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Abstract: Every year, cut-off low (COL) pressure systems produce severe weather conditions and
heavy rainfall, often leading to flooding, devastation and disruption of socio-economic activities in
South Africa. COLs are defined as cold-cored synoptic-scale mid-tropospheric low-pressure systems
which occur in the mid-latitudes and cause persistent heavy rainfall. As they occur throughout the
year, these weather systems are important rainfall producing systems that are also associated with
extreme cold conditions and snowfalls. An in-depth review of COLs is critical due to their high
impacts which affect some parts of the country regularly, affecting lives and livelihoods. Here, we
provide a comprehensive review of the literature on COLs over the South African domain, whilst
also comparing them with their Southern Hemisphere counterparts occurring in South America and
Australia. We focus on the occurrence, development, propagation, dynamical processes and impacts
of COLs on society and the environment. We also seek to understand stratospheric-tropospheric
exchanges resulting from tropopause folding during the occurrence of COLs. Sometimes, COLs
may extend to the surface, creating conditions conducive to extreme rainfall and high floods over
South Africa, especially when impinged on the coastal escarpment. The slow propagation of COLs
appears to be largely modulated by a quasi-stationary high-pressure system downstream acting as
a blocking system. We also reviewed two severe COL events that occurred over the south and east
coasts and found that in both cases, interactions of the low-level flow with the escarpment enhanced
lifting and deep convection. It was also determined from the literature that several numerical
weather prediction models struggle with placement and amounts of rainfall associated with COLs,
both near the coast and on the interior plateau. Our study provides the single most comprehensive
treatise that deals with COL characteristics affecting the South African domain.

Keywords: cut-off low; South Africa; extreme rainfall; snow; potential vorticity; Rossby wave
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1. Introduction

South Africa is located on the southernmost tip of Africa and is predominantly a
semi-arid region with high rainfall variability, characterised by frequent extreme weather
events. The country is also widely recognised as one of the most vulnerable to climate
change due to the low levels of adaptive capacity (particularly among rural communities),
combined with a high dependence on rain-fed agriculture [1]. The subcontinent is sur-
rounded by the warm southwest Indian Ocean in the east and the cold South Atlantic
Ocean in the west. The disparity in ocean currents is partly responsible for the spatial
gradients of rainfall such that arid conditions in the west (cold Benguela current) give way
to a subhumid climate in the east (warm Agulhas current). The southwest Indian Ocean
plays a vital role in rainfall over South Africa as it is a major source of moisture for the
region, transported onshore by trade winds from the Mascarene High pressure system [2].
Furthermore, the spatial vegetation and soil moisture conditions evidently reflect the
same west—east gradient over southern Africa.

Most rainfall occurs during the austral summer, but the southwest and coastal re-
gions experience significant rainfall in winter. Several weather systems bring rainfall to
the region in summer, including cloud bands from tropical-temperate troughs [3],
mesoscale convective systems [4], tropical continental lows [5], and tropical cyclones from
the southwest Indian Ocean and Mozambique Channel [6]. During the austral winter, cold
fronts, ridging anticyclones [7] and cut-off lows (COLs) are also significant producers of
rainfall, especially over the southern districts of South Africa [7-9]. Cut-off lows are
unique not only due to their severity and impacts but also because they occur throughout
the year [8].

This research focuses on a comprehensive review of the literature on characteristics
of COLs from a regional perspective, critically evaluating the existing knowledge whilst
establishing possible gaps. The paper is organised into thematic areas and begins by de-
fining COLs and understanding the seasonality and contribution of COLs to annual rain-
fall over South Africa. The historical impacts of COLs are detailed and the treatment of
numerical weather prediction (NWP) models is also evaluated (Figure 1).
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Figure 1. Conceptual framework demonstrating the literature focus on the study of COLs.
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2. Defining Cut-Off Lows

The definition of COL weather systems varies throughout the literature. They have
been defined as cold-cored synoptic-scale mid-tropospheric low-pressure systems which
occur in the mid-latitudes but extend to the subtropics, accounting for major severe rain-
fall and cold events [10,11]. COLs occur when they become isolated from the westerlies
and are displaced equatorward [12]. Others define COLs as quasi-stationary, short-lived
weather systems [13] that form and develop within the westerly wave, equatorward of the
polar jet-stream, forming closed cyclonic circulations in the middle and upper tropo-
sphere [9,14]. Due to consistent COL features, most studies define COLs as closed circu-
lations at 500 hPa [15,16] and between 200 and 300 hPa [8,16,17-19]. Rainfall in the sub-
tropical regions is influenced by COLs, one of the major synoptic-scale systems [8].

