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ABSTRACT

The Sahara is the largest and driest of the hot deserts on Earth, with regions where rainfall reaches the
surface on average less than once a year. Water resources are scarce, and rainfall tends to occur sporadically
in space and time. While rain is a precious resource in the Sahara, heavy precipitation events (HPEs) in the
desert have the potential to trigger flash floods on the barren soil. Because of the sparse rainfall monitoring
network and the relatively poor performance of global models in representing rainfall over the Sahara, the
analysis of Saharan HPEs has primarily relied on case studies. Therefore, general rainfall characteristics of
Saharan HPEs are unexplored, and the prevailing weather conditions enabling such rainfall are unknown. To
tackle this problem, we utilised satellite-derived precipitation estimations (IMERG) spanning 21 years (2000-
2021) to identify ~ 42 - 10° small (>10° km?) to large (<10° km?) HPEs in the Sahara and to extract their
rainfall properties, and atmospheric reanalyses (ERA5) to examine the corresponding meteorological conditions
in which they develop. Three case studies illustrate the relevance of cyclones for exceptionally large HPEs,
including one in the driest region of the Sahara. Saharan HPEs occur, on average, every second day. They are
more common in summer than in the other seasons, occur most frequently in the southern Sahara, and exhibit a
clear convectively-driven diurnal cycle. Winter events have, on average, larger spatial extent, longer duration,
and are characterised by larger areas exhibiting more extreme rainfall in terms of return periods. Autumn HPEs
are concentrated in the western Sahara, while events in the north of the desert and in its driest core in the
northeast occur mainly in winter and spring. In these regions, north of the Tropic of Cancer, events are highly
associated with surface cyclones. HPEs that were associated with cyclones are characterised by larger spatial
extent and rainfall volume. Considering that weather and climate models often depict synoptic-scale weather
systems more accurately than rainfall patterns, the association of Saharan HPEs with surface cyclones and other
synoptic-scale systems can aid in comprehending the effects of climate change in the desert. Furthermore, it
underscores the potential for higher predictability of these events.

1. Introduction

The largest of all hot deserts, the Sahara (~9x10® km?; Tucker et al.,
1991), is considered to be the driest place on earth (Kelley, 2014).

A fifth of the world’s population lives in arid and semi-arid areas.
The low amount and sparse occurrence of precipitation in desert re-
gions makes the rare rainstorms occurring there most treasured for
human life and for a variety of ecosystems in these regions (e.g.,
D’Odorico and Bhattachan, 2012). At the same time, these rainstorms
pose a danger to desert communities, as they can trigger natural
hazards (Yin et al., 2023); in the driest deserts, rainfall accumulations
as little as a few millimetres can yield flash floods and a few tens of
millimetres can even trigger debris flows (Tooth, 2000; Zoccatelli et al.,
2019; Shmilovitz et al., 2020; Rinat et al., 2021; Siman-Tov and Marra,
2022).
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However, rainfall, and particularly heavy precipitation events (HPEs),
are reported in the Sahara from time to time, mainly as sporadic anec-
dotes (e.g., Clarke, 1973; Pedgley, 1974; Fink and Knippertz, 2003), or
when devastating floods occur (badawy Moawad et al., 2016). Never-
theless, a large portion of the Sahara is so deserted that even the most
intense storms often pass by unnoticed, and are regarded only when
using post-event proxies (Schepanski et al., 2012). Another occasion
in which events are noticed, is when storms traverse into or out of the
Sahara and pass over the more populated desert outskirts. A devastating
example is Storm Daniel, a Mediterranean cyclone that hit the coast
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of Libya on 10 September 2023 on its way to the northern Sahara.
The storm triggered major floods in northern Libya, affected the lives
of ~ 250k people and left behind more than 4300 casualties (OCHA,
2023), as well as unusual floods in the Libyan Desert (northern Sahara;
Copernicus, 2023).

Reliable observations of HPEs are essential for (a) a better under-
standing of rainstorm characteristics and the atmospheric dynamics in
such environments; (b) providing early warning for natural hazards;
and (c) coping with present and adapting to future implications of
such storms. Current projections show that while deserts might be
expanding (e.g., Huang et al., 2017; Wang et al., 2021), the population
in deserts may grow by at least a few hundred million people, in
particular in the Sahara (Huang et al., 2016; Lickley and Solomon,
2018). However, if it is not known when and where rain precipitates,
and how much of it reaches the ground, it is almost impossible to infer
what are the atmospheric processes that bring about HPEs.

Heavy rainfall in deserts — and precipitation in general — occurs
at small spatiotemporal scales over discrete events (Sun et al., 2006;
Li et al., 2023), which can often be associated with specific synoptic-
scale patterns (e.g., Maddox et al., 1980; Pook et al.,, 2014; Dayan
et al., 2015; Armon et al., 2018). The African Monsoon and the Saharan
heat low are often associated with Saharan precipitation, mainly at
the desert’s southern fringe, and during summer (e.g., Parker et al.,
2005; Lavaysse et al., 2010; Funk et al., 2016). However, a few case
studies described HPEs occurring in winter or transition seasons, in
the northern parts of the desert, usually in association with a surface
cyclone (e.g., Fink and Knippertz, 2003; Saidi et al., 2020, and also the
abovementioned Storm Daniel). Whereas case studies provide insight
into the general processes, they are not necessarily representative of
the entire population. Our understanding of HPEs in deserts is still far
from being complete (Mirzabaev et al., 2019). As far as we know, no
scientific research has investigated the climatological aspects of HPEs
in the Sahara. More so, because of its dryness, analyses of HPEs in
the inner and driest part of the Sahara are almost absent from the
literature. In such hyper-arid regions, nearly all rain events are HPEs by
definition. Citing local knowledge, Bagnold (1990, p. 136) in his visit
to the region, claimed that in the core of the Sahara “the last effective
rain had fallen some seventy years before”. Can rainfall occurrence
indeed be so low? If it rains only once every many decades, which
atmospheric processes bring this about, and how much rainfall reaches
the surface? Could it be that heavy rainfall occurs more frequently,
but no one witnesses it? To answer such questions, we rely on remote-
sensing data to reveal when and where HPEs occur in the Sahara and
what their magnitude and characteristics are. In addition, we quantify
the co-occurrence of surface cyclones with HPEs, and to this end use
atmospheric reanalysis data. The following subsections provide more
detailed information about the atmospheric controls on rainfall in the
Sahara, the relation between cyclones and precipitation in the Sahara,
and the challenges that come with observations of rainfall in the desert.

