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Abstract

Rising surface air temperatures, coupled with delays in the onset of austral summer rains and
increased fuel load have amplified forest fire risk over southern Africa. This study investigates
interactions between climate change and fire risk in South Africa’s northern savanna biome.
We employ the CCAM model to simulate the reference climate and project future forest fire
risk on the savanna. An ensemble of six CMIP5 GCMs were downscaled to 8 km to project
climate change in the far-future (2080 to 2099) under RCP8.5 emission scenario. The models
were validated using ERAS5-Land reanalyses whilst future projections focused on the 10th, 50th
and 90th percentiles. The frequency of high fire risk days was calculated using a McArthur
Forest Fire Danger Index (FFDI) which links meteorological variables to fire danger. The
ensemble simulated widespread temperature rises of between 4.5 and 6 °C across the savanna,
whilst rainfall is projected to decline by up to 20 mm/month, with corresponding decreases in
minimum relative humidity. Heat wave days are projected to increase to above 8 days per
annum, whilst soil moisture deficiency increases by above 50 mm on the savanna.
Consequently, mean annual high fire danger days are projected to reach a peak frequency of
25 days in October, with an autumnal secondary peak. Spatially, greater increases in high FFDI
days were projected over the western savanna extending toward neighbouring Botswana. This
study contributes to understanding fire risk under unprecedented temperature rises which
appear to be modulating fire intensity in the study region.

Keywords: Climate change; Fire risk; Fire regimes; Keetch-Byram Drought Index; McArthur
Forest Fire Danger Index; Savanna



1 Introduction

Fire plays a significant role in the earth system, and regardless that some terrestrial ecosystems
are fire sensitive, wildfires are not foreign ecological disturbances (Bowman et al. 2020;
Cochrane et al. 2021). Sub-tropical and tropical ecosystems require frequent fire to curb woody
plant encroachment since fire is important for the structure, composition, and dynamics of areas
(Gordijn et al. 2018). Savanna fires occur frequently, mostly in tropical regions (Flannigan et
al. 2009). African savannas are fire prone ecosystems, with most wildfires occurring during the
dry season (Laris et al. 2020). In most of subtropical Africa, the dry season lasts for half of the
year due to the migration of the tropical rain belts. The distinct dry and wet seasonality in
Africa directly affects fuel moisture, fuel load and fire intensity, which vary from season to
season (Platt et al. 2015). Besides, wildfire occurrence and behaviour have been evolving
during recent decades in several regions worldwide, becoming more severe and more frequent
(Keeley and Syphard 2021).

Whilst landscape fires may even have some positive effect on some vegetation species,
wildfires are often intense and with devastating impacts (United Nations Environment
Programme 2022). Wildfires occur in ecosystems as a function of climate, human activities,
and vegetation types (Cochrane et al. 2021). Humans have altered factors that shape fire
regimes by changing timing of ignitions, climate and fuels (Archibald 2016; Rogers et al.
2020). Other factors that shape fire regimes include fire frequency, severity, intensity, type,
seasonality and spatial scale (Cochrane et al. 2021). By far, most wildfires are ignited by human
interactions with landscapes which influence flammability (Viedma et al. 2018). Thus, impacts
of human factors on wildfires override the role which climate plays and their varying nature
makes them complex (Viedma et al. 2018). Variations caused by human factors involve
decreasing fires through enforcing suppression policy or increasing fire activities due to Land
Use/Land Cover changes (Bajocco et al. 2019; Schmidt and Eloy 2020).

A large proportion of burned areas and biomass emissions around the globe are identified in
African savannas (Platt et al. 2015). Biomass burning is a significant source of atmospheric
pollutants (gasses and particulates) at regional and global scales (Crutzen et al. 1979).
Atmospheric gases such as carbon monoxide (CO), carbon dioxide (COz), methane (CHa4),
volatile and semi-volatile organic compounds, aldehyde, organic acid and inorganic elements
and particulate matter (PM) are released during burning of biomass materials (Yadav and Devi
2019). The continuous emission of COz into the atmosphere stimulates growth of vegetation
biomass (Hovenden et al. 2019). Emissions and increases of COz in the atmosphere are caused
by fossil fuel burning, and the elevated levels of CO: stimulate growth in some vegetation
species (Lobo et al. 2022).