COLs form as low atmospheric pressure regions without a closed isobaric contour in
the upper levels. The systems result from deep moist convection caused by cold air aloft
(depression) and are detached from the westerlies visualised through an equatorward cy-
clonic segregation at 500 hPa [19,20]. Through this development, COLs form a closed low
system detaching from the westerly wave extending towards the surface, causing unstable
and severe weather conditions (i.e., thunderstorms, strong winds, heavy rain, hail or snow
[21].

The life cycle of a COL is characterised by four stages as determined by Nieto et al.
[17] for the Northern Hemisphere and adapted to Southern Hemispheric COLs by Robeita
et al. [16]. The first stage is the development of an upper-level trough and a temperature
wave found west of the geopotential wave. The second stage involves the detachment
from the westerly wave also referred to as the tear-off stage. The third stage involves the
cold air penetrating the centre of the trough moves equatorward independently and is
also referred to as the cut-off stage. When the COL dissipates and merges with a deep
trough in the westerly zonal jet, this is known as the fourth stage of the weather system
[22].

While most weather systems are ‘travelling’ disturbances, a cut-off low is unique as
it is slow-moving, resulting in the persistence of anomalous weather conditions for up to
34 days on average [8,23]. In some cases that affect southern Africa, the westerly wave
develops a blocking high over the Indian Ocean, resulting in COLs developing behind it
[24]. Over South Africa, mid-tropospheric COLs are often accompanied by surface ridging
anticyclones. Ridging occurs when a South Atlantic anticyclone (St Helena High) extends
or propagates eastwards around the southern Africa landmass. Two types of ridging an-
ticyclones have been identified over the South African domain, being equatorward (Type
N) or poleward (Type S) of the 40S latitude [25]. When COLs extend to a surface low with
no presence of a ridging anticyclone, they have been found to cause more extreme weather
conditions [22]. COLs that are linked to surface lows over South Africa are frequent during
autumn, over high latitudes and are sprightly and long-lived [8,22].

Quasi-stationary subtropical anticyclones are characterised by minimal frontal activ-
ity and weak pressure gradients [24]. The system can be centred over southern Africa and
mostly influences subsidence and settled weather over most parts. However, when lo-
cated south or southwest of the subcontinent, the system can be termed ridging, causing
widespread unsettled weather over the eastern coastal areas.

As COLs occur in westerly waves where cold frontal systems are located, they occur
throughout the year over South Africa, though with an autumn (March-May) maximum
and a secondary peak during the austral spring from September to November [8]. In
spring (from September to October or November), COL rainfall is more intense and wide-
spread over the region. In South Africa, the contribution of COL to annual rainfall is sig-
nificantly higher during the spring and autumn months [9], with the Eastern Cape Prov-
ince in the south most frequently affected by COL landfalls and heavy rainfall [26].
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3. Description of Study Area

This study mainly focused on South Africa, which is located on the southern tip of
southern Africa and bounded by disparate ocean currents over the Atlantic and Indian
Oceans (Figure 2). In the southern Africa region, South Africa is the most affected by
COLs, which often lead to severe socio-economic impacts. COLs occasionally bring ex-
treme rainfall to the south of Namibia, Botswana and Zimbabwe, following Singleton and
Reason [8]. As shown in Figure 1, COLs exhibit different structures depending on whether
they occur over polar, mid-latitudes or tropical latitudes [27]. Over the Southern Hemi-
sphere, COLs also affect the continents of South America and Australia. They are respon-
sible for 50% of April-October rainfall, and 80% of daily rainfall in southeastern Australia
[28,29], increasing the frequency of heavy rainfall when compared to other weather sys-
tems [30,31]. In Australia, COLs are the second highest distinct synoptic weather system
contributor of rainfall dominating the interannual variability [30-33], and are most fre-
quent during the positive phase of the Southern Annular Mode [18]. Although southern
Africa has the lowest number of COL occurrences [16,20,34], intense COLs have been re-
sponsible for extreme rainfall events over the subcontinent. It is also noted that studies on
COLs over the Southern Hemisphere have increased over the years.