1.1. Atmospheric controls on absence and sparse occurrence of Saharan
rainfall

The aridity of the Sahara stems from a variety of large-scale at-
mospheric factors that promote subsidence, low-level divergence, and
thermal stability. These factors, interconnected to one another, include
(a) the Hadley cell’s poleward subsiding branch (Ziv et al., 2004);
(b) the Sahara-Azores subtropical high (e.g., Chauvin et al., 2010);
(c) ageostrophic flow of the tropical easterly jet that strengthens sub-
sidence at its right-exit region (Webster and Fasullo, 2003); (d) the
monsoon-desert mechanism related to remote diabatic heating over the
Asian monsoon (Rodwell and Hoskins, 1996, 2001); (e) the eastern sub-
siding branch of the Walker cell at the northeast of the desert (Dayan
et al., 2017); and (f) the cool waters of the Canary Current west of the
Western Sahara combined with the trade inversion, which inhibits the
ascent of low-level air parcels (Nicholson, 2011, p. 399).
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The vast extent of the Sahara makes it possible for rain to be asso-
ciated with both mid-latitude rain-bearing systems and tropical-origin
systems (e.g., Morin et al., 2020). In addition, tropical-extratropical
interactions may play a significant role in Saharan precipitation (Knip-
pertz, 2005; de Vries, 2021). Previous studies have predominantly
focused on either the periphery of the Sahara or nearby regions, leav-
ing the synoptic-scale systems that contribute to rainfall over the
vast desert relatively speculative. For example, precipitation in the
southern Sahara is mainly associated with northward intrusions of
summertime monsoonal lows, tropical easterly waves, and convection
related to orographic lifting and surface heating in the vicinity of
the Saharan heat low (Parker et al., 2005; Mekonnen et al., 2006;
Lavaysse et al., 2009, 2010; Engelstaedter et al., 2015; Hurley and Boos,
2015; Funk et al., 2016; Nicholson, 2018). In contrast, the northern
and western Sahara is influenced by autumn to wintertime southward
deflected extratropical cyclones originating from the North Atlantic and
the Mediterranean (e.g., El-Fandy, 1946; Alpert and Shay-EL, 1994),
Sharav Cyclones originating at the lee of the Atlas Mountains mainly in
spring (Alpert and Ziv, 1989; Hannachi et al., 2011), tropical moisture
exports in the form of Tropical Plumes (e.g., Knippertz et al., 2003;
Rubin et al., 2007; Skinner and Poulsen, 2016), and quasi-geostrophic
lifting associated with warm conveyor belts (Chaqdid et al., 2023). In
the eastern Sahara, known weather phenomena include the active Red
Sea Trough (Ashbel, 1938; Krichak et al., 1997; Awad and Almazroui,
2016) and Tropical Plumes (also termed Sudanese Tracks/Currents
in the Arabian Peninsula), active in all seasons except for the sum-
mer (Barth and Steinkohl, 2004; Tubi et al., 2017). However, to obtain
a comprehensive understanding of the synoptic-scale weather systems
that can lead to the formation of HPEs in the Sahara, it is necessary to
first identify HPEs and their properties, including their location, timing,
spatial extent, and magnitude.

1.2. Heavy precipitation events and surface cyclones in the Sahara

A key synoptic-scale weather system that plays a significant role in
inducing heavy precipitation across multiple regions globally is surface
cyclones (Pfahl and Wernli, 2012). Saharan cyclogenesis tends to occur
in the lee of the Atlas Mountains. These cyclones progress across
the desert and may lead to substantial precipitation and other severe
phenomena such as dust storms (e.g., Campins et al., 2011; Russo
et al., 2020). Interestingly, an upward trend in the frequency of Saharan
cyclones in autumn and a downward trend in summer was found
by Ammar et al. (2014). Naturally, cyclones vary across the Sahara
and with seasons in terms of the dynamical forcing of their genesis and
intensification, and their relationship with heavy precipitation.

During summer, the Saharan heat low is quasi-permanent and ex-
tends between the Atlas and Ahaggar Mountains (Fig. 1) on the western
side of the Sahara (Schepanski et al., 2017). When the low is anoma-
lously deep, it is associated with convective updrafts and rainfall with
a clear diurnal cycle (e.g., Lavaysse et al., 2010). This precipitation is
primarily observed over the low’s southern part — the Sahel — and not in
its northern side, where upper-level subsidence dominates (Nicholson,
2009). In the other seasons, cyclones are more of a transient phe-
nomenon, with Mediterranean (and Atlantic) cyclones passing to the
north and west of the Sahara (Wernli and Schwierz, 2006; Campins
et al., 2011; Hannachi et al., 2011; Ammar et al., 2014). It has been
acknowledged for quite some time that these cyclones are relevant for
peak precipitation in autumn in the northwestern Sahara, and winter
in the northern Sahara (Griffiths and Soliman, 1972; Frohlich et al.,
2013; Morin et al., 2020). However, since rainfall events are not well
observed in the Sahara, the relative contribution of these cyclones to
Saharan rainfall is unknown. In particular, since only a few events were
recorded at the core of the Sahara, the contribution of cyclones to
rainfall in the core of the Sahara is unclear.

