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Extreme event attribution using km-scale
simulationsreveals thepronouncedroleof
climate change in the Durban floods
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Christien J. Engelbrecht5,6, Stefan Grab7, Alize le Roux8, Coleen Vogel1, Jonathan Padavatan1,
Marcus Thatcher9 & John L. McGregor1,9

The Durban floods of 11–12 April 2022 is the worst flood disaster in South Africa’s history and raised
questions about the role of climate change in the event. Meso-scale dynamics, involving processes
that cannot be resolved at the spatial resolutions of current global climatemodels, played an important
role in the heavy falls of rain. Herewe report on thedevelopment of a convection-permitting conditional
extreme event attributionmodelling system, well-suited to explore the role of climate change inmeso-
and convective-scale extreme weather events. The African-based attribution system makes use of a
computationally-efficient variable-resolution atmospheric model and runs on a local high-
performance computer in South Africa. Similar systems can potentially be rolled out across theGlobal
South (and North). The system relies on a km-scale perturbed-physics ensemble to describe the
simulation/structural uncertainty associated with an extreme weather event in an anthropogenically-
warmed world, compared to counterfactual cooler worlds where the effects of anthropogenic forcing
are (partially) removed. Simulations reveal a pronounced role of climate change in the Durban floods.
Average rainfall in theDurban region is simulated to have been at least 40%higher during the two days
of the flood, relative to rainfall in a counterfactual cooler world.

TheDurbanfloods of 11–12April 2022 is SouthAfrica’sworstflooddisaster
in terms of the impact on human life. The flood resulted in 544mortalities1,
displaced 42 0002 and directly impacted 140, 000 people1. The economic toll
of this disaster has been vast, with an estimated cost in excess of US$3.6
billion1. The flooding occurred in association with heavy falls of rain, with
several weather stations in the larger Durban area (Fig. 1) reporting more
than 300mm of rain in a 24-hour period3,4. To put this in perspective,
average annual rainfall in Durban is about 1015mm, with the average April
total about 90 mm5. The extreme rainfall event resulted from a cut-off low-
pressure system that initially formed as an upper-air trough over the
Atlantic Ocean to the west of South Africa. The systemmoved fromwest to
east across the South African plateau from 10 to 12 April4. As it approached
the east coast, ameso-scale low formed to its east, over the IndianOcean east
of theKwaZulu-Natal Province (Fig. 1), late on 11April4. The low deepened

over the warm waters of the Agulhas current4 as it migrated southwards
along the KwaZulu-Natal coast on 12 April. The Météo-France Regional
Specialized Meteorological Centre (RSMC) La Réunion classified it as a
subtropical low, named Issa, by midday on the 12th. The classification was
made based on the storm structure and the gale force winds it induced6.

The President of South Africa, Cyril Ramaphosa, visited communities
impacted by the storm on the 13th of April 2022, and stated “This disaster is
part of climate change. It is telling us that climate change is serious; it is
here”7. Indeed, given the historical impact of storm Issa and the cut-off low
from which it formed, the possible role of climate change in the Durban
floodswas widely discussed in SouthAfrica3. An objective,modelling-based
assessment of the role of climate change in the Durban floods is indeed the
topic of this paper. Before exploring this further, however, it is essential to
point out that the impact of the storm was the consequence of a complex
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combination of circumstances, not uncommon in the developing world.
First and foremost, the city of Durban, like many other African cities, has
struggled tomeet thehousingdemand resulting in the substantial expansion
of informal structures across the region. Building-based land use data from
GEOTERRA Image8 showedan informal unregulated structure count in the
city of more than 240, 000 dwellings in 2021. It is estimated that 23,500
buildings andmore than 75,000 people are currently located in areas with a
high likelihood of flooding9. At risk in particular are communities that
settled below the flood lines of rivers such as the Umgeni, Mlazi and
Mbokodweni that transect the largerDurban area (Fig. 1), or along the steep
hill slopes of the region, wheremudslides and landslides are not uncommon
during periods of excessive rainfall10. These current realities all contribute to
how flood hazard can compound into disasters11–13.

A very similar cut-off low induced flood event occurred in Durban in
September 1987 (more than 600mm of rain fell in four days in some
locations14,15), leading to the deaths of 506 people16. In April 2019, a cut-off
low caused about 160mm of rain in a single day in some locations, and 73
people died in the subsequent flooding and mudslides17. Evidence of severe
flooding in Durban goes back as far as 1856, when 303mm of rain was
recorded in a 24-hr period17. Despite these well-known risks, zoning reg-
ulations in terms of flood lines and mud-slide risks are not enforced in
eThekwini Metropolitan Municipality (which includes Durban)3. More-
over, South Africa has a limited tradition or track-record of evacuating
vulnerable communities under the threat of flood risks, and there are few
demonstrable community-based flood early warning systems in place18. It
may be said that, with or without climate change, South Africa should have
been better prepared for the possibility of amega-flood inDurban9,16. There
is clearly high susceptibility to flooding impacts due to growing exposure
and growing vulnerability.

Two studies have thus far commented on the role of climate change in
the Durban floods. Considering the historical record of major flood events
in Durban, an assessment was made that flood frequencies have likely
doubled during the last century17. World Weather Attribution (WWA)
published a report inMay 2022,making the assessment that climate change

has increased the intensity of rainfall that caused the 11–12 April 2022
Durban floods by a factor of 4–8%, and has made rainfall events of this
magnitude twice as likely to occur, relative to pre-industrial conditions19.
Specifically, the eventwas estimated to have had a returnperiod of ~20 years
in today’s anthropogenically-warmed climate, but would have had a return
period of ~40 years in a pre-industrial world. The WWA report employed
the standard probability-based methodology for extreme event attribution,
namely to compare the statistics of a metric that characterizes the extreme
event in question (in this case heavy falls of rain in KwaZulu–Natal) in
today’s anthropogenically-warmed world to its statistics in a counterfactual
cooler world that has not warmed anthropogenically20,21. Towards this
comparison, a multi-model ensemble of global climate model (GCM)
simulations, supplemented by an ensemble of regional climate model
(RCM) simulations over Africa, was used. The usual choice for the cooler
world in probability-based attribution studies is pre-industrial climate, and
this is also the case for theWWA study. TheWWA statistical analysis used
as its metric two-day rainfall totals averaged over the KwaZulu-Natal Pro-
vince, without considering specifically the changing attributes of cut-off low
induced rainfall in a changing climate. This is despite heavy rainfall in the
province also resulting fromawide variety of very differentweather systems,
such as tropical temperate troughs22, tropical cyclones23, tropical storms24

and meso-scale convective systems25. Moreover, at the resolution of the
GCMs and RCMs used in the WWA report, ranging from about 50 to
200 km in the horizontal, deep convection occurring in meso-scale weather
systems such as subtropical lows, squall lines and tropical cyclones can’t be
resolved26–28. These processes thus need to be parameterized (treated sta-
tistically), which is regarded as a primary source of structural uncertainty in
GCMandRCMsimulations undertaken at these relatively low resolutions29.
Specifically, the meso-scale surface low that formed off the coast of Durban
and played an important role in the floods via the deep convection it
induced4 is not sufficiently resolved at the spatial resolutions of the models
used in the WWF report. The findings of the report are therefore open to
question, and further explorations of the role of climate change in the event
are needed.