The complex topography of South Africa, characterised by a steep coastal escarpment
and a high inland plateau (Figure 2), affects the atmospheric circulation, strongly influ-
encing the occurrence and modification of COLs [10,35,36]. COLs that are located above
topographic gradients due to elevated escarpments are affected by orographic forcing,
which enhances lifting, resulting in deep convection. Sometimes, low-level jets impinge
on the escarpment during COL events or cloud bands, resulting in extreme rainfall and
flooding [26,37].
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Figure 2. Map showing four South African COL regions and elevation (after Singleton and Reason
[8]). COLs exhibit unique characteristics in regions A, B, C and D.
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4. Seasonality and Contribution of COLs to Annual Rainfall over South Africa

COLs occur throughout the year, with an average of approximately 11 making land-
fall over South Africa in a year [8,38]. Despite an all-year climatology, COLs are most fre-
quent during the transition seasons: March-April-May and September—October-Novem-
ber [8]. Comparatively, in the southern Australian region, COLs are most frequent during
the period from May to October [39]. In South America (i.e., Peru, Chile, Argentina) they
occur frequently in spring and autumn over the region 68-80° W and 30-45° S, with most
occurrences in the Pacific region, followed by the Atlantic and continental regions [40,41].
COLs are likely to produce heavy rainfall across parts of South Africa when they occur [9]
and contribute significantly to the annual accumulation of rainfall in South Africa. The
movement of COLs occurring in the tropics has been found to be more erratic as they tend
to move in a westerly direction or decay with an equatorward trajectory [9].

5. Dynamical Processes and Upper-Air Interactions during COLs

Typically, COLSs occur in the upper air in the presence of a ridging anticyclone at the
surface, with low-level convergence and enhanced lifting in the mid-troposphere (Figure
3). The development of COLs is usually due to the presence of unstable baroclinic Rossby
waves (RWs) [9,41-43] that form due to the rotation of the planet. RWs (or planetary
waves) are identified by their horizontal uniformity, whereby air particles move in a
north—-south direction with latitudinal circular propagation [24].

(a) 500 hPa Circulation of a Cut—off low
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Figure 3. (a) Typical 500 hPa geopotential height (m) and omega (Pa/m) and (b) near-surface MSLP
(hPa) and divergence (x 10”’s™) circulation associated with a cut-off low over South Africa [24]. The
variables plotted here were obtained from the ECMWEF ERAS reanalysis [42].

RWs can continue to be sufficiently unstable, forming vortices (i.e., depressions, COLs or
blocking anticyclones). They are a dominant component of the Ferrel circulation. The
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existence of these waves explains the low-pressure cells (cyclones) and high-pressure cells
(anticyclones) that are important in producing the weather of the middle and higher lati-
tudes.

The closed cyclonic circulation results from a high potential vorticity (PV) anomaly
[44] that is caused by the isentropic transport of high PV stratospheric air, which in turn
is associated with upper-tropospheric Rossby wave breaking (RWB) processes [34]. COLs
are characterised as closed geopotential height contours in the middle levels, associated
with significant potential vorticity (PV) anomalies cut off from the stratosphere due to
RWB [34,45]. The occurrence of high PV anomalies and RWB in the troposphere is associ-
ated with COLs [17,46,47]. RWB is a rapid and irreversible transformation of PV contours
[48]. PV anomalies result from the invasion of high PV stratospheric air transported isoen-
tropically and equatorially into the upper troposphere [49].

The upper layers of the troposphere are characterised by high baroclinicity during
COLs [50]. The presence of cold air aloft allows for the shrinking of the tropopause. A key
role played by COLs is in stratosphere—troposphere exchanges, which sometimes alters
the ozone concentration at high altitudes [51-53], allowing PV to be useful when tracking
COLs [54]. Deep intrusions of stratospheric ozone-rich air downward can be caused by
the occurrence of COLs [55]. This stratospheric intrusion can be important at high alti-
tudes, since ozone is a pollutant in the troposphere. The significance of the occurrence of
COLs is in the dissipation, exchange and mixing of the tropospheric ozone balance [27,56].
Tropopause folding also enhances the exchange of air between the stratosphere and trop-
osphere, which is rich in ozone [57,58].

