclone and the KZN tornadoes event. The
convective rainfall contribution to total rainfall with the 3 km configurations is less than
10% for most of the events. The results indicate that the convection schemes should not be
switched off completely when a grid length of amount 3 km is used. The results support
Roberts [41], who recommend that the cumulus schemes remain on at these resolutions
but be applied in a reduced manner. The results from our study also indicate that the
contribution of the convective schemes to total rain differs for different weather systems,
suggesting that scale-aware schemes should be applied instead of schemes that need to be
switched off manually at a certain resolution.

Figure 13. CCAM simulated twenty-four rainfall (mm) on 22 April 2019 for (a) MN9km and (b)
MN3km, and convective rainfall from the cumulus scheme for (c) MN9km and (d) MN3km.

The maximum convective rainfall simulated for the two events is also comparatively
high relative to the maximum of the total rainfall at above 80% (Figure 14b). For the other
events including the two with highest total rainfall, the maximum convective rainfall is less
than 0.3 of the total maximum rainfall. This shows that most of the rainfall from the heavy
rainfall events was resolved by the model. Figure 14c shows the percentage of stations
where convective rainfall of over 0.1 mm was simulated. This result shows that a high
percentage of stations do simulate convective rainfall—even with a grid length of 3 km,
although the contribution to total rainfall is less with higher resolution.
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Figure 14. Percent contribution of convective rainfall to (a) total rainfall, (b) maximum rainfall and
(c) number of stations reporting rainfall of more 0.1 mm of rain.

We also prepared the scatter plot of convective to total rainfall shown in Figure 15.
The convective rainfall is added to the resolved rainfall to give total rainfall; therefore,
the points in these plots are limited to the 45 deg line and lower because the convective
rainfall cannot exceed the total rainfall. For the two events with the highest contribution of
convective rainfall to total rain, there are points along 45 deg line indicating that, for some
stations, the total rainfall was a result of convective rainfall only. For the other events,
the convective rainfall is below 20 mm.

Figure 14. Percent contribution of convective rainfall to (a) total rainfall, (b) maximum rainfall and
(c) number of stations reporting rainfall of more 0.1 mm of rain.

We also prepared the scatter plot of convective to total rainfall shown in Figure 15.
The convective rainfall is added to the resolved rainfall to give total rainfall; therefore,
the points in these plots are limited to the 45 deg line and lower because the convective
rainfall cannot exceed the total rainfall. For the two events with the highest contribution of
convective rainfall to total rain, there are points along 45 deg line indicating that, for some
stations, the total rainfall was a result of convective rainfall only. For the other events,
the convective rainfall is below 20 mm.
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Figure 15. The total simulated rainfall to convective rainfall scatter plot for (a) tropical cyclone Dineo,
(b) the Cape storm, (c) the KZN 2017 October floods, (d )the KZN 2019 April floods, (e) the KZN
2019 tornadoes and (f) the Johannesburg floods.

5. Summary and Conclusions

Warnings of extreme weather with a lead time longer than 2 h require the use of
NWP models [32]. In this study, we analyzed simulations of rainfall associated with six
HIW events in South Africa. The events were selected to provide a mixture of tropi-
cal, subtropical and midlatitude influence.The selected events are tropical cyclone Dineo
(16 February 2017), the Cape storm (7 June 2017), the 2017 KZN floods (10 October 2017),
the 2019 KZN floods (22 April 2019), the 2019 KZN tornadoes (12 November 2019) and the
2020 Johannesburg floods (5 October 2020). All the selected events resulted in damage to
property, displacement of people and loss of life in some circumstances. The model used
is the CSIRO developed CCAM, which is the first model to use a cube-based dynamical
core. The model has been used successfully in South Africa for NWP, seasonal forecasting
and climate change projections [31]. Although CCAM has been used for NWP in South
Africa, the grid length used exceeded 10 km [18]; here, we test CCAM with a 9 km and
3 km grid and therefore in the convective scales. Three configurations are compared as
follows: (1) CCAM running 9 km across southern Africa nudged within the GFS [48]
(MN9km), (2) CCAM running with a grid length of 3 km over South Africa nudged in the
9 km CCAM simulations (MN3km) and (3) CCAM running with a grid length 3 km over
South Africa nudged within the GFS directly (SN3km). SAWS rainfall observations are
used for verification purposes, and CCAM simulations are matched to the station points
using bilinear interpolation.