Climate is one of the contributing factors that define fire regimes with the interaction of
topography and available fuels (Countryman 1972; Kasischke and Hoy 2012). Most large fires
that occur worldwide are influenced (ignition and propagation) by prevailing weather
conditions (Duane and Brotons 2018), hence directly affecting vegetation moisture content and
fire behaviour, which becomes extreme under high temperatures, low humidity and windy
conditions (Pifiol et al. 1998). Land use change and associated climate related stress factors
induced extreme events such as droughts and heatwaves which influence the occurrence of
wildfires (Roces-Diaz et al. 2021). Accumulated dead biomass and other fine flammable fuels
are vulnerable to ignite under strong winds while inducing high intensity fires (de Groot et al.
2010).



The southern Africa region is largely a semi-arid region with strong warming induced by the
descending branches of the Hadley cell (Mahlobo et al. 2019). The main rainy season occurs
during the austral summer months from October to April influenced by tropical-extratropical
cloud bands or tropical-temperate troughs (TTTs) that contribute nearly half of the regional
summer rainfall (Harrison 1984; Hart et al. 2010, 2013). The main synoptic weather system
that affects fire regimes over the southern Africa region is the subtropical high-pressure belt
which is divided by the continent yielding a continental high, the South Atlantic Ocean High
and the Indian Ocean High (Tyson and Preston-Whyte 2000; Dyson and van Heerden 2002).
Subsiding air suppresses precipitation, sunny and clear skies prevail enhancing drying of fuels
during winter season over southern Africa (van der Walt and Fitchett 2020). The austral winter
season over South Africa corresponds with the dry season over much of the subcontinent and
the airflow is predominantly dry, anticyclonic, and subsiding (Tyson and Preston-Whyte 2000).
Strong drainage foehn-type winds locally known as berg (mountain) winds are associated with
most large fires and heat waves that occur near the coasts in South Aftrica. This occurs ahead
of a cold front, when air from the continental high over the interior plateau descends a 1000 m
high escarpment towards a coastal low, warming adiabatically in the process (Tyson and
Preston-Whyte 2000).

Typically, intense dry spells occur when a mid-tropospheric anticyclone (Botswana High)
develops over Namibia/Botswana coupled with ocean warming east of Madagascar drives
atmospheric moisture away from the continental interior (Chikoore and Jury 2021). The
Botswana High is found to have strong positive correlation with dry spell (drought) frequencies
and extreme temperature days during summer over southern Africa (Driver and Reason 2017).
Extreme drought conditions occur over southern Africa under strong Pacific El Nifo
conditions, a strengthened westerly jet stream and a positive Indian Ocean Dipole mode
(Chikoore and Jury 2021). Dry and hot conditions create conditions suitable for drying of the
fuel load and forest fire ignition through spontaneous combustion. Several other studies have
considered the significant role of weather and climate variables on wildfire activity (e.g.,
Engelbrecht et al. 2015; Keeley et al. 2016; Kraaij et al. 2018).

Climate change disturbances to ecosystems are expected to intensify in future with catastrophic
events such as prolonged droughts affecting the tropical savannas (Sankaram 2019).
Furthermore, the tropical savanna climate is projected to become more vulnerable to extreme
heatwaves, high fire frequencies, and loss of vegetation cover (Hoffmann et al. 2002). The
onset of the summer rainy season is projected to delay considerably by 2070-2099 across
southern Africa (Wainwright et al. 2021; Engelbrecht et al. 2015), through considerable drying
in the austral spring. As the climate gets warmer, precipitation becomes more intense but less
frequent which affects health of ecosystems. Rainfall intensity directly affects soil water
availability from the surface to the deeper soils. An increase in rainfall amounts enhance deep
soil water availability which in turn supports rapid growth of woody plants that have deep roots
systems resulting in bush encroachment in savanna ecosystems (Engelbrecht and Engelbrecht
2016; Berry and Kulmatiski 2017).

The Koppen-Geiger climate zones are also projected to change when global temperatures
increase by up to 3 °C (Engelbrecht and Engelbrecht 2016). High-resolution regional climate
models showed south-westwards expansion of tropical savanna zone to South African east
coast and invasion of woody cover into grasslands (Engelbrecht and Engelbrecht 2016). In
addition, the semi-arid region is observed to have shifted hundreds of kilometres eastwards
across South Africa (Jury 2021). There are also large uncertainties in future projections of
vegetation biomes across Africa due to climate and CO2 changes. Improved high resolution



model simulations of these impacts may provide highly flexible strategies for climate change
adaptation (Martens 2020).

Climate change induced unprecedented increases in surface air temperatures over southern
Africa due to heavy use of fossil fuels as the main source of energy, associated with high carbon
emissions. By the end of this century (2100), global warming levels are projected to have
increased by up to 4 °C in this region under the SSP5-8.5 worst-case emission scenario
(Engelbrecht and Monteiro 2021). Global Climate Model (GCM) projections under the 1.5 °C
global warming level have projected South Africa becoming warmer and drier in the middle of
the near future term from 2021 to 2040 (Engelbrecht and Monteiro 2021).