Common to all seasons and regions in the Sahara, is that rainfall
tends to occur in short-duration and localised events. HPEs make an



M. Armon et al.

important contribution to total precipitation and are the most impactful
in terms of natural hazards and in replenishing water resources (e.g.,
Milewski et al., 2009). Total rainfall in such events may be much
more than monthly averages, and even the annual average rainfall. For
example, rainfall in Biskra, Algeria, in just two days in September 1969
summed to 299 mm, roughly twice the annual average and 17 times
the monthly average (Nicholson, 2011, p. 425). Can we generalise such
events? Do these events share any common characteristics or patterns?

1.3. Rainfall observations in the Sahara

Given that desert rainfall is characterised by more confined spa-
tiotemporal scales compared to rain in other regions (e.g., Sharon,
1972; Wasko et al., 2016; Peleg et al., 2018) and since in-situ rainfall
observations in the Sahara are so scarce (Kidd et al., 2017), it is difficult
to provide answers to these questions. Using 19-year satellite-based
daily quantitative precipitation estimations (QPEs), Morin et al. (2020)
explored this rainfall localisation. They found that rainfall in the hy-
perarid parts of the Sahara is roughly three to six times more spatially
confined compared to rainfall in semi-arid regions. This localisation
was manifested by the small area exhibiting rainfall during rainy days:
over the arid area they examined, on average, only 4% of the area
exhibited rainfall. In 2020, the average spatial density of daily rain
gauges reporting to the Global Historical Climatology Network (GHCN)
in the Sahara was ~ 1 : 200,000 km? (Fig. 1). This means that in fact,
rain gauges are orders of magnitude too sparse to represent Saharan
rainfall. Sub-daily gauge measurements, needed for analyses of local
scale HPEs, are presumably even scarcer. The same holds for weather
radars, with close to zero radar coverage over the Sahara (Heistermann
et al., 2013; Saltikoff et al., 2019). Satellite-based QPEs are therefore
practically the only available observation-based source of information
to assess precipitation at sub-daily resolutions and are increasingly used
for the Sahara (Harada et al., 2003; Kelley, 2014; Marra et al., 2022b).

In most populated areas, large-scale validation of satellite-based
QPEs is carried out using rain gauges. Clearly, this does not apply
to the Sahara. As indicated by Beck et al. (2017), gauge-corrected
precipitation data have their largest uncertainty over arid regions,
where their performance is worse compared to other climate zones.
Therefore, no long-term wide-extent validation of satellite products was
previously carried out in the Sahara. However, we may still gain insight
into the validity of satellite QPEs from (a) case study validations from
the Sahara or longer-term studies from nearby regions; (b) large-scale
analyses in which the Sahara is included, even if it accounts for only
a small portion of the analysis; and, (c) comparison with results from
numerical modelling. Validation examples of this are given in Section 2.

In contrast to most satellite QPEs, atmospheric reanalyses generally
do not assimilate direct precipitation observations. Therefore, precipi-
tation fields from reanalysis products rely essentially on the underlying
numerical model. Nevertheless, they may be useful in observation-
scarce regions. However, it seems that over arid regions reanalysis-
based rain fields are inferior compared to other regions (Beck et al.,
2017), and were found to not represent well rainfall variability e.g., in
the arid and semi-arid highlands of Yemen (Al-Falahi et al., 2020),
nor local-scale high-intensity rainfall in the eastern Mediterranean
deserts (Armon et al., 2020; Rinat et al., 2021). Indeed, without the
explicit representation of convective processes, model-based rainfall
cannot be expected to represent precipitation with high reliability, even
if the larger-scale meteorological environment is well-represented (e.g.
Prein et al., 2015). Given the lack of ground-based observations, how-
ever, reanalyses can provide an independent estimate from the satel-
lite products, as well as information on the atmospheric processes at
synoptic scales that are responsible for the formation of rain events.

Based on this brief literature overview of the atmospheric controls
on the Saharan hydroclimate, the inherent challenges of precipitation
observations in these regions, and the main research gaps, we formulate
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the three main objectives of this study. First, to identify and charac-
terise HPEs in the Sahara in terms of their spatial distribution and
extent, frequency, timing (i.e., seasonality, diurnal pattern), duration,
magnitude (rainfall volume and depth), and extremeness levels. The
second objective is to examine the relationship between HPEs and
surface cyclones. In our analysis, we focus primarily on non-summer
events and the dry “core” of the Sahara. Lastly, we aim to provide a
comprehensive list of HPEs that have occurred between June 2000 and
May 2021 that may be useful for studies of HPE impacts in the Sahara.

2. Study area and data

The Sahara’s exact extent is somewhat ambiguous (e.g., Warner,
2004, Chap. 3). It extends from a few tens to hundreds of kilometres
south of the Mediterranean coast to 1500 km south toward the Sahel,
and from the Atlantic Ocean in the west to the Red Sea in the east
(Fig. 1). Its southern edge was determined by Tucker et al. (1991) to
be a gradual shift to steppe vegetation characterising the Sahel, where
higher mean precipitation occurs. Here we adopt a “public domain”
delineation of the Sahara (Kelso and Patterson, 2010), which is mainly
in agreement with Tucker’s Sahara outline. This definition is easily
reproducible, and slight variations of it are not expected to substantially
alter the results of this study. It is important to note that based on
this delineation, the Sahara boundary crosses aridity index isolines
(Fig. 1). However, since most aridity indices are based on “nearly non-
observable” precipitation, the most appropriate aridity index used in
determining the Sahara’s extent is arguable. The dry “core” of the
Sahara is defined here as the spatially continuous region where mean
annual precipitation does not exceed 15 mm according to satellite QPE
(see below; Fig. 1, red contour).