Fig. 1 | Geography of the larger Durban region in which the flooding of 11–12
April 2022 occurred.The study domain (left) shows the rivers that rise in the higher
mountainous areas and transect the eThekwini Metropolitan Municipality,
including the city of Durban, before they flow into the IndianOcean. The eThekwini
Metropolitan Municipality (light-red highlighted land-area in the right-bottom

insert) is one of the 11 districts of the KwaZulu-Natal Province of South Africa
(right-top insert), and the most affected by the April 2022 flood event. The red-
marked latitude-longitude box in the right-bottom insert shows the study domain’s
geographical location and is hereafter referred to as the larger Durban area (also see
Methods).
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An alternative approach to extreme event attribution is the conditional
approach, also referred to as the storylinemethodology for attribution20,21,30.
This uses the technologies of numerical weather prediction to compare the
attributes of the actual extreme weather system that caused the disaster to
the attributes of the systemina counterfactual coolerworld, inwhich (some)
anthropogenic warming has not occurred20,21. This approach necessarily
involves specifying the initial conditions of the atmosphere andocean ahead
of the occurrence of the extreme event, and additionally may prescribe
boundary conditions during its evolution, such as the sea-surface tem-
peratures and large-scale atmospheric circulation. This allows for the
simulation of the weather system in today’s anthropogenically-warmed
world. To obtain comparable simulations of the weather system in a
counterfactual cooler world, some specification is needed of how either the
sea-surface state or atmospheric state, or both, would have been different in
the counterfactual cooler world20,21. The conditional approach has become
popular to assess the impacts of climate change on weather systems that are
not sufficiently resolved by GCMs in terms of their spatial structure or
intensity, tropical cyclones being the primary example30–32.

Convection-permitting climate models33, also known as km-scale
models, have the ability to resolve the circulation- and thermodynamics of
meso-scale weather systems, such as the subtropical low that played an
important role in the Durban floods. There is much hope that km-scale
global climate change modelling will remove many of the structural
uncertainties ofGCMs, for example by resolving rather thanparameterizing
deep convection34. For now, however, such simulations remain largely
limited to regional domains due to computational constraints35. Km-scale
modelling also has the potential to add substantial value to extreme event
attribution, although its application in probability-based approaches is
unlikely in the foreseeable future, also due to computational restrictions.
However, km-scale modelling is widely applied in numerical weather pre-
diction centres across the world for forecasting over regional domains36;
setting up conditional extreme event attribution systems, focused on
exploring the role of climate change in specific high-impact weather events,
is computationally feasible. Only a handful of km-scale conditional extreme
event attributionmodelling studies, focusing onmesoscale weather systems
such as tropical cyclones, meso-scale lows and thunderstorms, have been
undertaken to date31,37–39. We have developed a km-scale conditional
extreme event attribution simulation system, based on a variable-resolution
global atmospheric model that can be integrated in stretched-grid
mode over an area of interest, and applied it to the case of the Durban
floods of 11–12 April 2022. The simulations were performed on an African
high-performance computing system, and this paper reports on our
findings.

Results
The devastating floods of 11–12 April 2022 in South Africa’s larger Durban
area (Fig. 1) followed heavy falls of rain that occurred along the south and
central coast of the KwaZulu-Natal Province4. The coastal strip from just to
the north ofDurban, southwards to thenorthern coastal areas of theEastern
Cape Province (Fig. 1), received more than 200mm of rainfall in the 48-
hour period of 11–12 April 2022 (Fig. 2a). At the Agricultural Research
Council (ARC)weather stations SouthbroomandPort Shepstone located to
the south of Durban, 515mm and 454mm of rain was recorded, respec-
tively, during this period. Several weather stations of the South African
WeatherService (SAWS) located in theDurban regionconsistently reported
1-day rainfall totals above 300mm for the period 11 April at 06 GMT to 12
April 2022 at 06 GMT4. Moreover, the heavy rainfall of 11–12 April was
preceded by about 100mm of rain during the period 8–10 April3 over the
same region, which contributed to soil moisture approaching saturation
levels when the cut-off low induced rainfall began on 11 April3.

The median of the 64-member perturbed physics Conformal-Cubic
AtmosphericModel (CCAM) ensemble (seeMethods) realistically portrays
the spatial pattern of high rainfall totals that occurred along the KwaZulu-
Natal south coast on 11–12 April, including the rainfall maximum that was
recorded around the border region of the Eastern Cape andKwaZulu-Natal

Provinces (Fig. 2a, b). Rainfall totals in the CCAM ensemble median are
lower along the KwaZulu-Natal south coast in comparison to the ARC
observations.

For the larger Durban region, which includes the catchment area of
rivers transecting eThekwini Metropolitan Municipality (Fig. 1), the area-
averaged rainfall for the ARC station data over the two-day period is
137mm. For the CCAM ensemble median it is 92mm (10th percentile
77mm, 90th percentile 119mm,maximum value 161mm). These numbers
equate to an underestimation of average two-day rainfall totals of 44%, 33%
and13%,by the 10th, 50th and90th percentiles, respectively. For the caseof the
observed rainfall maximum (515mm) at the Southbroom weather station,
this falls within the upper range of the CCAM simulated rainfall totals
(552mm)averagedover~25 km2 grid-boxes (seeMethods). Itmaybenoted
that the two-day rainfall recorded at Southbroom equates tomore than 50%
of the annual average rainfall at Durban5 – a staggering statistic. The
underestimation of rainfall totals and extremes in the CCAM ensemble
should be interpreted in this context. Although most ensemble members
underestimate both the observed two-day rainfall totals averaged over the
Durban area, and the maximum rainfall recorded at individual ensembles
over these two days, the 90th percentile of the ensemble approaches these
values, and the observations are spanned by the overall range of the
ensemble.

The circulation system responsible for the rainfall over the Durban
region on 11–12 April 2022 was a cut-off low and its associated surface
meso-scale low that formed late on 11 April 20224. The Météo-France
RSMCat LaRéunion estimated the center of the surface-low to be located at
30.8 °S and 31.6 °E by 12 GMT on 12 April, with a central pressure of 997
hPa6. In ERA5 reanalysis data (see Methods), with approximately 31 km
resolution in the horizontal, the low is estimated to have had a central
pressure of about 1004 hPa (Fig. 2c) and closely represents the Météo-
France RSMC estimated position. In the CCAM control simulation, the
central pressure of the system is about 992 hPa (Fig. 2d), and it ranges
between 991 hPa (10th percentile) and 1003 hPa (90th percentile) across the
ensemble.