It is against this background that this study uses high-resolution climate simulations for the
Limpopo province, South Africa to asses future climate change and future changes in fire risk
in the study region. The paper is divided as follows: the data and methods are presented next;
Sect. 3 presents baseline climatologies of key fire weather variables and indices, whilst future
climate change projections are detailed in Sect. 4; a synthesis of key findings and conclusion
are provided at the end.

2 Data and methods
2.1 Study area

This study focuses on the north-eastern region of South Africa, a largely semi-arid region that
shares its boundaries with Zimbabwe (north), Botswana (west), and Mozambique in the east
(Fig. 1). The savanna biome, but with patches of grassland, forest and alluvial fans distinctively
occupies the area (Val et al. 2021; Moshobane et al. 2021). The study area includes the
renowned Kruger National Park on the eastern boundary, one of South Africa’s largest wildlife
reserves. Due to the aerial extent of the study region downscaling was necessary to obtain high
resolution simulations of climate change projections and the future climate impacts on fire risk
in the study area.

The Limpopo savanna is located in a semi-arid region associated with high temperatures
significantly influenced by its location in the subtropics where the subtropical highs are
dominant. Once established, the mid-tropospheric Botswana High induces summer drought
and high temperatures or heat waves over southern Africa (Chikoore and Jury 2021). Drought
events are often accompanied by extreme heat waves over the region (Lyon 2009, Chikoore
and Jury 2021, Nembilwi et al. 2021) establishing compound extremes which often increase
forest fire risk. Extreme maximum temperatures are influenced by climate change, through
mid-level high pressure systems that subside as part of the Hadley cell cause high frequency
heatwaves (Engelbrecht et al. 2015).
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Fig. 1. The geographical location of South Africa on the African continent and the distribution of the
savanna biome. This study focuses on the northern savanna (shown in orange) dominating the Limpopo
Province. 2.2. Observation data

We employ the state-of-the art ERAS5-Land reanalysis datasets (Mufioz Sabater et al. 2021) as
the ‘observed’ data, which are available from the ECMWF at monthly temporal resolution.
Essentially, the ERA5-Land reanalysis is gridded at a spatial resolution of 0.1° x 0.1°
equivalent to 9 km using a reduced Gaussian grid (TCo1279) (Mufioz Sabater et al. 2021).
Whilst the ERAS-Land data are available from 1950 to present, the designated period for the
reference climate in this study is from 1961 to 1980. Surface air temperature (t2m) was the
main observed variable which was used to analyse long term trends from 1961 to 2020.
Temperature was also to investigate models’ performance used in the study.

2.2 Coupled models

This study employed six (6) GCMs (see Table 1.) from the CMIP5 suite computed under the
RCP8.5 (this representative concentration pathway represents the business-as-usual emission
scenario). Dynamical downscaling of the six GCMs was performed by means of a regional
climate model (RCM) (i.e., the Conformal-Cubic Atmospheric Model (CCAM)) to obtain a
comparatively high spatial resolution of 8 km over the study area. The CCAM, originally
developed at Australia’s Commonwealth Scientific and Industrial Research Organisation
(CSIRO), is based on a variable-resolution conformal-cubic grid to simulate regional scales
barring lateral boundary conditions (McGregor 2005; Thatcher et al. 2015). It is among the
first “cube-based three-dimensional” (3-D) atmospheric models avoiding lateral boundary
stipulations and allows coupling together with the “global and regional spatial scales” on an



equal grid (Thevakaran et al. 2015). The model uses a non-hydrostatic, semi-implicit, and semi-
Lagrangian dynamical core that is cost-effective for regional climate modelling due to semi-
Lagrangian methods that allow longevity of time-step (McGregor 2005). It also has a sizable
sequence of physical parameterizations to calibrate forces and energy transformation to
describe the behaviour of the radiation, convection, aerosols, cloud microphysics, boundary
layer turbulence, gravity wave drag, and land surface (Thevakaran et al. 2015).