The Sahara is sheltered from low-level airflow across its north-
western edge by the ~ 4000 m high Atlas Mountains, in the east by
the < 2000 m Red Sea Hills (or Itbay Mountains) and in the south-
east by the Ethiopian Highlands (~4500 m) and the Marrah Mountains
(~3000 m). In the interior of the desert lie two other major mountain
ranges, the Ahaggar and the Tibesti, and expansive plains. Most of the
land is barren, covered by rock outcrops and younger sedimentary units
including ~ 15% of sand surfaces. Within this vast area (~10.6x10% km?)
lies perhaps the driest place on earth (Kelley, 2014). Other regions,
mainly at the verge of the Sahel in the southern Sahara, are much
wetter. In general, however, evaporation greatly exceeds precipitation
throughout the region we consider here as the Sahara (Fig. 1).

The study uses the following two datasets for a period of 21 years
(June 2000 until May 2021): (a) QPEs are derived from the Inte-
grated Multi-satellitE Retrievals for the Global Precipitation Measure-
ment (GPM; Hou et al., 2014) mission (IMERG; Huffman et al., 2020).
These data (IMERG VO06B-final; Huffman et al.,, 2019), at a 0.1°
spatial resolution, are based on a sophisticated incorporation and inter-
calibration process of satellite-based active and passive microwave,
and IR retrievals, which are then adjusted with ground-based gridded
precipitation data. Daily-aggregated data (00:00 UTC to 23:59 UTC)
are used for identifying HPEs, and 30-minute data are used for the
characterisation of these HPEs (as explained in the next section); and
(b) meteorological fields, at 0.5°, 60 min resolution, for the same
period, are extracted from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERAS reanalysis (Hersbach et al., 2020).
ERAS reanalysis is based on state-of-the-art hybrid incremental 4D-Var
data assimilation, which is the same as the one used in the ECMWF
operational weather prediction system in 2016 (IFS cycle 41r2). Data
assimilated into the reanalysis include observations from in-situ ground
stations, upper air balloons and aircraft, satellites, inter alia. Like rain-
fall observations, in-situ meteorological measurements in the Sahara
are scarce as well. However, it is important to note that satellite
measurements have a similar density over the Sahara as in other regions
of the world. A comparison of mean annual precipitation in ERA5 and
IMERG is shown in Fig. Al.
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Fig. 1. Study area (outlined in black) and the dry core of the Sahara (red), where mean annual precipitation (IMERG-based) is < 15 mm. Circles represent daily GHCN gauges (Menne
et al.,, 2012) in the vicinity of the Sahara. Saharan gauges that operated in 2020 are marked with black circles. Four gauges used for comparison of return periods (Fig. A4) are
marked: Na = Nalut, Libya, Ti = Tiska, Algeria, Nd = N’'Djamena, Chad, Mi = Minya, Egypt. Colours represent the UNEP (1992) aridity index (precipitation divided by potential
evapotranspiration) calculated from the CRU TS v. 4.05 dataset (Harris et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

The reliability of IMERG QPEs in deserts was evaluated in several
studies. For example, Dezfuli et al. (2017) assessed the validity of
IMERG-GPM over Africa and compared it with other global QPE prod-
ucts. Their study indicated that IMERG performs better compared to
other available datasets, although differences between different prod-
ucts were greatest over the high topography of the north-western
Sahara. Similarly, Morsy et al. (2021) showed good overall perfor-
mance of IMERG when comparing it to gauge data in the Sinai desert,
and Mahmoud et al. (2021) reached the same conclusion when ex-
amining IMERG over Saudi Arabia. Validation results point to worse
performance in complex-topography arid regions, with the best overall
performance of the “final” version of IMERG compared to other, non-
gauge corrected versions of the dataset in both the Moroccan drylands
and Arabia, although on the days with the heaviest precipitation non-
corrected versions of IMERG sometimes outperform IMERG-final (Mah-
moud et al., 2021; Li et al., 2021; Rachdane et al., 2022). While biases
may increase with aridity (Milewski et al., 2015), large-extent valida-
tion in Australia, including the Australian interior deserts, showed that
IMERG performs quite well in terms of bias, correlation, and structural
similarity (Islam et al., 2020). Satellite QPEs can overestimate the
intensity of rainfall over deserts due to sub-cloud evaporation (Dinku
et al.,, 2011); however, in most cases, they still provide valuable in-
formation about rain and no rain conditions, as well as the extent of
precipitation events in space, and even their magnitude.

3. Methods
3.1. Identification of HPEs

A pixel-based climatology is used to identify locally-substantial
HPEs in the IMERG precipitation dataset (Armon et al., 2020). To
facilitate computational efforts, events were identified using the daily
version of IMERG, but properties of every event were then extracted
using the 30 min version of the data. To avoid contamination from
weak precipitation or noise due to the difficulty in retrieving precipita-
tion over desert soils, we only used time steps when precipitation was

greater than 1 mm d~'. We set the 90th percentile of this conditional
rainfall as an intensity threshold for heavy precipitation at every pixel
(Fig. 2a), and defined events where this threshold was exceeded over
spatially connected regions of at least 1000 km? (roughly 10 connected
pixels, note definition below). This spatial threshold was defined low
enough to enable the representation of small-scale HPEs that can still
be meaningful at the local and regional levels, e.g., in triggering flash
floods (Zoccatelli et al., 2019), but large enough to exclude spurious
values at single pixels. This procedure resulted in the identification
of HPEs throughout the Sahara (Fig. 2b). We also tested 10,000 and
25,000 km? as spatial thresholds, which yielded similar results with an
almost identical spatial distribution, but a decrease in the frequency of
events (Fig. A2). To overcome the rigid, and somewhat arbitrary values
of the selected thresholds and to account for precipitation in close-
by regions fluctuating above and below the threshold, we considered
pixels to be spatially connected not only when they neighbour one
another but also when they are not more than \/Z km apart, where A is
the spatial threshold. In our case A = 1000 km and therefore the buffer
is ~ 3 IMERG pixels (respective distances were used for the other tested
spatial thresholds), similar to the minimal possible radius for events
with a spatial threshold of 1000 km”. We examined also a twofold and
a threefold increase in this buffer region, with no substantial change
in the total number of events. A decrease of the buffer region is not
desired, as well as a decrease in the spatial threshold, since it gets too
close to the data resolution. It must be noted, however, that events
that are particularly localised, i.e., < 1000 km® are excluded from
our analysis. Events identified over sequential daily time steps are
considered the same event if their edges are not more than twice the
buffer size apart from one another, thus allowing for events to have a
duration greater than one day. Lastly, events were only identified over
the study region, meaning that events occurring on the border of the
Sahara were truncated.