We refer to the CCAM simulations of the actual April 2022 high-
impact weather inDurban as the 2022 warmerworld simulations, given the
anthropogenic warming that has occurred globally by 2022 (seeMethods).
To perform simulations of the relative intensity of the Durban rainfall of
11–12 April 2022 for a counterfactual cooler world (see Methods), multi-
decadal trends (1979-2021) in April sea-surface temperature and a number
of atmospheric thermodynamic and circulation variables were removed
fromthe atmospheric and sea-surface initial state of 11April at 00GMT.We
distinguish specifically between a set of simulations in which temperature
and circulation trends were removed from the initial state, and a set where
atmospheric trends inmoisturewere additionally removed (seeMethods).A
corresponding set of simulations was also performed where trends were
added rather than removed from the initial state, to generate future warmer
world simulations (seeMethods). The future warmer world simulations are
performed to help distinguish between the role of anthropogenic forcing
and the chaotic nature of the atmosphere when considering the evolution of
the weather system in question in a cooler world constructed from
detrended initial states20 (also see Methods). The assumption of persisting
historical trends into the future limits the interpretation of the future war-
mer world simulations as an estimate of how the weather system may
respond to continued anthropogenic forcing (seeMethods).

Some key features of the oceanic and atmospheric trends present in the
ERA5 reanalysis data (seeMethods) over the period are shown in Fig. 3. Sea-
level pressure trends reveal a distinct pattern of increasing sea-level pressure
south of South Africa and suggest more frequent ridging of high-pressure
systems over the South African eastern interior, east coast and adjacent
Indian Ocean (Fig. 3a). Such a trend would induce stronger southerly and
easterly flow across the eastern parts of South Africa, and across the Indian
Ocean to the east. The decreasing trends in April temperatures at 850 hPa
across eastern SouthAfrica (Fig. 3b) are consistentwith a persistent increase
in cold-air advection from the south,which in the reanalysis overwhelms the
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local warming effects of increasing greenhouse concentrations over the
1979-2021 period. Note that in terms of annual temperatures, ERA5 data
shows increasing trends over southern Africa, consistent with the regional
effects of global warming. The April trend of cooling at 850 hPa is thus
counterintuitive if not for the observed trend in sea-level pressure and
associated increase in cold-air advection. Mixing ratios over and to the east
of the KwaZulu-Natal coast showpositive trends (Fig. 3c), likely in response
to the increased advection of oceanic moisture from the southeast, in
combinationwith enhancedevaporation above theAgulhas current. That is,
sea-surface temperatures in the narrow Agulhas current region along the
east coast ofKwaZulu-Natal exhibit pronounced increasing trends (Fig. 3d),
consistent with the observedwarming of theAgulhas current40,41.Moreover,

the increases in SSTs off the South African east coast, and decreases in
temperature at 850 hPa, effectively imply a steeper environmental lapse rate,
conducive to more frequent atmospheric instability and convection.

Conditioning the cut-off low and meso-scale surface low to the
counterfactual cooler world (see Methods) includes the removal of circu-
lation trends from the observed atmospheric initial state on 11 April. For
some parts of the world, substantial uncertainty exists in terms of projected
changes in regional circulation under anthropogenic warming, given the
confounding impacts of pronounced multi-decadal variability42. In the
Southern Hemisphere, however, there is strong evidence of the Southern
Annular Mode (SAM) exhibiting a strong positive trend since 1950, parti-
cularly in the austral summer and autumn43. This is regarded as one of the

Fig. 2 | Observed and simulated rainfall and circulation patterns associated with
the Durban floods of 11–12 April 2022. a Two-day observed rainfall (mm) from
ARCweather stations for 11 April at 00 GMT to 13 April 00 GMT, interpolated onto
a 0.01° latitude-longitude grid; b corresponding rainfall totals from the ensemble
median of the CCAM 3.8 km resolution simulations, interpolated onto a 0.05°

latitude-longitude grid; cmean-sea-level pressure showing the position and intensity
of the meso-scale low in ERA5 reanalysis data on 12 April 2022 at 12 GMT and
d corresponding position and intensity of the meso-scale low in the CCAM control
simulation. The red dot shows the location of Durban.
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most prominent signals of anthropogenic climate change that can alreadybe
detected in the Southern Hemisphere, with the stratospheric ozone deple-
tion being the prominent driver of summer trends, and the enhanced
greenhouse effect the prominent driver of trends in autumn44. The
strengthening SAMoccurs in associationwith the polewarddisplacement of
the Southern Hemisphere westerlies, and a strengthening of the subtropical
high-pressure cells around 40 °S45. The latter occurs in association with
observedHadleyCell expansionover the last four decades,which in turnhas
been attributed to warming of the tropical upper troposphere in response to
increasing CO2 concentrations

46 as well as to stratospheric cooling (induced
by depleted ozone)47. In this paper we assume that the ERA5 trends of
increasing sea-level pressure south of South Africa in April, with a ridging
pattern over the SouthAfrican east coast, is the regionalmanifestation of the

hemispheric-scale positive trend in SAMand polar expansion of theHadley
Cell, which in turn are both anthropogenically forced. These hemispheric
trends implying a strengthening of the high-pressure systems south of South
Africa have been extensively demonstrated48, for the autumn, winter and
spring seasons, within the context of the stronger high-pressure systems
inhibiting frontal rainfall over South Africa’s winter rainfall region
(southwestern Cape). The changes in the regional circulation have in turn
been assessed to be associatedwith stronger post-frontal ridging of the high-
pressure systems and enhanced southeasterly flow over the South African
east coast48, entirely consistent with our findings in Fig. 3a. Moreover, the
anthropogenic forcing of trends in SAM and the Hadley Cell circulation
have been linked to these regional changes48, rather than natural multi-
decadal variability.

Fig. 3 | Trends in thermodynamic and circulation variables for the month of April over the period 1979–2021 as reconstructed from ERA5 data. Trends are shown
for specifically a sea-level pressure (hPa/decade), b 850 hPa temperature (°C/decade), c 850 hPa mixing ratio ([g/kg]/decade) and d sea-surface temperature (°C/decade).
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To further explore the sea-level pressure trend in Fig. 3a we have
explored the tendencies within the shorter periods of 1979-2000 and 2001-
2021 (Supplementary Fig. 1). Sea-level pressure strengthened south of South
Africa during both these periods, with a clear ridging pattern over the South
African east coast. Both the 1979-2000 and 2001-2021 trends are consistent
with stronger southeasterly flow over the KwaZulu-Natal coast and would
promote more northerly locations of low-pressure systems (north of
strengthening ridging highs), consistent with the 1979-2021 trend. The
consistency of this signal even over shorter (~20 year) periods, in the pre-
sence of inter-annual and decadal variability, further argues for it being of
anthropogenic forcing origin. Trends in sea-level pressure in the Coupled
Model Intercomparison Project Phase Six (CMIP6) multi-model
ensemble49 may provide further insights into the role of anthropogenic
forcing in the ERA5 trends. These are shown in Supplementary Fig. 2 for an
ensemble average of 36 CMIP6models (see Supplementary Note 1), for the
43-year-long periods of 1979–2021, 1858–1900 (the last 43 years of the
1850–1900 period, used in the IPCC AR6 to approximate pre-industrial
conditions), 2024-2026 (centered around 2045 as relevant to the con-
struction of a future warmworld in this paper, seeMethods) and 2056-2098.
The CMIP6 historical simulations and projections under shared socio-
economic pathway 3-7.0 (SSP3-7.0) were used to undertake this analysis.
Model agreement is shown in shades. For the pre-industrial period, when
anthropogenic forcing of climate was still relatively weak, there is nomodel
coherency in terms of the direction of change of the ensemble average. This
is to be expected for a climate-system that is semi-stationary apart from the
occurrence of possible multi-decadal variability with a periodicity of ~ 40
years, randomly distributed across the ensemble of models. For the period
1979-2021 the picture changes completely: more than 2/3rds of the models
agree on increasing sea-level pressure (strengthening Atlantic Ocean High)
south of South Africa, with about 60% ofmodels in agreement of increasing
sea-level pressure inducing stronger southeasterly flow over eastern South
Africa. For the period 2024-2066 a similar pattern of increasing sea-level
pressure remains in place. For the end-of-century period 2056-2098, the
strongest trends are projected to occur southeast of SouthAfrica, inducive of
stronger easterly flow over the South African east coast. The above results
strongly support the notion that the trend of increasing sea-level pressure
southof SouthAfrica for theperiod1979-2021,with enhanced southeasterly
flow over the South African east coast, is a consequence of anthropogenic
forcing (compare Supplementary Fig. 2b to Supplementary Fig. 2a).We can
also consider projected changes in sea-level pressure from the ensemble
average of GCMs relative to the pre-industrial climatology for April (Sup-
plementary Fig. 3a). There is very strongmodel agreement (more than 80%)
of increasing sea-level pressure south of South Africa, strengthening from
1979-2021 (Supplementary Fig. 3b) to 2024-2066 (Supplementary Fig. 3c)
to 2056-2098 (Supplementary Fig. 3d). This further supports the notion that
rising sea-level pressure south of South Africa in April is an
anthropogenically-induced climate change signal.