Table 1. Six CMIP5 downscaled Global Climate Models

Models Resolution Institution Source
Australian Community Climate and Earth System Simulator  Horizontal scale of 1-2 Commonwealth Scientific and Bietal
Coupled Model (ACCESS-CM) Km Industrial Research Organisation (2013)
The Community Climate System Model (CCSM) version 4 Atmosphere and land resolu- National Center for Atmospheric Gent et
tion of 1¢ Research al (2010)

Centre National de Recherches Meteorologiques Climate Horizontal 1.4% and Centre National de Recherches Voldoire
Model (CNEM-CM) version 5.1 Ocean 1° Meteorclogiques-Groupe d'etudes  etal

de I’ Atmosphere Meteorologique (2013)
Geophysical Fluid Dynamics Laboratory Earth System Mod- Horizontal 2° to 1° and ocean Geophysical Fluid Dynamics Dunne et
els (GFDL-ESM) version 4.1 17 to 0.5° Laboratory al (2020)
Max Planck Institute Earth System Model (MPI-ESM) ver- Horizontal resolution T127  Max Planck Institute Miiller et
sion 1.2 (~100 km) and Ocean 0.4° al. (2018)
Norwegian Earth System Model (NorESM) version 2 Horizontal 2° University Corporation for Atmo- Seland et

spheric Research al (2020)

In addition to 2 m maximum temperature (tmax), the ensemble of six models simulates
precipitation (rnd24), 10 m wind (ul0), minimum relative humidity (rhmin), heatwave days,
Keetch-Bryam Drought Index (KBDI). The variable “heatwave days” refers to the number of
days under heatwave conditions in a certain area. While it is acknowledged that several
definitions of heatwaves exist in the refereed literature, heatwaves are defined as the period of
at least three consecutive days whereby an average maximum temperature of the warmest
month is exceeded by a threshold of 5 °C at a specific location over the study area (Mbokodo
et al. 2020).

The KBDI index (Keetch and Bryam 1968) is an index widely used in evaluating the conditions
conducive for wildfire activity (Gannon and Steinberg 2021). was employed to simulate soil
moisture deficiency over the savannas. The KBDI index is a measure of soil moisture
deficiencies in the topsoil and has been used in forest fire risk assessment (NIDIS 2022). The
KBDI is derived from ground-based estimates of precipitation and temperature and hence
evapotranspiration to estimate surface soil moisture deficits (Gannon and Steinberg 2021). In
millimetres, the index ranges from 0 to 200, with 200 being the worst drought (extremely dry)
possible and 0 indicating no soil moisture deficiency (NIDIS 2022). Essentially the higher the
KBDI value, the higher the risk of forest fire.

To determine the impact of rising surface air temperatures on fire risk on the South African
savannas, we employed the McCarthy Forest Fire Danger Index (FFDI) to calculate the number
of days per annum with high fire danger. The FFDI is calculated using air temperature, relative
humidity, surface winds and a drought factor which represents fuel availability (Noble et al.
1980; Dowdy 2018). The KBDI defined above is incorporated into the FFDI as the drought
factor and therefore the indicator for surface soil moisture deficiency. As the FFDI is directly
proportional to the KBDI, the higher the FFDI value, the higher the potential risk for a bush
fire.



2.3 Model statistical validation and climate change projections

A Taylor diagram (Taylor 2001), a two-dimensional (2-D) graph that summarizes the strength
of the relationship between a set of models and observations was used to evaluate models’
performance in simulating the historical baseline (1961-1980) climatologies in the present
study. The Taylor diagram comprises the centered Root Mean Square Error (RMSE), a
correlation coefficient (r), and a normalised standard deviation plotted simultaneously on a
single quadrant (Taylor 2005). The values of surface mean air temperatures were plotted with
normalized variance to show the relative amplitude of the models and observed variations (Hu
et al. 2019).

Future climate projections were derived from an ensemble of six CMIP5 GCMs that were
experimented under the RCP8.5 worst-case emission scenario and dynamically downscaled by
the regional climate model CCAM into a very high resolution of 8 km. Model simulations were
analysed separately and also as ensembles for the variables mentioned above for the reference
period (1961-1980), the near future (2021-2040), mid future (2041-2060), and far future
(2080-2099). However, we focus mainly on anomalies in the far-future where we subtract the
reference climatology from the projected future climate. We selected the 10th, 50th and 90th
percentiles to analyse spatial variability of rainfall, maximum temperature, minimum relative
humidity, heatwave days, wind speed, KBDI index and high fire danger days. Percentiles are
often used in climate change projections to indicate the spread of uncertainty associated with
the future projections for each variable. They can be defined as values on a scale of one to
hundred below which certain proportions of observations fall (Bornmann et al. 2013).