3.2. Properties of HPEs

For each of the identified HPEs, we extracted several properties
from the high-resolution (30 min) IMERG dataset. Since events were
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(b) Frequency of events: min. event size = 1000 km?

0.5

40 E

0w ¢ g e PE

Fig. 2. Climatological properties in identifying HPEs. (a) 90th percentile of daily intensities for wet (>1 mm d~') days. (b) Frequency of HPEs during the study period (Section 3.2),
where the spatial threshold defining the minimum event area is set to 1000 km?. Frequencies of HPEs using larger spatial thresholds are in Fig. A2 and the season-specific frequency
is in Fig. A3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

identified on a daily basis, rainfall can in principle start before or end
after the identified HPE. Therefore, rain properties were extracted over
all pixels that are associated with the HPE starting 12h before the
beginning of the HPE and ending 12h after its marked finish. The
following properties are extracted for every HPE:

1. Mean rain depth (in mm). That is the spatially averaged accumu-
lated precipitation over all pixels associated with the
HPE.

2. Volume of rainfall (km?).

3. Rainfall duration (h). This was determined as the shortest dura-
tion during the event over which 90% of the rainfall volume was
precipitated.

4. HPE area (km?). The size of the area that was identified as a
HPE.

5. Area of extreme precipitation (km32). The size of the area over
which daily rain intensities exceeded the 2-y, 10-y and 100-y
return periods for a one-day duration (Section 3.4). For events
longer than one day, we used only the day with the largest
rainfall volume.

Additionally, the diurnal cycle of precipitation intensity during
HPEs was calculated based on precipitation over the identified HPEs,
and the relative contribution of HPEs to total precipitation was calcu-
lated for the whole domain.

3.3. Climate composites and anomalies

A set of meteorological fields from the ERA5 dataset were used to
define the anomalous conditions during HPEs compared to climatol-
ogy. These are geopotential height, sea level pressure (SLP), winds at
different pressure levels, near-surface (2 m) temperature, total column
water (TCW), and potential vorticity (PV). Since events were identified
on a daily basis, we used a single reanalysis time step to represent
the conditions during each event. To represent the conditions at or
just before most convective storms, this was set to 14:00 UTC (mostly
3 or 4 pm local time, depending on the location). Composites were
calculated as the mean of all values during HPE days, and anomalies
were computed as the difference between the mean climate conditions
for the season and the mean HPE conditions. Normalised anomalies
were derived by dividing the anomaly by the climatological standard
deviation of the same parameter. To overcome biases related to intra-
season differences in the number of identified HPEs (e.g., a greater
number of events at the beginning of a season), we corrected the above-
mentioned composite anomalies with this frequency bias serving as a
weight for the seasonal averaging. Therefore, both mean values and
standard deviations were first calculated on a monthly basis and then
the weighted sum was calculated.

3.4. The degree of extremeness of the HPEs

To quantify the extremeness level of HPEs (Section 3.2: item 5),
we extracted the intensity values corresponding to 2-100y return
periods. The small number of rainy days per year and the length of
the precipitation record limit the applicability of traditional extreme
value analyses to assess the extremity of the identified HPEs. Therefore,
we utilised a non-asymptotic approach, which considers a large portion
of the record rather than just the annual maxima (Zorzetto et al.,
2016). This approach, termed Simplified Metastatistical Extreme Value
(SMEV), was proven beneficial for relatively short records and for
regions with a small number of events per year (Marra et al., 2019).
We applied the method to the IMERG daily data. The parameters used
are based on an application of the SMEV to the entire African continent
using satellite-based precipitation estimations (Marra et al., 2022b).
These include the upper quartile of the data as defining the stretched-
exponential right tail, one day as the separation distance between two
consecutive ordinary events (see also Marra et al., 2020). In addition,
we used 1 mm d~! threshold as an indication for “rainy days”. As an
example for the SMEV application, the intensity-frequency curves over
four different gauges in varying degrees of aridity across the Sahara
(Fig. 1) are given in Fig. A4a,b for satellite-derived data, and for rain
gauge-based data, respectively.

3.5. Cyclone detection and attribution

To identify the relation between cyclones and HPEs we used bi-
nary cyclone mask fields derived from analyses of global ERA5 SLP
maps (Sprenger et al., 2017). Cyclones are defined as enclosed regions
containing one or more SLP minima (Wernli and Schwierz, 2006). For
every HPE we searched for the closest cyclone mask, on a 6-hourly
basis, meaning that for each HPE day, we would find up to four cyclone
masks (Fig. A5). These can arise either from the temporal progression
of cyclones or from the genesis and lysis of individual cyclones passing
by the HPE. The closest distance throughout the duration of the HPE,
calculated from the edge of the cyclone mask to the edge of the
corresponding HPE, is then considered the distance of the HPE from
a cyclone (Fig. A5b). If this distance is 0, i.e., the cyclone mask and the
HPE overlap for at least one of the 4-daily cyclone masks, the HPE was
attributed to the cyclone.