Along the tropopause, there are fast-moving streams of wind known as jet streams
influencing large-scale global circulations. They result from a strong horizontal tempera-
ture gradient along the top of the troposphere due to the difference in high- and low-
pressure columns. They are known as subtropical and polar jets over both hemispheres
[24]. The portion of the overall jet stream where winds along the jet core flow stronger
than in other areas along the jet stream is referred to as the jet streak. The entrance (exit)
region of a jet streak is where winds are accelerating into the back/upstream (decelerating
out of the front/downstream) side of the streak. Within the entrance region of a jet streak,
divergence (of the ageostrophic wind) usually occurs along and to the right of the jet core
(i.e., the right-entrance region) [43]. Upper-level divergence causes pressure/height falls
at the surface and/or lower-to-middle levels underneath the upper divergence maximum.
Southern African weather is largely affected by the subtropical jet, which migrates pole-
ward in the austral summer and equatorward in the austral winter. The powerful winds
of the jet stream are responsible for pushing weather patterns around the world. Typically,
they move from west to east in a steady fashion. Occasionally, a low-pressure system or
storm will be pinched off from the jet stream and become stalled. This is where a cut-off
low derives its name from.

6. Impacts of COLs

Extreme weather events usually lead to several incidences of social, environmental
and economic impacts. In many cases, the occurrence of flooding due to COLs in South
Africa has been declared a national disaster. This follows the need to implement the re-
sponse requirements of South Africa’s Disaster Management Act, Act No. 57 of 2002, by
all three spheres of government. The South African Weather Service (SAWS) has records,
archives and information on weather extremes and their impacts in South Africa dating
back to the 1500s in a publication called Caelum. This is a publication that is updated
monthly and uses information collected mainly from media sources such as newspapers.
The Caelum publication describes notable weather and weather-related events that made
it to media publication and is shared with South Africa’s National Disaster Management
Centre (NDMC) as well as other research institutions on request. Information stored in
this document includes dates of the weather events, their socio-economic impacts and the
regions affected.
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Of all rainfall-producing systems occurring over South Africa, COLs have the most
devastating impact, claiming many lives each year. In April 2022, at least 443 people died
and 40,000 were displaced when floods from a COL ravaged the east coast of KwaZulu-
Natal [59]. Approximately 4000 homes were destroyed by floods in the area, whilst
schools, clinics and roads were destroyed by the same system [59]. As far back as 1981,
over 100 people drowned in COL-induced floods in Laingsburg [60]. Other common im-
pacts of COLs recorded in the SAWS Caelum include negative impacts on agricultural
yields, water-borne diseases (e.g., cholera, diarrhea) and damage to power stations be-
cause of heavy rainfall and strong winds associated with these weather systems. It is evi-
dent that COL occurrence over South Africa has impacts that include widespread flood-
ing, damage to bridges and roads and displacement of vulnerable affected communities.
While Caelum is a good source of information on extreme weather-related impacts, it has
been criticised for lacking proper quality-control schemes and for under-reporting im-
pacts in certain regions.

COLs can cause flooding over South Africa due to persistent heavy rainfall [8], re-
sulting in severe infrastructure damage and halting local economic activities [10]. Flood-
ing can have an overwhelming toll on the socio-economic exercises of any community,
particularly in developing countries, where human strength and preparedness for climate
extremes are exceptionally low [61,62].

The slow-moving nature of COLs contributes to their high impact, as happens when
anticyclonic conditions persist. COL movements tend to be quasi-stationary, causing large
rainfall accumulation over a particular region and, thus, contributing to flooding events
over South Africa [26]. Some regions experience worse weather than others —with snow-
fall (e.g., Andean highlands), flash floods, mudslides and disruption to transportation and
electricity supply. In addition, the deep moist convection taking place within COLs can
produce short bursts of extreme rainfall, leading to 20% of all flash-flooding events over
South Africa [8].