The CCAM ensemble spread in the location of the low at 12 GMT on
12 April 2022 (36 hours into the simulation) is shown in Fig. 4 (black dots).
Several members closely represent the observed position of the low, about
100 km southeast of Durban, as estimated by the Météo- France RSMC
(green dot). However, the spread of the ensemble in terms of the center of
the low reveals considerable variation in the location where it potentially
could have been located. The majority of ensemble members are indicative
of a low closer to the coast than was observed, and in a number of cases the
low is simulated tohavemade landfall. Should landfall of the subtropical low
indeed have occurred, the heavy falls of rain and associated flooding could
havebeenworse.Thepositionof the low exhibits amarkedlymore southerly
location in the detrended simulations (blue markings in Fig. 4), and a
markedmorenortherly location in the simulationswhere trendswere added
to the April 2022 initial state (red markings in Fig. 4). This pattern is
consistent with increasingly stronger ridging over the east coast of South
Africa, from the counterfactual cooler world, to the 2022 warmer world to
the future warmer world simulations, which would result in a persistent
northward displacement of low pressures forming north of the

strengthening highs. Note that on 11–12 April, a high-pressure systemwith
center southeast of South Africa indeed contributed to easterly flow over
southern Africa4. One of the few regional climate modelling studies focused
on landfalling tropical cyclones in southern Africa in a changing climate
similarly projected a northward displacement of tropical cyclone tracks in
the Mozambique Channel in an anthropogenically-warmed world, due to
the strengthening of anti-cyclonic circulation over the southwest Indian
Ocean50.

Sea-level pressure averaged across the eastern southern African
domain and adjacent IndianOcean (34 °S to 26 °S, 28 °E to 38 °E) shown in
Fig. 4 is statistically different and higher for the 2022 warmer world com-
pared to the 1979 cooler world (Fig. 5a), and correspondingly is also sta-
tistically different and higher for a future warmer world compared to the
2022 warmer world. This is consistent with the general strengthening of the
subtropical high-pressure belt over and to the southof southernAfrica in an
anthropogenically-warmed world51 and specifically the sea-level pressure
trends forApril depicted in Fig. 3a. The surface-pressure in the surface low is
statistically different (see Methods) and consistently higher for the 2022
warmer world compared to the 1979 cooler world, and similarly, for the
futurewarmerworld, sea-level pressure in the center of the low is statistically
different and higher compared to the 2022 warmer world (Fig. 5b).

Rainfall totals are simulated to have been higher along the KwaZulu-
Natal coast during 11 and12April in themedian of theCCAMensemble for
the 2022 warmer world, compared to a 1979 cooler world constructed with
detrended temperatures and sea-level pressure (Fig. 6a), and the projected
increase in precipitation is even higher relative to a 1979 cooler world
constructed by also detrending moisture (Fig. 6b). Over the larger Durban
region (Fig. 1), average rainfall totals for the 2022 warmer world are
simulated to have ranged between 70mm (10th percentile) and 130mm
(90th percentile) over the 48-hour period of 11 and 12 April (Fig. 7a).
Average totals as high as 161mm are simulated, spanning the observed
average total (as measured by the ARC weather stations) of 137mm. The
median of the simulated area-averaged rainfall is 98mm for 11 and 12April
for the 2022 warmer world, which represents a 40% increase over the cor-
responding 70mm for the counterfactual cooler world constructed with
detrended 1979-2021 sea-level pressure, SSTs and atmospheric tempera-
tures, and a 104% increase over the 48mm for the 1979 cooler world with
sea-level pressure, temperature and moisture detrended. In terms of the
maximum rainfall amount recorded across model grid-boxes in the larger
Durban region, this is simulated to have ranged between 280mm (10th
percentile) and390mm(90thpercentile),with amedianvalue of 330mmin
the 2022warmerworld (Fig. 7b). Grid-box rainfall is simulated to have been
as high as 550mm, spanning the observed (point) weather station recorded
maximum of 515mm (noting that the grid-box average rainfall is for areas
of ~25 km2, not directly comparable to point-based observations). For the
future warmer world (see Methods), further large increases in average
precipitation for the larger Durban area are simulated with respect to the
2022 warmer world. Area-averaged rainfall is 190mm as per the ensemble
median (118% increase) for a future warmer world constructed from added
sea-level pressure, SSTs and atmospheric temperature trends, and 220mm
(152% increase) when moisture trends are additionally added (Fig. 7a).
Substantially larger grid-box maxima are also simulated.

Rainfall totals are projected to be lower over the southern part of the
Eastern Cape Province coastline, for the 2022 warmer world compared to
the 1979 coolerworlds. This is likely attributable to the simulatednorthward
displacement of the low-pressure system in the 2022 warmer world (Fig. 4).
This northward displacement of the low-pressure system likely also con-
tributed to the higher rainfall totals over the KwaZulu-Natal coast and
northern part of the Eastern Cape coast (Fig. 6a, b). In fact, on the southern
flank of the low, an associated low-level jet was substantially stronger in the
2022 warmerworld, compared to the 1979 cooler world (Fig. 8a, b). This jet
was likely fueled by enhanced moisture availability from increased sensible
and latent heat fluxes above the relatively warmAgulhas current in the 2022
warmer world (Fig. 2d). Furthermore, the higher SSTs above the Agulhas
current, in conjunction with the cooling at 850 hPa, implies stronger low-
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level instability in the 2022 warmer world compared to the 1979 cooler
world. Note that the factual (observed) low-pressure system and associated
low-level jet migrated southwards along the KwaZulu-Natal coast between
its formation late on the 11th of April until its weakening late on the 13th of
April4.The evenhigher rainfall totals in the futurewarmerworld correspond
to a further northward displacement in the low-pressure system (Fig. 4) and
associated strengthening of the low-level jet (Fig. 8c, d). The added trends in
terms of increasing SSTs over theAgulhas current region, and cooling at 850
hPa would also contribute to increased low-level instability in the future
warmer world atmosphere.