Still, other HPEs, for which there is no spatial overlap between a
cyclone and the HPE, can possibly be associated with cyclones. To
attribute such HPEs to cyclones we performed a Monte Carlo simulation
in which, for every HPE we choose a “false” cyclone sample of 100
random dates from the entire study period through the year. Using
this procedure we were able to test the minimum distance required to
attribute a HPE to a cyclone. Our null hypothesis (H,) is that the event
cannot be associated with a cyclone, and the alternative hypothesis is
that we cannot rule out its association. We define « = 5%, and therefore
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for each HPE we find the 5th quantile of the closest distances of the
random cyclones. Performing this iteratively over all the identified
HPEs and taking the median result yielded a separation distance of
180km (Fig. A6). When the closest distance between a HPE and a
cyclone is larger than that, we considered HPEs as not being associated
with cyclones. Given that in this procedure we choose cyclones from
randomly selected dates, and not e.g., only from dates with no rainfall,
the estimate of the separation distance may be considered a conser-
vative estimate. Thus, more cyclones are potentially associated with
HPEs, however, we ensure a lower false association ratio. Additionally,
to discern whether the examined properties (Section 3.2) are different
between HPEs associated and non-associated with cyclones, we used
the Mann-Whitney test with « = 5%.

4. Case studies

We first present three case studies of especially large-area HPEs that
are associated with cyclones. The first (Section 4.1) occurred in autumn
in the northwestern Sahara, and is chosen to demonstrate the potential
of an extratropical cyclone to produce tremendous amounts of precip-
itation in the Sahara. The second case study (Section 4.2) is a summer
event in the southeastern Sahara, and is an example of a rain event
occurring outside of the “classical” monsoon regions, highlighting the
connections between Saharan and non-Saharan precipitation events.
The third case study (Section 4.3) is an extra-tropical cyclone producing
heavy rainfall at the edge of the dry core of the Sahara, where rainfall
is usually very scarce even if a cyclone passes nearby. Climatological
results from all of the identified HPEs are presented in Section 5.

4.1. A severe autumn HPE in the northwestern Sahara

A prominent HPE occurred in the northwestern Sahara on 20-24
November 2014. It is an outstanding event not only because of the
vast amounts of rainfall (Fig. 3c), but also because of its aftermath.
It first produced massive rainfall and floods near the Atlantic coast,
including tens of casualties in Morocco (Saidi et al., 2020; El Khalki
et al., 2020) and then penetrated into the Sahara, with an exceptional
rainfall amount (Fig. 3d) and floods in this arid region.

This HPE is associated with an exceptionally deep and southward
penetrating extratropical surface cyclone that formed over the eastern
North Atlantic, offshore Spain (Fig. 3a). The surface cyclone and its
propagation are associated with a succession of Rossby wave breaking
indicated by PV streamers and cutoffs intruding northwestern Africa.
The repetition of PV structures into the same region is associated with
a slowdown of the propagation of the cyclone, which then remained
rather stationary during most of the HPE duration (Fig. 3a-b). Overall,
58% of the HPE area overlapped with the surface cyclone (Fig. 3a).
Only on the last day of the event, the PV streamer and the cyclone
moved northeastward into the Mediterranean Sea, and rainfall in the
Sahara gradually decreased. Due to the location of the cyclone and
because it stalled next to the coastline, a substantial moisture flux from
the southeast, associated with an anomaly magnitude of more than
two standard deviations in TCW, converged towards the Sahara from
both the Atlantic Ocean and Equatorial Africa, surrounding the Atlas
Mountains (Fig. 3b), enabling precipitation in this arid region (Rieder,
2023).

During the 5-day rain event a total of 39.6 km® of rainfall with an
average depth of 47.8 mm, locally consisting of more than 120% of
the mean annual precipitation (Fig. 3d), precipitated over an area of
828,000 km? in the Sahara. This huge volume of water is similar to
10 months of flow in the Blue Nile (Conway and Hulme, 1993). The
HPE duration (Section 3.2) was 82 h, making it one of the longest
HPEs we have identified (Section 5.1). Over the most extreme day, an
area sized 445,000 km?, 192,000 km?, 52,000 km? exhibited daily rain
intensities locally exceeding the 2-y, 10-y and 100-y return periods,
respectively. These values make this event extraordinary in terms of the
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spatial extent of extreme intensities. Floods associated with this event
filled water reservoirs and lakes downstream from the event, filling
the typically-empty Sabkhat El-Mellah (see e.g., in MODIS satellites:
EOSDIS, 2023; and Mabbutt, 1977, p. 156).

To conclude, extraordinary rainfall was precipitated in the north-
western Sahara during November 2014 in association with a succes-
sion of upper-tropospheric PV streamers accompanied by a stationary
surface cyclone near the Atlantic coast. This probably enabled mois-
ture transport and convergence into the region, which in combina-
tion with the upper-level forcing that induced ascent, triggered heavy
precipitation.

4.2. Southern Sahara HPE in July 2010

Another interesting HPE occurred during 18-20 July 2010 in the
southeastern part of the Sahara, at the edge of the Sahel. A low-level
cyclone formed over the central Sahara (Fig. 4a) and progressed west-
ward, exhibiting a diurnal cycle of deepening in the afternoon-evening
and shallowing during the late night-morning (not shown). Similarly,
coinciding with the movement of the HPE, elevated moisture levels
progressed from east to west (not shown) along the southern flank of
an upper-level high (Fig. 4a), such that the eastern side of the southern
Sahara was on average much more humid than the western side and
also much more humid compared to normal conditions (Fig. 4b). By
exhibiting both a westward propagation and a surface low, this HPE
seems to have flavours from both monsoonal activity and easterly
waves. Similar to the cyclone movement, heavy rainfall also progressed
from east to west, first affecting western Sudan and later northern Chad
and Niger, with high-intensity precipitation and floods (IRIN-News,
2010). In Chad, this HPE marked the beginning of a very wet period
that lasted almost two months, causing many casualties and severely
affecting nearly 150,000 people (UNHCR, 2010; Lejeune-Kaba, 2010).
Interestingly, over the same days, other HPEs were also occurring north
of the above-mentioned HPE, where total column moisture exhibited
values greater than four standard deviations above normal conditions
(Fig. 4b). These consisted of lower precipitation amounts but a higher
proportion compared to the annual mean (Fig. 4d). Here we chose to
focus on the largest-area HPE during this period.