Whilst COLs are more frequent over South Africa than tropical revolving systems,
they may be comparable to tropical cyclones in terms of producing severe weather, heavy
rainfall, floods and destruction. However, not all COLs are associated with severe
weather. The occurrence of COLs over South Africa induces forest fire suppression due to
flooding, snow and extreme cold conditions. Other impacts of COLs include economic
losses which run into billions of South African Rand, due to the destruction of electrical
power transmission lines, roads and bridges. It is important to note that although some of
the recent COLs have led to destruction and fatalities, some of them have not been as
intense. Thus, any deluge of rainfall from these systems was exacerbated by human factors
that led to flash flooding, mudslides, infrastructure collapse, etc. For example, rural-urban
migration has led to illegal infrastructure developments, more sewer demands or the
blocking of drainage systems and riverbank farming, especially in wetlands or on unstable
platforms [63].

As aresult, several studies have documented case studies of severe COLs which pro-
duced extreme rainfall and devastating impacts [10,26,35,64,65]. From our review, it ap-
pears most high-impact events associated with COLs occur along the coast and cause
damage to properties, infrastructure and the environment. We focus here on two such
COL cases [8,10] which resulted in anomalous weather and very high impacts, including
the loss of lives and livelihoods in East London (Eastern Cape) on the south coast and Durban
(Kwa-Zulu Natal) on the east coast. In both cases, the role of the coastal escarpment was
dominant. The study used the geopotential height, vertical velocity (omega), wind vector
and total rainfall from the ECMWEF ERADJ reanalysis [42] to analyse these events.

6.1. Case 1: 14-17 August 2002

On 15 August 2002, an intense COL spinning independently from the westerly wave
was well developed over East London in the Eastern Cape province (Figures 4-6), where
317.2 mm rainfall was measured [66]. The event dumped devastating rainfall, which was
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approximately four times the monthly average in 24 h [26]. The region experienced a rel-
atively high amount of moisture uplift induced by the presence of low pressure aloft, low
temperatures at the surface and high convection rates. A low-level jet was impinged on
the escarpment, enhancing lifting and convection and resulting in extreme rainfall for a
short duration [26]. The conditions over East London during this period were anoma-
lously cold and wet. The SAWS Caelum reported that this COL led to the death of 14 peo-
ple, 3000 were left homeless and the estimated cost of all damage was around ZAR 2 mil-

lion.
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6.2. Case 2: 22-25 April 2019

This slow-propagating COL produced intense rainfall and severe flooding over parts
of South Africa [10]. There was the presence of a Type S ridging high pressure system at
the surface. This occurrence took place during 22-25 April 2019 (Figures 7-9), which was
an Easter weekend in South Africa. The independent spinning of the COL that detached
from the westerly wave was evident. During this period, there are usually high peaks or
road travel. The COL dumped prolonged rainfall of approximately 150-200 mm in 48 h
[67] and resulted in 80 deaths and damage to infrastructure, settlements, roads and the
water and electricity supply in KwaZulu-Natal province due to localised flooding [68].
While Caelum did not report any estimated costs associated with the damage caused by
this COL, it did document that several bridges and roads were washed away, and many
businesses were lost because of the severe flooding and mudslides that occurred. Town-
ships, informal settlements and developed urban areas were also severely affected. The
unusual flooding and destruction over developed urban areas was an indicator of possible
poor planning, maintenance and decaying infrastructure.
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Figure 7. Geopotential height (m) and wind vector (m/s) at 500 hPa during (a) 22, (b) 23, (c) 24, (d)
25 April 2019.
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7. Forecasting Cut-Off Lows

The forecasting and research communities have become increasingly interested in
COLs over the past several decades [36,69]. In order to make numerical weather and cli-
mate predictions, understanding the characteristics of COLs and their variability is of par-
ticular importance [53]. Information about the potential impacts is made possible by im-
pact-based forecasts and warnings [70]. This indicates that there will be an increase in
climate- and weather-related challenges in the future. A better consideration of the phys-
ical processes that influence temperature and rainfall variability, changes and trends over
South Africa, such as COL dynamics, may prove to be very useful in adapting to projected
future climate changes. This may also improve the reliability of forecasting anomalous
events caused by COLs, leading research institutions and weather services to become in-
terested in COLs in the twenty-first century [21,36,43].