3 Results and discussion
3.1 Reference climate
3.1.1 Observed and simulated temperature trends

We analysed the mean surface (2 m) air temperatures for the reference climate and mean for
the two most recent decades (2001-2020) indicating increasing temperatures across the entire
study area. Globally, 19 of the warmest temperatures have occurred during this later period
(2001-2020), with 2016 as the hottest, coinciding with the strongest El Nifio event on record
(NASA 2022). The changes in surface air temperatures that have occurred between the two 20-
year periods (2001-2020 and 1961-1980; Fig. 2) show widespread warming with a range
between 0.4 and 0.5 °C along longitude ~ 31°E which coincides with high topography called
the Great Escarpment (Fig. 2c). Elsewhere, higher changes of 0.6 to 0.7 °C can be observed
across the study area including the lowlands in the north, west and east. Even dangerous
temperature rises (from 0.8 °C to above 1 °C) have occurred over the Highveld in the south,
which may be linked to intensification of the Hadley Cell (e.g., Mahlobo et al. 2019). In
addition to present day temperature trends, the historical reference (1961-1980) climatologies
of air temperatures of six GCMs from the Coupled Model Intercomparison Project Phase 5
(CMIPS5) are analyzed (Fig.3). A visual inspection of spatial patterns of surface air
temperatures simulated by GCMs closely resembles the ERA5-Land reanalysis in Fig. 2a. A
more robust statistical verification of the same is presented in Sect. 3.1.2.
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Fig. 2. ERA5-Land reference climate average surface air temperature at 2 m (t2m) (°C) observations
for the periods (a) 1961-1980; (b) 2001-2020; and (c) the change over time. Darker shades represent
higher surface air temperature (a, b) and higher temperature changes in (c)
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Fig. 3. Simulations of average 2 m air temperature (°C) from six CMIP5 models for the historic baseline
period 1961-1980. Darker shades represent higher surface air temperature

3.1.2 Models’ statistical verification
The models’ statistical validation demonstrated high performance from all 6 model

downscalings in comparison with the ERA5-Land surface (2 m) air temperatures. The NorESM
slightly overestimated temperature variability, whilst models CCSM, CNRM-CM, and GFDL-
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ESM showed very close variability to observation. Meanwhile, the GFDL-ESM was the least
performing model in terms of correlation and RMSE. The models performed very well in terms
of all statistics employed in the Taylor diagram with high correlation coefficient above 0.97,
least RMSE around 0.2 and below and close variability in terms of the normalised standard
deviation (Fig. 4).
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Fig. 4. Taylor diagram showing the performance statistics of the six CMIP models against the
ERADS reanalysis (observed) for 2 m surface air temperatures

3.1.3 GCM simulations

The simulated baseline climatologies for the period 1961-1980 are shown in Fig. 5 based on
the 50th percentile of an ensemble of six regional simulations downscaled from the CMIP5
GCMs. An analysis of spatial and temporal variability of rainfall, minimum relative humidity,
maximum temperature, wind speed, soil moisture deficiency and heatwave days (Fig. 5a-f) is
critical in understanding wildfire risk over the Limpopo savanna.
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The study area is considered a semi-arid region, where rainfall is spatially highly variable
across the study area with more rainfall occurring along north-eastern Great Escarpment
(~ 30°E-31°E longitude) enhanced by orographic effects to amounts well above 110 mm/month
in places (Fig. 5a). Whilst the Limpopo savanna is largely semi-arid, some of the highest
rainfalls (~ 1800 mm/yr) in South Africa are found on the mountain ranges in this region
(Chikoore et al. 2021). The very high rainfall here supports large-scale commercial agriculture
including eucalyptus and sugarcane plantations (Maponya et al. 2021). The rest of the region
receives mean rainfall of 40 to 70 mm/month in the south, with drier conditions in the border
areas below 40 mm/month (Fig. 5a). The drier region (22-23°S) near the borders between
Botswana, Zimbabwe and South Africa forms part of the Limpopo River Valley. In this region,
a ‘drought corridor’ was identified from 20-25°S characterized by frequent dry spells (Usman
and Reason 2004).

The minimum relative humidity field shows similar spatial variability patterns to rainfall,
resembling moist conditions with minimum relative humidity of 65% along the ~30°E
longitude and Great Escarpment (Fig. 5b). Whilst the minimum relative humidity showed a
gradual decrease to the east, it is far drier in the west towards Botswana. The eastern region is
more humid as moisture in Limpopo is largely imported from the western Indian Ocean in the
east (Rapolaki et al. 2020, Ndarana et al. 2022). The drier lowlands near the boundaries are
also warmer, with high maximum temperatures ranging between 28 and 31 °C (Fig. 5¢). The
mean maximum temperatures on the interior and the Highveld in the south range from 22 to
28 °C.