The 3-day event brought by a total of 24.0 km® of rainfall, with an
average depth of 44.2 mm (roughly 40% of the mean annual precipi-
tation; Fig. 4c—d) over an area of 544,000 km? in the Sahara (Fig. 4a,
d). The HPE duration (Section 3.2) was 57 h. Over the most extreme
day, an area sized 115,000 km?, 34,000 km?, 6,000 km? exhibited daily
rain intensities locally exceeding the 2-y, 10-y and 100-y return periods,
respectively. Precipitation did not stop when the HPE “ceased”, but
rather moved to wetter regions. It moved through Mali and Burkina
Faso to Guinea and from there to the Atlantic Ocean, causing floods
in the non-desert regions along its passage, with more than 30,000
people severely affected (RFI, 2010). In contrast to “normal” HPEs in
deserts which arise from the intrusion of a synoptic-scale system from
wetter regions (as in the November 2014 case study; Section 4.1), the
July 2010 HPE was initiated in the desert and later impacted wetter
regions downwind (to the west). The “self-propagation” of monsoonal
rainfall with a positive rainfall-surface moistening feedback is a known
phenomenon in the West African monsoon region (Taylor et al., 2011)
and seems to have manifested in the 2010 monsoon season in the
central southern Sahara-Sahel as well.

4.3. Early spring HPE in the dry core of the Sahara

The dry core of the Sahara, where mean annual rainfall is <
15 mm y~! (Fig. 1), is an area where precipitation is so rare that
HPEs are expected to be extraordinary. During 10-13 March 2020, an
extensive HPE occurred in the region. An upper-level trough protruded
into the northern Sahara, leading to the formation of a surface low
(Fig. 5). Initially, the surface low moved southward into the Sahara.
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Fig. 3. Synoptic conditions and rainfall during the northwestern Sahara HPE on 20-24 November 2014. (a) Geopotential height at 500 hPa (colours), winds at 700 hPa (arrows),
and sea level pressure averaged throughout the duration of the HPE. Also shown are the locations of the centres of the surface cyclone (coloured dots). These display the movement
of the cyclone at 6h intervals (dark blue at 00 UTC on 20 November and dark red at 18 UTC on 24 November). The extent of the 5-day Saharan HPE is dotted in blue and
outlined in (d). ~ 480,000 km?> (58% of the HPE region) overlaps with a cyclone mask. The overlapping region is highlighted in red. (b) Similar to (a), but with contours of
total column water (TCW; colours), the anomaly of TCW compared with the climatology of the specific month is shown in standard deviation units (blue contours), the 2-PVU
line at 325 K is in purple. Arrows represent integrated vapour transport (IVT). (c) Rainfall accumulation during the HPE and (d) similar to (c) but as a ratio of the annual mean
precipitation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Similar to Fig. 3, but for the 18-20 July 2010 southern Sahara - Sahel HPE. Also shown is the equivalent potential temperature (b) at 850 hPa (purple contours). 52% out
of the 544,000 km? of this HPE overlaps with cyclone masks throughout the duration of the event. Note that the same dates were characterised by additional, locally significant,
HPEs over the eastern part of the central Sahara (pronounced in d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Later, accompanied by an upper-level PV-cutoff that detached from
the trough, it swayed north-eastward, toward the Mediterranean Sea,
where it deepened and stalled. At its peak, to the north of the Nile
Delta, the cyclone reached a minimum pressure of 994 hPa, which
ranks it among the deepest Mediterranean cyclones (e.g., Scherrmann

et al., 2023). This was also the cyclone stage leading to most of the
rainfall during its passage through the northern Sahara, implying that
Mediterranean-origin moisture may be involved in this HPE. Moisture
was positively anomalous (>2 standard deviations above normal) and
moisture flux was substantial (Fig. 5b). At the last stages of the event,
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Fig. 5. Similar to Fig. 3, but for the 10-13 March 2020 HPE in the dry core of the Sahara. The 2-PVU line in (b) is at 325 K. 82% out of the 207,000 km* of this HPE overlaps
with cyclone masks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rainfall continued to occur east of the Sahara, yielding the most intense
precipitation day for at least 20 years in the Egyptian Sinai Peninsula,
as well as flash floods and wind-related damages in Israel (IMS, 2020;
Soltani et al., 2022; Mekawy et al., 2023).

Precipitation over the core of the Sahara during this HPE summed
to a total volume of 5.1 km> (an equivalent to 48% of the annual
municipal water demand of Egypt in 2020; FAO, 2023). The mean
areal precipitation during this event was 25 mm, well above the yearly
average (Fig. 5c, d). The areal extent of this HPE was 207,000 km? and
it lasted 34.5 h. The extent of the 2-y return period intensity was the
same as the event extent, meaning that the event was greater than the
2-y intensity value across its full extent. The extent of the 10-y and
100-y return periods was 151,000 km? and 88,000 km?, respectively.
Naturally, estimations for high return periods over such a dry region
are less reliable. Nevertheless, these large values point toward a very
high extremeness level for this event over the core of the Sahara.

5. Climatology

From these case studies, we learnt that HPEs in the Sahara have
the potential to extend over vast areas, to produce massive rainfall
amounts even in the dry core of the Sahara, and that surface cyclones
can be important for their formation. In this section, we show the
results of the climatology of HPEs in the Sahara. We first concentrate
on rainfall properties and then on the meteorological conditions during
HPEs. The statistics of rainfall properties and the occurrence of HPEs
are in Section 5.1, and a statistical analysis of the events’ extremeness
is in Section 5.2. The distinct synoptic-scale conditions associated with
HPEs for the different seasons is presented in Section 5.3, and a specific
focus on the link of HPEs to surface cyclones is in Section 5.4.