However, there has been a lack of efficient tools and effective warning methods [64]
for societies who are usually non-scientists and the most affected by weather extreme
events. Since COLs produce severe and destructive weather, it is imperative that meteor-
ologists forecast them accurately and with adequate lead time. Information about the po-
tential impacts is made possible by impact-based forecasts and warnings [70] which are
important considering the weather and climate challenges in the future. Better considera-
tion of physical processes that influence temperature and rainfall variability, changes and
trends over South Africa may also improve the reliability of forecasting anomalous events
caused by COLs, leading to positive implications for quality of life, economic well-being
and growth in South Africa. Furthermore, investigating teleconnection patterns (e.g.,
ENSO) and the predictability of COLs is crucial [69].

With advanced prediction systems, accurate rainfall and position forecasts of COLs
are still a challenge due to their irregular trajectories [10]. More recently, climate models
have been used to simulate COLs with more frequency and accuracy (e.g., [10,36,71-72]).
The weather research forecast (WRF) regional model was used to simulate the character-
istics of COL rainfall over the western cape and the influence of topography on cut-off
lows over southern Africa [36]. The WRF successfully captured COLs’ seasonal and annual cli-
matology [36], as well as the influence of the western and eastern topography over South Africa,
which enhances and suppresses rainfall, respectively [36]. The use of models is largely influ-
enced by COL intensification and frequency in a changing climate, impacting regional
climate variability. The use of ensemble models has been found to have improved out-
comes compared to using an individual model. It has been recently documented that the
spatial distribution, temporal and lifetime distributions of COLs are realistically simu-
lated by the Coupled Model Intercomparison Project Phase 6 (CMIP6) models [69]. En-
semble prediction systems tend to produce reliable forecasts, especially if they have accu-
rate initial conditions. However, a recent study by Muothe et al. [10] found that the Uni-
fied Model used operationally by the South African Weather Service simulates rainfall
differently, with higher skill during the formation stage of the systems of COLs over South
Africa due to its low skill when placing COL centres. In addition, understating the fre-
quency of COL occurrence may be an important factor for government and disaster man-
agement to become more proactive than reactive when forecast alerts or warnings are is-
sued.

8. Conclusions

In South Africa, COLs are one of the most important rainfall-producing synoptic-
scale weather systems that occur year round [10] and occur from 20°S to 50°S. It was indi-
cated that COLs can induce heavy rainfall conditions over parts of South Africa, causing
mass destruction to infrastructure, economy, lives and livelihoods. The loss of lives during
the occurrences of COL over South Africa still raises a need for the future improvement
of early warning systems, tools and communication of climate information. During COL
occurrences, rainfall was found to be anomalously high and usually complemented by
snow, very cold or flooding conditions. It has been reported that in some parts of South
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Africa, occurrences of extreme rainfall events (e.g., COLs) reduce the severity of dry con-
ditions when they occur during the austral summer [73]. Furthermore, investigations
about COLs forming surface lows and thereafter becoming barotropic as they weaken
(strengthen) and less (more) intense [8,36] still requires attention in future assessments.

There has been a focus on studying specific and individual COL events, which have
largely contributed to model development and theories [62]. However, more studies fo-
cusing on climatology and model forecasting of COLs must be conducted using the more
recent high-resolution reanalyses and trackers. Moreover, work focusing on dynamical
evolution has been minimal. Therefore, there is a need to investigate the dynamic struc-
ture of global COLs. In this paper, COL occurrences over South Africa have been widely
documented and reviewed. Each COL occurrence over South Africa has unique charac-
teristics and impacts, resulting in harsh conditions over affected parts. COL blocking is
another form of quasi-stationary west—east tracking, causing unsettled weather for an ex-
tended period in the process. In Australia, cut-off low formation and intensification de-
pend heavily on the development and maintenance of the frequent blocking high events
over the Tasman Sea [39].

As COLs are the leading cause of weather-related deaths in South Africa, it is critical
that timely and accurate weather warnings are issued by the national meteorological ser-
vice and civil protection and disaster management authorities. The ability of developing
countries to adapt to climate stresses tends to be hindered by widespread poverty, politi-
cal instability and civil war. These are major issues, as several climate change models pro-
ject that some regions will experience an increase in extreme weather conditions. Our re-
view has shown that NWP models have struggled with forecasting the amounts and lo-
cation of extreme rainfall. As some of the greatest impacts have occurred in poorly built
informal settlements, urban planners and disaster managers are encouraged to review in-
frastructure in vulnerable coastal areas towards natural disaster risk reduction.
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