Wind speed is the most complex meteorological variable, considering the wind gusts and local
winds that are due to topography or thermally induced circulations. Mean 10 m wind speeds
during the reference climate are generally between 1 m/s to 3 m/s over much of the savanna
(Fig. 5d). However, for the region between 22-23°S, from Botswana, along north regions of
the study area to Zimbabwe and Mozambique, higher mean wind speeds were simulated high
wind speeds ranging between 3.5 m/s and 5 m/s. These higher speeds may also be related to
the presence of a nocturnal low-level jet stream, locally known as the Limpopo Jet, responsible
for transporting water vapour over Limpopo River valley (Barimalala et al. 2021; Munday et
al. 2021; Spavins-Hicks et al. 2021).

The reference climate of the KBDI simulated dry conditions, mostly in the border areas with
Mozambique, Zimbabwe and Botswana, which includes the Lowveld and the Limpopo River
Valley (Fig. 5e). In the central and south regions, soil moisture availability remains high
because of low evaporation proving lower fire risk over the regions. Simulated average
heatwaves days are relatively low over the Limpopo savanna in the historical baseline (Fig. 51).

12
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3.2 Projections of far future climate change and fire regimes over the Limpopo savanna
3.2.1 Projected changes in maximum temperatures and heatwaves

Projected changes in maximum temperatures and heatwave days using the 10th, 50th and 90th
percentiles are shown in Fig. 6. Maximum temperatures in the far future are projected to
increase drastically to range from + 4.5 °C to + 6 °C across the Limpopo savanna (Fig. 6a-c) in
relation to the reference period 1961-1980. Under the 10th percentile, maximum temperatures
are projected to increase by between 3 and 4.5 °C over much of the savanna, apart from the far
southwest where rises of between 4.5 and 6 °C are projected (Fig. 6a). Nearly the whole region
(except the far east) is projected to experience maximum temperature rises of between 4.5 and
6 °C under the 90th percentile (Fig. 6¢).

Projections of heatwave days spatial variability showed a gradual increase from Mozambique
in the east towards Botswana in the west (Fig. 6d-e). The 10th percentile spatial variability
projected an increase of 0—2 days over the east, 2—4 days in the central areas and 4-6 in the
western (Fig. 6d). Significantly, the 90th percentile projected an increase of 6 to 8 days east of
29°E, with increases of more than 8 heatwave days per annum west of 29°E, toward Botswana.

Projected increases in heatwave days may be associated with rapid rises in maximum
temperatures in the far future over the study area (Engelbrecht et al. 2015; Mbokodo et al.
2020) and expansion of arid climate zone (Engelbrecht and Engelbrecht 2016; Jury 2021).
Increased frequency of heatwaves may imply persistence and strengthening of the mid-level
high pressure systems that prevail over this region, influenced by expansion of the Hadley cell
over southern Africa (Engelbrecht et al. 2011; Mahlobo et al. 2019). In addition, rising surface
air temperatures may support growth of tress and expansion of Limpopo savanna into patches
of grasslands (Engelbrecht and Engelbrecht 2016).

3.2.2 Projected changes in rainfall and minimum relative humidity

The projected changes in far-future rainfall over the Limpopo savanna from an ensemble of six
downscalings are shown in Fig. 7a-c, whilst projected changes in minimum relative humidity
are shown in Fig. 7d-f. The main changes projected are significant decreases in rainfall and
minimum relative humidity, under all three percentiles considered. Greater decreases in rainfall
are projected along the escarpment and in the west, towards Botswana, with decreases reaching
—20 mm/month (Fig. 7a-c). Considering that the west of the study region has been shown to
be a low rainfall area, such projected changes would cause significant impacts on vegetation.
However, as the frequency of extreme rainfall events is also expected to increase, the effect of
rainfall decreases on fuel load is not clear.
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Fig. 7. Far future (2080-2099) projected changes in (a) 10th percentile rainfall (mm/month); (b) 50th
percentile rainfall (mm/month); (c) 90th percentile rainfall (mm/month); (d) 10th percentile minimum
relative humidity (%); (e) 50th percentile minimum relative humidity (%); and (f) 90th percentile
minimum relative humidity (%). Darker shades of brown indicate greater negative anomalies of rainfall
whilst darker shades of orange indicate greater negative anomalies of minimum relative humidity