Discussion
The Durban flood of 11–12 April 2022 is the worst flood disaster in South
Africa’s history, with 544 people having lost their lives. Along the coastal
strip south of Durban more than 200mm of rainfall was recorded. In the
larger Durban region, including the inland catchment area of the major
rivers, area-averaged rainfall was 137mm over the two-day period. Indi-
vidual weather stations recorded two-day rainfall totals as high as 515mm
(more than half of the average annual rainfall of Durban). By the night of 11
April, major rivers transecting the largerDurban region such as theUmgeni
were in flood. The rainfall was caused by an upper-air cut-off low-pressure
system thatmoved fromwest to east across the SouthAfrican interior, and a

mesoscale surface-low that formed east of its axis, late on 11 April. The
surface low likely developedbecause of the conservationof absolute vorticity
as the cut-off lowmoved from the South African plateau towards the coast,
rather than, as has been suggested4, in response to high SSTs. Such surface-
lows commonly develop over the oceanic areas along the EasternCape coast
and KwaZulu-Natal coast, to the east of approaching cut-off lows52. The
southeasterly winds occurring to the south of the centers of these lows are a
primary cause of heavy falls of rain occurring in response to cut-off lows52–54.

We applied a km-scale perturbed-physics ensemble to compare the
rainfall that occurred in association with the cut-off low and mesoscale low
to what would have occurred in a counterfactual cooler world where some
anthropogenic warming has not occurred. The cooler world was con-
structed by detrending the atmospheric and sea-surface temperature initial
states used in themodel simulations using trends calculated over the period
1979-2021 (seeMethods). At 3.8 km resolution, the observed intensity of the
mesoscale low is well resolved by the ensemble, as opposed to being
underestimated in ERA5 reanalysis data. Along the coast and in the larger
Durban area the median of the ensemble underestimates rainfall totals, but
both the average and maximum observed rainfall are spanned by the range
of the ensemble.

As is typical for cut-off lows present in the upper-air over the eastern
interior of South Africa, a high-pressure system was present at the surface,

Fig. 4 | Observed and simulated positions of the surface low that contributed to
the Durban floods of 11–12 April 2022 and its projected displacement in the
counterfactual cooler and future warmer worlds. The Météo-France RSMC esti-
mated position of the low is shown by the green dot for 12 GMT on 12 April 2022,

and the corresponding simulated positions of the low in the CCAM ensemble by
black dots. The simulated positions of the lows in the 1979 cooler world (future
warmer world), obtained by removing (adding) atmospheric and SST trends from
(to) the 11 April 2022 00 GMT initial state, are indicated by blue (red) dots.
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with its center southeast of SouthAfrica, andwith easterlyflow to its north55.
Themeso-scale surface low formed north of the high-pressure system, with
a strong southeasterly low-level jet to the south of the low4. Pronounced
trends are present in the April sea-level pressure field indicative of more
pronounced ridging of surface high-pressure systems, with associated
trends in temperature and low-level moisture, for the period 1979-2021.
This change in the regional circulation is consistent with anthropogenic-
induced hemispheric changes in the Southern Hemisphere, specifically the
multi-decadal positive trend in SAM and the expansion of the Hadley
Cell43,46–48. CMIP6 models consistently show coherency in projecting
strengthening high-pressure systems south of South Africa and associated
increasing easterly flow over eastern South Africa in April for today’s
anthropogenically-warmed world compared to pre-industrial climate, with
this pattern persisting and strengthening under low-mitigation futures.

When the 1979-2021 thermodynamic and circulation trends are
removed from the initial oceanic and atmospheric state to produce a
counterfactual cooler world (seeMethods), the surface low-pressure system
and its low-level jet are simulated to consistently form further to the south.
This, in combination with increased moisture availability above a warmer
Agulhas current, were important contributing factors to rainfall totals over
the largerDurban area simulated to be 40–107%higher for the 2022warmer
world, compared to the 1979 cooler world. The perturbed physics ensemble
is thus indicative of anthropogenic forcing having made the 2022 floods
substantially worse than in a counterfactual cooler world obtained by
removing 1979–2021 climatological trends. When trends are added to
generate a future warmer world, the surface low consistently occurs further
to the north and further increases of two-day rainfall totals are simulated for
the larger Durban area. This finding, obtained by applying the trend ‘in the
opposite direction’ compared to when generating the counterfactual cooler
world, and obtaining a rainfall response in the same direction (that is,
further increases in rainfall) confirms the robustness of the anthropogenic
signal detected in the 2022 warmer world simulations. Our assessment is
that the increased moisture availability over the KwaZulu-Natal coast in
April is likely the result of systematic anthropogenic trends in terms of
increased advection of oceanic moisture from the southeast (the

consequence of systematic trends in dynamic circulation), in combination
with enhanced evaporation above the Agulhas current and the thermo-
dynamics of a warming regional atmosphere. This suggests a systematic
anthropogenic influence on the formation of cut-off low induced low-
pressure systems along the KwaZulu-Natal coast in today’s warmer world,
in terms of both their northward displacement and increased moisture
availability.

In the report by WWA19, rainfall totals associated with the Durban
floods were estimated to have been only 4–8% higher, compared to a pre-
industrial world. The GCM ensembles typically used for probability-based
extreme event attribution, and the RCM ensembles additionally used in the
WWA report19, are integrated at spatial resolutions where they can at best
only partially resolve the circulation dynamics of mesoscale processes, and
cannot resolve the deep convection occurring in association with these
systems26–28. TheWWAreportwas producedas an operational product, and
was widely publicized56, but has to date not been peer-reviewed. Its findings
are questioned by the results described in this paper.More generally,WWA
seems to apply the same probability-based approach to extreme event
attribution, based on large ensembles of relatively low-resolution GCM
ensembles that represent pre-industrial conditions and today’s
anthropogenically-warmed world, to weather events ranging from
heatwaves57 and droughts58 to cut-off lows59 and meso-scale lows19. It is
questionable if this approach is suitable to make attribution statements
where meso-scale weather events were prominent in the severe weather
event of interest. For example, it has been assessed that low-resolutionGCM
ensembles are inadequate for attribution assessments of Australian east-
coast lows28.