All CCAM configurations were able to capture the synoptic weather system and rain-
fall for all six events. The rainfall analysis made includes measures that do not disquality

Figure 15. The total simulated rainfall to convective rainfall scatter plot for (a) tropical cyclone Dineo,
(b) the Cape storm, (c) the KZN 2017 October floods, (d ) the KZN 2019 April floods, (e) the KZN
2019 tornadoes and (f) the Johannesburg floods.

5. Summary and Conclusions

Warnings of extreme weather with a lead time longer than 2 h require the use of
NWP models [32]. In this study, we analyzed simulations of rainfall associated with six
HIW events in South Africa. The events were selected to provide a mixture of tropi-
cal, subtropical and midlatitude influence.The selected events are tropical cyclone Dineo
(16 February 2017), the Cape storm (7 June 2017), the 2017 KZN floods (10 October 2017),
the 2019 KZN floods (22 April 2019), the 2019 KZN tornadoes (12 November 2019) and the
2020 Johannesburg floods (5 October 2020). All the selected events resulted in damage to
property, displacement of people and loss of life in some circumstances. The model used
is the CSIRO developed CCAM, which is the first model to use a cube-based dynamical
core. The model has been used successfully in South Africa for NWP, seasonal forecasting
and climate change projections [31]. Although CCAM has been used for NWP in South
Africa, the grid length used exceeded 10 km [18]; here, we test CCAM with a 9 km and
3 km grid and therefore in the convective scales. Three configurations are compared as
follows: (1) CCAM running 9 km across southern Africa nudged within the GFS [48]
(MN9km), (2) CCAM running with a grid length of 3 km over South Africa nudged in the
9 km CCAM simulations (MN3km) and (3) CCAM running with a grid length 3 km over
South Africa nudged within the GFS directly (SN3km). SAWS rainfall observations are
used for verification purposes, and CCAM simulations are matched to the station points
using bilinear interpolation.

All CCAM configurations were able to capture the synoptic weather system and rain-
fall for all six events. The rainfall analysis made includes measures that do not disquality
the model for mirepresenting the rainfall location such as total and maximum rainfall across
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all the stations as well as the rainfall distributions. The traditional measures, in particular,
the ME, RMSE, PODY, FAR and CSI that penalise the model for missing the location are
also used.The total amount of rainfall summed across all the stations was found to be
generally similar between CCAM and the observations. For the events with the most
rainfall, the two KZN floods, CCAM was found to underestimate the maximum rainfall
by more than 100 mm. For the events with lessor rainfall, the peaks were not missed by
much. Other previous studies have also found that WRF and COSMO models struggle
with capturing the extreme events using grid lengths of 6 and 7 km over northeast South
Africa and Uganda (e.g., [56,67]). In a thunderstorm study conducted by Keat et al. [70], it
was found that the UM was not able to simulate the intensity of the extreme thunderstorms
in the northeastern parts of South Africa.

CCAM captures the location of rainfall in general; however, there are shortcomings.
For example, for the KZN floods, CCAM extends the heavy rainfall across the whole coast
of KZN, while the heaviest rainfall was only observed in the south and north of the Eastern
Cape. This feature was also found in the UM using grid lengths of 4.4 and 1.5 km [19].
CCAM also mislocated the inland heavy rainfall, advancing it slower than observed. This
mislocation of rainfall with cut-off low systems was also found by Muofhe et al. [64]
using the UM. On rainfall distribution, CCAM was found to generate a larger rainfall area
compared to observations resulting in more stations simulating rainfall than observed.
The use of intermediate nudging for MN3km seems to produce some differences that are
positive. For example, the MN3km improves the maximum rainfall forecast compared
to the other configurations. In the case of tropical cyclone Dineo, MN3km was found to
perform much better even with higher thresholds going up to about 60 mm. This result
suggests that reducing the resolution jump may have some benefit even when the stretched
grid downscaling approach is applied.

The study can conclude that CCAM is able, in general, to capture the HIW events
in South Africa. Shortcomings in CCAM were also found in other NWP models [64,67],
COSMO, WRF and UM used for NWP purposes within SADC [22–24] in previous studies.
Further studies on CCAM will include sensitivity studies with the cloud microphysics,
planetary boundary layer and cumulus schemes with HIW events, and cases with limited
synoptic forcing.
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