15



Several other studies have projected drier conditions over the Limpopo savannas under the low
mitigation emission scenario (e.g., Engelbrecht et al. 2011; Archer et al. 2018; Engelbrecht and
Monteiro 2021). Tropical cyclone tracks are also projected continuously varying northwards
to northern Mozambique, hence becoming fewer over North-eastern regions of South Africa,
Limpopo province (Malherbe et al. 2013). CORDEX regional climate models have projected
decreased rainfall by 0.2 and 0.3 mm /day under 1.5° and 2° global warming levels (Maure et
al. 2018). The spatial extent of projected decreasing rainfall varies with increasing intensity of
drought under increasing global warming levels over southern Africa (James and Washington
2013; Maure et al. 2018). Meteorological droughts are projected increasing consistently in
southern Africa in the models under both 1.5 and 2 °C global warming levels (Hoegh-Guldberg
et al. 2018). Besides projected decreasing rainfall variabilities, daily rainfall intensities are
expected to increase in some regions (Hoegh-Guldberg et al. 2018).

The projected changes in minimum relative humidity (RH) also showed decreasing in the west
region of the study area and Botswana (Fig. 7d-f). Most of the study region is projected to
experience decreases of minimum relative humidity of between 6 and 9% across all three
percentiles (Fig. 7d-f).

3.2.3 Projected changes in wind speeds and soil moisture availability

The projected changes of future of wind speed and soil moisture availability are shown in
Fig. 8(a-f). Wind speeds are projected to increase across the northern savanna in the far future
under the RCP8.5 emission scenario. The 90th percentile projected higher changes of wind
speed particularly in the Limpopo River Basin and the western savanna, and into Botswana
(Fig. 8c). Increasing wind speeds may be associated with increasing risk of propagation and
spread of forest fires in the far-future under the RCP8.5 emission scenario.

Projections of changes in soil moisture deficiency in the far future period suggest increased
deficiencies across the entire study region, under all three percentiles (Fig. 8d-f). Meanwhile,
high soil moisture deficiency is associated with severe drought conditions and increasing
chance of fire occurrence. Due to the projected increasing change in soil dryness from the 10th,
50th, and 90th percentiles (Fig. 8d-f), the Limpopo savanna should become more vulnerable to
extreme drought, wildfire events due to intensified evaporation (Engelbrecht et al. 2015).
Projected increasing dry conditions in the Limpopo savanna are influenced by drastic increases
in temperatures and projected rainfall deficiency over the study area. In terms of the KBDI
10th percentile, soil moisture deficiency is projected increasing by 50 to 75 mm extending from
Botswana and south of the Limpopo savanna (Fig. 8d), hence significantly varying below
~24°S and 27°E-31°E (Fig. 8e-f). An increase in soil moisture deficiency by 0—25 mm inches
is projected along the boundary between Limpopo savanna, Zimbabwe and Mozambique.
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Fig. 8. Far future (2080-2099) projected changes of (a) 10th percentile wind speed (u10) at 10 m (m/s);
(b) 50th percentile wind speed at 10 m (m/s); (c) 90th percentile wind speed at 10 m (m/s); (d) 10th
percentile kbdi soil moisture deficiency (mm); (e) 50th percentile soil moisture deficiency (mm); and
() 90th percentile soil moisture deficiency (mm). Darker shades indicate greater positive anomalies on
both u10 and kbdi
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Fig. 9. Far future projected changes in (a) 10th percentile high FFDI days (b) percentile high FFDI
days; (c) 90th percentile high FFDI days; (d) 10th percentile mean annual cycle of high FFDI days; (e)
50th percentile mean annual cycle of high FFDI days; and (f) 90th percentile mean annual cycle of high
FFDI days. Darker shades of red indicate greater positive anomalies in FFDI days (a-c)

3.2.4 Projected changes in high fire danger days and forest fire risk

Projected changes to high fire danger days over Limpopo savanna during the period 2080—
2099 varied significantly with some uncertainties using the 10th, 50th, and 90th percentile

18



showing more high fire danger days in the western region (Fig. 9a-c). The study found drastic
increases in the frequency of high fire danger days across Limpopo savanna, with two days
fewer along the Great Escarpment. The western region is projected to undergo extreme changes
due to the high fire danger index change by greater than 8 days toward Botswana. Meanwhile,
projected changes in high fire danger days over the east and north regions vary within a range
of 2-4 days and 4-6 days (Fig. 9b), with the 90th percentile projecting 6—8 days and above
(Fig. 9c¢).