The conditional approach to extreme weather event attribution also
has somedisadvantages. First and foremost, the assumption ismade that the
weather system would have occurred in the counterfactual cooler word,
which is not necessarily the case32. Secondly, the trends introduced to the
observed initial SST and atmospheric state can create imbalances in physical
relationships and generate initial states that are physically implausible to
occur (e.g. in terms of atmospheric stability profiles). Thirdly, since con-
ditional extreme event attribution assumes the formation of the weather

Fig. 5 | Average sea-level pressure over the study domain and intensity of the
surface low that contributed to the Durban floods of 11–12 April 2022, for the
2022 warmer world compared to a counterfactual cooler world and a future
warmer world. a Box-whisker plots are shown for the range of average sea-level
pressure (hPa) over eastern southern Africa and adjacent Indian Ocean (34 °S to
26 °S, 28 °E to 38 °E) at 12GMTon12April 2022 in theCCAMensemble simulations
for a 1979 cooler world constructed from detrended sea-level pressure, SSTs,
atmospheric temperature and moisture (CM ave), detrended sea-level pressure,
SSTs and atmospheric temperatures only (C ave), the 2022 warmer world (T), a
future warm world constructed from trended sea-level pressure, SSTs and atmo-
spheric temperatures (W ave) and a future warm world constructed from trended

sea-level pressure, SSTs and atmospheric temperature and moisture (WM ave). b is
the same, but for the intensity of the low in hPa. The central pressure of the low as
estimated by the Météo-France RSMC at La Réunion is indicated by a cross and for
the ERA5 simulation by a closed dot, in the box-whisker plot for the 2022 warmer
world (T), for 12 April at 12 GMT. The lines in the boxes represent the 25th
percentile (Q1), the median (Q2) and the 75th percentile (Q3) for the specific
simulation set. The end of the arms in these plots are Q1–1.5IQR and Q3+ 1.5IQR,
where IQR = Q3–Q1, and values above or below these thresholds are marked with
open dots. TheCMave (CMmin), C ave (Cmin),W ave (Wmin) andWMave (WM
min) simulations are significantly different from the T (T min) simulations at a 95%
confidence interval as per the Mann-Whitney-Wilcoxon rank-sum test.
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system that catalyzed the extreme event in a cooler world, it can thus not
make statements about the changing probability of the occurrence of
extreme events in warmer worlds. Our results are also model-dependent,
but in principle it should be possible to generate multi-model ensembles of
km-scale perturbed physics conditional extreme event attribution simula-
tions. An advantage of our approach is that at the km-scale the simulations
fully resolve the mesoscale weather system responsible for the Durban
floods, whilst at the same time the dynamics of the severe convective rainfall
that led to the flooding are at least partially resolved. The simulations were
performed on a high-performance computer in Africa, and the attribution

system was designed in Africa, implying that an African-based attribution
modelling systemhas been developed. Using a flexible and computationally
efficient stretched-grid variable-resolution modelling approach, there is the
potential for similar systems to be deployed on relatively small high-
performance computers in the Global South, at least until the time that
global multi-model km-scale modelling systems become available through
initiatives such as Earth Virtualization Engines (EVE, 2023)60.

Our findings suggest a pronounced role of climate change in making
the rainfall event that led to theDurbanfloods of 11 and 12April 2022more
intense. Other studies point to a detectable increase in the frequency of

Fig. 6 | Spatial depiction of rainfall patterns during 11–12 April for the 2022
warmer world compared to the 1979 cooler world, and for a future warmer world
compared to the 2022 warmer world. Projected changes in 2-day rainfall totals
(mm) are shown for 11–12 April 2022 as per the median of the CCAM ensemble for
the 2022 warmer world, relative to the counterfactual cooler world obtained through

detrending 1979–2021 a sea-level pressure, SSTs and atmospheric temperature and
b sea-level pressure, SSTs, atmospheric temperature and atmospheric moisture.
c, d are the same but obtained from simulations for a future warmer world versus the
2022 warmer world, with the future warmer world constructed from adding rather
than subtracting the trends.
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extreme rainfall events in Durban as a consequence of climate change17,19.
There is thus a clear need for urgent adaptation action to build resilience
against increasingflood risk.However, climatechange adaptationoptions in
rapidly growing African cities is a challenging and complex issue in its own
right, and suggesting such options falls largely out of the scope of this paper.
Several scholars have in fact been reflecting on how the disaster unfolded in
Durban in April 202211,13. We would like to provide only two broad-scale
perspectives in this regard. The first is that tens of thousands of people in the
larger Durban region remain living below flood lines and against steep hill
slopes where mud slidesmay occur during periods of excessive rainfall. It is
not realistic to expect that this exposure and vulnerability will be removed
overnight, and consequently there is a clear need for a step-up in disaster
management in this region. Specifically, there is a need to develop opera-
tional procedures through which thousands, or even tens of thousands of
people can be evacuatedout of harms’way as part of EarlyWarning Systems
informed by reliable short-range weather forecasting. There is no tradition
in South Africa for the evacuation of several thousands of people in only a
few days in response to flood risk, but clearly there is a need for the urgent
development of such operations. The second perspective is that there is
clearly a need to build resilience to flood risk in the larger Durban region in
response to increasing risks due to climate change. This may involve con-
vincing and supporting communities to relocate to safer locations, an
expensive and complex issue for any city in which growth is fast and
informal.

Methods
Themodel used for the conditional extreme event attribution simulations is
a variable-resolution global atmospheric model, the conformal-cubic
atmospheric model (CCAM) of the Commonwealth Scientific and Indus-
trial Research Organisation (CSIRO)61,62. CCAM solves a set of non-
hydrostatic equations in a pressure-based sigma coordinate63 with a semi-
implicit semi-Lagrangian solution procedure61,64, on a reversibly-staggered
grid64. Physical parameterizations for convection, cloud microphysics and

boundary layer turbulent mixing are scale-aware. CCAM runs coupled to a
dynamic land-surface model65,66. A stretched (Schmidt factor 6.25) C384
grid was used to obtain 3.8 km horizontal resolution on the high-resolution
panel, with 35 levels in the vertical. The high-resolution panel is centered at
Durban (latitude 29.9 °S and longitude 31.0 °E) and covers an area of about
(1500 km)2, before the resolution gradually decreases away from the area of
interest. The simulations were performed on the Lengau cluster of the
Centre for High-Performance Computing in South Africa.

The conditional extreme event attribution methodology employed
here follows that of the pioneering studies of attribution of landfallingNorth
Atlantic hurricanes31,32. In this approach to attribution, the weather system
that caused the disaster of interest is effectively inserted into a counterfactual
cooler world, in which (some) anthropogenic warming has not occurred.
The attributes of the weather system in the counterfactual cooler world are
then compared to the attributes in today’s (factual) anthropogenically-
warmed world. The extent to which initial and/or boundary conditions are
prescribed for the conditioning of the weather system in a cooler world
varies across different studies, in some cases involving only SSTs, but
potentially also atmospheric temperatures, moisture and circulation20,21.
Note that the conditional approach to attribution assumes that the weather
system that caused the disaster in today’s anthropogenically-warmedworld,
also would have occurred in a counterfactual cooler world.