The annual mean cycles of high fire danger days represented in Fig. 8§ (d-f) were computed
using 10th, 50th and 90th percentile field mean for the spatial coverage (22°S-25.5°S and 26°E-
32°E). The reference climate (1961-1980) and three projected futures (2021-2040, 2041-2060
and 2080-2099) showed that the frequency of high fire danger days is relatively low from
January to July but begin increasing to the peak in October (Fig. 8d-f). Variations from
projected uncertainty showed significant increase in high fire danger days during March-April-
May in the far future as shown by the 10th, 50th and 90th percentiles (Fig. 8d-f). Both 10th and
50th percentile showed a peak of 25 days of high fire danger index during period 2080-2099.
The 90th percentile projection showed a peak of more than 25 days in October (Fig. 8f). High
fire danger days are projected to have increased by an average of 10 days during the peak in
October (Fig. 8d-f). The study by Engelbrecht et al. (2015) also made a similar projection,
suggesting that projected high fire danger days may lead to occurrence of catastrophic wildfire
events in future. Since rising temperatures favour growth of woody vegetation, frequent
occurrence of wildfire may reserve tree-C4 grasses interaction over the Limpopo savanna
(Engelbrecht and Engelbrecht 2016). Projections of decreasing minimum relative humidity
suggest increasing forest fire risk in the far- future over the study area. Mean annual cycles of
high fire danger days in the future showed a peak in October, similar to the peaks in number of
fires observed in September and October during fire season over Limpopo savanna by Strydom
and Savage (2016). A secondary autumnal (March-May) peak becomes distinct in the far
future, perhaps associated with a shorter rainy season.

4 Summary and conclusions

Wildfires pose a significant risk to livelihoods, human health and wellbeing, air quality,
ecosystems and agricultural activities. Whilst global warming and climate change may be
compounding wildfire activity, fire emissions also feedback on the climate. Thus, the study of
fire risk over an area that is prone to fire is very important under increasing global warming
levels due to climate change. In this study, we presented future climate change projections for
the far future period (2080-2099) over South Africa’s Limpopo savanna under the worst case
RCP8.5 emission scenario. An ensemble of six CMIP5 GCMs dynamically downscaled though
RCM CCAM to a high resolution of 8 km were employed. The purpose of using an ensemble
of six CMIPS5 for future projections is due to their ability to simulate realistic reference
climatologies whilst also providing confidence in the future projections and associated
uncertainties. However, whilst the number of ensemble members is important, the choice of
models may even be more critical as some models are considered ‘hot’ (Hausfather et al. 2022)
and unrealistic. The assumption that all models contribute equally to the skill of the ensemble
may also be misleading. During the evaluation of the CMIP climate sensitivity for IPCC in
2019, climate models with higher sensitivities in relation to greenhouse warming were
considered too hot (Voosen 2022). The six members of the ensembles analysed in the study
showed high skills are therefore not considered hot.
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The models employed here were verified using a Taylor diagram and compared with ERAS-
Land observations of the reference climate (1961-1980). Model verification increases
confidence in using climate models for realistic presentation of future climate change
variabilities. Verification revealed that models simulate unprecedented increases in surface air
temperatures over the Limpopo savanna. An analysis of the observed ERAS5-land 2 m air
temperature trend showed an average increase from 0.3 °C to > 1° C on the savanna during the
period 1961 to 2020. The warming trends are consistent with several studies such as
Engelbrecht et al. (2015), Jury (2018), Kruger and Shongwe (2004) and others. The rising trend
in temperatures was projected to persist with increases of between 4.5 and 6 °C during the far
future period 20802099 over the Limpopo savanna. The study projected a drier and warmer
climate over the Limpopo savanna consistent with the recent literature. Changes in the far
future projections showed significant uncertainty in deficiency of water balance metrics
including rainfall, soil moisture availability and relative humidity.

The risk of high fire danger days was projected increasing over Limpopo savanna under the
RCPS8.5 (business as usual) scenario. Models’ results agree with future projections from other
studies focusing on the increasing temperatures and an elongated future drying. We found that
the number of high fire danger days is projected to increase to about 25 days in the far future
under the worst-case scenario. The risk of wildfire activity seems to also become significant
during the austral autumn, suggesting an early cessation to the summer rains in future. A recent
UN report (United Nations Environment Programme 2022) projects more frequent wildfires
occurring in several regions of the world, including the savannas. The report also highlights
impacts of wildfires on the carbon cycle, human health, economies, wildlife and water
catchments.

This study contributes new knowledge to the understanding of forest fire risk on the savannas,
via an ensemble of very high-resolution climate models at the regional scale. Forest fire risk is
changing in response to recent unprecedented temperature increases coupled with repeated heat
waves, which appear to be modulating fire intensity on the African savanna. It is important to
emphasize that future fire risk is a function of several variables other than the climate (United
Nations Environment Programme 2022). Measures to mitigate and manage forest fire risk are
critical towards natural disaster risk reduction in future.
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