We followed specifically themethodologyof oneof thefirst conditional
extreme event attribution studies, which was focused on the heavy falls of
rain caused by Hurricane Harvey in Texas32, to numerically set up the
counterfactual cooler world. This involves making use of ERA5 reanalysis
data67 to calculate trends over the period 1979-2021 (taking note of the
greater reliability of reanalysis data for the remote sensing era, starting in
1979). These trends are then removed from the initial atmospheric and SST
state from which the actual observed extreme event evolved, to effectively
insert the weather system into a counterfactual cooler world. The use of
reanalysis data likely facilitates the most realistic depiction of
anthropogenically-induced trends in regional climate in recent decades, as

Fig. 7 | Simulations of average rainfall over and maximum rainfall within the
larger Durban area for the two-day period of 11–12 April 2022, and the corre-
sponding two-day average and maximum rainfall totals in a counterfactual
cooler world and a future warmer world. a Box-whisker plots for rainfall averaged
over the larger Durban region (30.28 °S to 29.2 °S and 29.77 °E to 31.2 °E) for 11–12
April in the CCAM ensemble for a 1979 cooler world constructed from detrended
sea-level pressure, SSTs and atmospheric temperature and moisture (CM ave),
detrended sea-level pressure, SSTs and atmospheric temperatures only (C ave), the
2022 warmer world (T), a future warmer world constructed from trended sea-level
pressure, SSTs and atmospheric temperatures (W ave) and a future warmer world
constructed from trended sea-level pressure, SSTs and atmospheric temperature and
moisture (WM ave). The two-day rainfall averaged over the larger Durban region in

the ARC weather station data is indicated by the solid square in the plot for the 2022
warmer world (T). b is the same as a, but for the maximum rainfall recorded in the
larger Durban region for the two-day period across the model grid-boxes. The two-
day rainfall totals recorded by the Southbroom (closed dot) and Port Shepstone
(cross) ARC weather stations are shown in the plot for maximum rainfall for the
2022 warmer world (T max). The lines in the boxes represent the 25th percentile
(Q1), the median (Q2) and the 75th percentile (Q3) for the specific simulation set.
The end of the arms in these plots are Q1–1.5IQR and Q3+ 1.5IQR, where IQR =
Q3-Q1, and values above or below these thresholds are marked with open dots. The
CM ave (CM max), C ave (C max), W ave (W max) and WM ave (WM max)
simulations are significantly different from the T (T max) simulations at a 95%
confidence interval as per the Mann–Whitney–Wilcoxon rank-sum test.
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opposed to relying on GCM simulations. An alternative approach is indeed
tomake use of GCMprojections to calculate the systematic change between
variables in today’s warmer world and a counterfactual cooler world (most
studies select a pre-industrial world), and to use these changes tomodify the
initial and boundary conditions for simulation of the weather system in the
counterfactual cooler world31. If the conditioning also involves circulation
variables, the question arises whether observed multi-decadal trends (or
projectedmulti-decadal changes) in circulation at regional scales are indeed
signatures of regional climate change, or alternatively the consequence of
multi-decadal climate variability. Most conditional extreme event attribu-
tion studies avoid this question by conditioning the counterfactual cooler-

world simulations to only SSTs and atmospheric temperature andmoisture,
given the relative certainty of climate change inducing trends or changes in
atmospheric thermodynamics42. However, this approach runs the risk of
introducing physical inconsistencies by not also prescribing anthro-
pogenically induced changes in circulation that are consistent with the
changes in thermodynamics. Where the counterfactual cooler world is also
conditioned on circulation changes32, such as in our methodology, it is
important to demonstrate that these changes are likely anthropogenically
induced (see Results). Moreover, we have shown that the circulation trends
in the ERA5 reanalysis data and the CMIP6 ensemble average are qualita-
tively similar, with both data sets indicative of increasing sea-level pressure

Fig. 8 | Spatial depiction of the low-level jet during 11–12 April for the 2022
warmer world compared to the 1979 cooler world, and for a future warmer world
compared to the 2022 warmer world. Projected changes in the zonal component of
the wind (m/s) are shown for 12 April 2022 at 12 GMT as per the median of the
CCAM ensemble for the 2022 warmer world relative to the counterfactual cooler

world obtained through detrending 1979–2021 a sea-level pressure, SSTs and
atmospheric temperature and b sea-level pressure, SSTs, atmospheric temperature
and atmospheric moisture. c, d are the same but obtained from simulations for a
future warmer world versus the 2022 warmer world, with the future warmer world
constructed from adding rather than subtracting the trends.
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south of South Africa and associated enhanced easterly flow over eastern
southern Africa (see Results and Supplementary Information). We conse-
quently do not expect qualitatively different findings if the attribution
simulations should be undertaken with trends as present in the CMIP6
ensemble average (as opposed to ERA5 derived trends). Note that in our
experiments we have detrended specifically the April monthly averages for
the variables of atmospheric temperature and mixing ratio, sea-surface
temperature and sea-level pressure, given that the extreme event occurred in
this month.

Our conditional extreme event attributionmodelling systemapplied to
explore the role of climate change in the extremeweather that resulted in the
Durbanfloods is based a 64-memberperturbedphysics ensemble.The value
of perturbed physics ensembles as amodelling framework for extreme event
attribution simulations has been demonstrated in the context of North
Atlantic hurricanes, in terms of exploring the attributes of the weather
system under consideration in terms of its thermodynamics and dynamics
in cooler andwarmerworlds32. The simulations of the actual event in today’s
factual warmer world were initialized (a cold-start) on 11 April 2022 at 00
GMT from ERA5 reanalysis data. We note that in this regard, with 31 km
resolution in the horizontal ERA5 is the highest resolution global reanalysis
data set, and deemed the most suitable to initialize the km-scale model.
Moreover, the ERA5 data is of sufficiently high-resolution to describe the
initial state of the synoptic-scale cut-off low, noting that at the time ofmodel
initialization themeso-scale surface lowhasnot yet formed.The simulations
were for a 48-hr period, spanning the entire duration of heavy rainfall over
the larger Durban area4, running ‘freely’ from the point of initialization on
the stretchedC384 grid. That is, the simulations were in ‘numerical weather
predictionmode’, rather thannudgedwithin the reanalysis data.We refer to
these simulations as the 2022 warmer world, today’s factual warmer world
or today’s anthropogenically-warmed-world simulations, noting the con-
siderable global warming trend since 1979. In the ERA5 reanalysis, annual
global surface air temperature increased by about 0.8 °C during the period
1979–202143.

It would have been beneficial to have available a km-scale model cli-
matology over the area of interest, to contextualize whether the under-
estimation of rainfall totals by most ensemble members (see Results) is part
of a negativemodel bias (systematic underestimation) in terms of simulated
rainfall totals over KwaZulu-Natal. Such simulations would also enable the
estimation of the statistical distribution of extreme events in the model’s
present-day climatology, which in turn would enable estimating how rare
the extreme event (as represented by the perturbed physics ensemble) is,
relative to the underpinning model climatology. However, km-scale model
climatologies are computationally expensive to obtain, with only a single
such climatology published for an African domain33. Moreover, none of the
existing attribution studies undertaken at the km-scale31,37–39 made use of
model biases in their analysis, likely due to computational restrictions. It
may also be noted that model biases are expected to impact on the model
simulations of both cooler and warmer worlds, with the effects of biases
implicitly assumed to cancelwhen calculating the climate change signal as in
Fig. 6. This assumption is commonly made when calculating the projected
climate change signal for simulated future climates relative topresent-day or
pre-industrial climates.

To obtain the counterfactual cooler world simulations, trends identi-
fied for the period 1979-2021 for the month of April were subtracted from
the 11 April 2022 00 GMT initial state. Using the detrended initial state, we
proceeded to repeat the 64-member perturbed physics ensemble of simu-
lations. These simulations we refer to as the 1979 cooler world, or coun-
terfactual cooler world, simulations. Greenhouse gas, ozone and aerosol
concentrations in these simulations are for April 1979 as used in the
historical-period simulations of CMIP6. We performed two variations of
this experiment. In the first, sea-surface temperatures, sea-level pressure,
atmospheric temperature and atmospheric moisture were detrended and
the trends subtracted from the observed initial state of 11 April 2022 at 00
GMT, as obtained from the ERA5 data. In the second experiment sea-level
pressure andatmospheric and sea-surface temperaturesweredetrended, but

atmospheric moisture was kept in its observed (11 April 2022 at 00 GMT)
state. Both sets of 1979 cooler world simulations can be compared to the
2022 warmer world simulations, in terms of the statistics of heavy rainfall,
and the dynamics and thermodynamics of the weather system that caused
the heavy falls of rain. A comparison of the two cooler-world experiments
allows for an exploration of the role of trends in atmosphericmoisture in the
occurrence of heavy falls of rain in the 2022 warmer world.

Correspondingly and finally, ‘future warmer world’ perturbed physics
ensemble simulations were also performed, by repeating the two experi-
ments described above, but with the trends added to (not subtracted from)
the 11 April 2022 00 GMT observed initial state. Adding a further 0.8 °C of
global warming to the 2022 initial state results in a global warming level of
about 2 °C, corresponding to the 2040 s under Shared Socioeconomic
Pathway 3-7.0 (SSP 3-7.0)68; these simulations were consequently per-
formed with radiative forcing (e.g. greenhouse gas, ozone and aerosol
concentrations) for the year 2045. Adding historical trends to an atmo-
spheric initial state to produce a futurewarmerworld relies on the additional
assumption that these trends will persist into the future. For example, if
trends of steepening atmospheric lapse rates have occurred in the historical
past, simply persisting these into the futuremay lead to setting upunrealistic
initial states, in that these may be convectively unstable. This may result in
rapid and unrealistic outbreaks of convection at model initialization. The
future warmer world experiments should thus be seen as a sensitivity
experiment, further exploring the effects of a warming atmosphere on the
extreme event in question, yet subject to the possible physical incon-
sistencies of simply extrapolating historical trends into the future. There is,
however, an important reason for this type of experiment to be performed:
extreme event attribution using the conditional approach aims to simulate
extreme weather events with ensembles constructed using approaches
reminiscent of those of short-range weather forecasting. Given that the
atmosphere is chaotic, changing the initial state to generate a cooler world
may lead to a difference in outcome of more mundane weather, purely
because of the perturbation in initial conditions20 (the starting point in an
extreme event). This may lead to the spurious conclusion that climate
change played a key role in the observed (factual) outcome of the event. To
safeguard against this effect, it is important to also apply the perturbation in
the opposite direction, and to check if the observed event becomes even
more extreme in a future warmer world20. This approach was followed in
attribution simulations for hurricanes Sandy and Harvey32,69.

In all experiments, the Clausius Clapeyron equation was used to check
that unrealistic supersaturatedmoisture values were not generated from the
trend-adjusted temperature and/ormoisturefields. Similarly, the generation
of negative values of moisture was not allowed. In the above approach to
generating initial state fields, the model geopotential (mass) field was not
detrended, and similarly neither was the momentum (the horizontal and
vertical wind components). Although the adjusted moisture fields can be
kept physically consistent with the temperature fields, adding trends to an
atmospheric initial state likely results in physical imbalances. In numerical
weatherprediction, physical imbalances in the initial conditions are resolved
by geostrophic adjustment processes to provide a balanced state after some
hours. Experimental design should thus allow for sufficient integration time
for such balances to be restored, in this specific approach to extreme event
attribution. In the case of the experiments undertaken here, given that
intense rainfall only started to occur about 9 hours aftermodel initialization,
and the meso-scale low formed only about 21 hours later4, we argue that
initializing on the 11th at 00Z offers a suitable time for the required
adjustment processes to occur.

Our methodology is an example of the conditional approach to attri-
bution with the simulations performed at km-scale (convection-permitting)
spatial resolutions. Undertaking the simulations at the km-scale is particu-
larly important if the weather system that caused the extreme weather is
meso-scale or smaller and is characterized by nonhydrostatic atmospheric
dynamics. In such cases, convection-permitting simulations are likely more
capable to resolve the relevant dynamics and thermodynamics, as well as the
role of climate change in altering these processes, compared to relatively low-
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resolution GCM or RCM simulations (whether these are undertaken within
the probabilistic or conditional framework). With the increasing interna-
tional focus on km-scale climate modelling and increases in computational
power, studies exploring km-scale modelling for extreme event attribution
are starting to emerge within the conditional approach38,39, but remain for
now out of the (computational) reach of the probabilistic approach.

The particular set of perturbed physics parameterizations used to
generate the 64-member ensemble simulations were selected to strengthen
the exploration of the role of convection in the weather event. Given the
scale-aware convection scheme used inCCAM(which is based on an earlier
mass-flux scheme70), we selected parameters that describe the role of dif-
ferent convective cloud processes in the dynamics of the weather event, as
well as different cloudmicrophysical schemes and boundary layer processes
(Table 1).

Area-averaged rainfall totals are calculated for the larger Durban
region shown in Fig. 1, covering the area 30.28 °S to 29.2 °S and 29.77 °E to
31.2 °E. Towards these calculations the CCAM data was interpolated to a
latitude-longitude grid of 0.05° resolution. The CCAM rainfall maximum
for each ensemblemember over the largerDurban area, as shown in Fig. 7b,
was calculated across these grid-boxes, for which the surface areas equate to
~25 km2. Average sea-level pressure is calculated for a larger domain cov-
ering eastern southern Africa and the adjacent Indian Ocean (34 °S to 27 °S
and 28 °E to 38 °E). The ARC creates operational rainfall surfaces at a 0.01°
spatial resolution for rainfall as recorded by their network of automatic
weather stations. For the two-day period of 11 and 12April 2022, the hourly
rainfall values per station were accumulated and the resulting rainfall totals
were interpolated using the operationalmethodology71 to obtain the rainfall
map in Fig. 2a.

Data availability
The model output and observational data underpinning Figs. 2–8 are
available via Figshare at https://doi.org/10.6084/m9.figshare.c.7845314. The
CMIP6data used to construct thefigures in the SI section is available via the
EGFS. For Fig. 1 (geographical study area) we used data from South Africa
SRTM 30 Meter digital elevation model available at https://rcmrd.
africageoportal.com. Data on the river network is from the Global River-
ATLAS https://www.hydrosheds.org/hydroatlas. Data displayed on the
South Africa Country, Province, District and Municipalities Boundaries is
available from the South Africa (ZAF) Administrative Boundary Common
Operational Database (COD-AB) at https://za.africageoportal.com.

Code availability
No custom code was developed as part of this paper.
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