5.1. HPE properties

During the 21-y study period, HPEs occurred throughout the Sahara
(Fig. 6), contributing an average of 29% of the mean annual rainfall,
peaking at ~ 70% around the Tropic of Cancer (Fig. A7). Events
occurred on 59% of the days during the study period, with a total of
41,978 HPEs identified. Six-hundred-and-fifty of these HPEs occurred

over the dry core of the Sahara (Fig. A8), on ~ 5% of days. In this
regard, it is important to note that over many of the days, multiple HPEs
were identified and that most of them are rather extreme (Section 5.2).
The ten largest events throughout the Sahara, and the five largest
events in the dry core of the Sahara by precipitation volume are listed
in Table 1. A complete list of all other events is archived online: DOI:
10.5281/zenodo.10074760.

The highest density of events is in the southern Sahara-Sahel region,
with most events exhibiting on average at least many tens of mm of
rainfall (Fig. 6). Conversely, the northern Sahara is characterised by
a smaller density of HPEs, as well as lower rainfall accumulations per
event. In the northern Sahara, a clear east-west gradient exists; events
in the east are generally smaller in spatial extent and lower in rainfall
accumulation compared to events in the west, which are generally the
largest events by area. In fact, the eight largest identified HPEs occurred
in the northwestern Sahara (Fig. 6).

The seasonality of events exhibits regional differences too (Fig. 7).
While summer events are much more frequent than events in any other
season (69% of identified HPEs), they dominate mainly the southern
side of the Sahara. Further north, at about the Tropic of Cancer,
events are more evenly distributed among the other seasons, with
autumn events (22% of all HPEs) dominating the western side of the
desert, winter events (3%) dominating the northeastern side, and spring
events (6%) are apparent throughout the northern Sahara, but are most
noticeable near the Egyptian-Libyan border at the core of the Sahara.
North of the Sahel, several clusters are observed, consisting mainly
of summer events (Fig. 7). These clusters appear next to mid-Saharan
mountains: the Ahaggar, Air and Tibesti Mountains, and between the
Ennedi Plateau and the Marrah Mountains (Fig. 1).

Seasonality also affects the diurnal pattern of HPEs. Summer, au-
tumn, and to a lesser degree spring events too, exhibit a pronounced
diurnal cycle peaking in the late afternoon-evening (Fig. 8). Peaks
are most commonly observed at three times of the day (UTC+1),
one at 18:00, another at around 20:00, and a smaller one at 1:00.
Furthermore, this diurnal pattern unveils a spatial preference (Fig. A9):
throughout most of the southeastern and central Sahara HPEs peak
at noon to evening, with several regions showing a progressive peak
timing starting at late morning-noon in the east and progressing to
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Table 1
Properties of the 10 largest Saharan HPEs, and the 5 largest dry core HPEs.

Weather and Climate Extremes 43 (2024) 100638

Rank Start End Date of Total area Avg. area Depth Volume Duration Area > 2-y/10-y Lat Lon  Cyc. overlap Cyc. dist.
[yyyymmdd] max. volume [km?] [km?] [mm] [km?] [h] / 100-y [km?]? [°] [°] [%]° [km]®

1 20031021 20031022 20031021 9.06e+05 7.02e+05 53.1 48.1 41.0 6.39e+05/2.54e+05/6.81e+04 -11.45 23.40 1.1 0

2 20151019 20151024 20151022 6.14e+05 2.0le+05 67.1 41.2 104.0 2.69e+05/1.44e+05/4.52e+04 —-8.95 26.00 20.4 0

3 20141120 20141124 20141121 8.28e+05 2.41e+05 47.8 39.6 82.0 4.45e+05/1.92e+05/5.24e+04 -6.21 27.67 51.4 0

4 20200731 20200801 20200801 4.79e+05 3.0le+05 66.2 31.7 31.5 3.27e+05/1.78e+05/5.92e+04 31.00 16.15 0.2 0

5 20090117 20090122 20090121 7.21e+05 1.7e+05 38.9 28 80.0 3.29e+05/2.16e+05/6.07e+04  4.25 28.55 84.4 0

6 20050926 20050929 20050927 6.87e+05 2e+05 43.1 29.6 74.5 1.7e+05/5.64e+04/7.75e+03  -7.95 20.28 52.5 0

7 20100718 20100720 20100719 5.44e+05 1.81e+05 44.2 24 57.5 1.15e+05/3.4e+04/6.12e+03  16.15 14.32 51.9 0

8 20060207 20060212 20060209 5.77e+05 1.29e+05 46.1 26.6 117.0 3.65e+05/1.24e+05/1.55e+04 -8.17 27.20 8.1 0

9 20130809 20130810 20130809 5.21e+05 2.61le+05 36.1 18.8 24.0 1.09e+05/9.65e+03/207 29.25 1420 1.2 0

10 20190821 20190822 20190822 4.04e+05 2.08e+05 47.2 19.1 47.0 6.31e+04/8.44e+03/457 28.70 12.30 0.0 482

Dry core of the Sahara

1 20200310 20200313 20200312 2.07e+05 6.2e+04 25 5.17 34.5 2.13e+05/1.51e+05/8.83e+04 30.20 29.20 78.1 0

2 20131210 20131210 20131210 1.74e+05 1.74e+05 13.4 2.34 20.0 1.77e+05/1.18e+05/5.26e+04 14.95 25.45 0.0 1097

3 20200810 20200810 20200810 6.57e+04 6.57e+04 19.5 1.28 11.5 6.52e+04/4.5e+04/6.89e+03  30.25 20.45 7.9 0

4 20200806 20200806 20200806 4.75e+04  4.75e+04 17.5 0.832 11.5 4.73e+04/4.02e+04/1.06e+04 31.35 21.75 0.0 211

5 20161027 20161027 20161027 5.65e+04 5.65e+04 13.3 0.749 12.5 5.87e+04/4.28e+04/3.88e+03 32.75 27.95 0.0 1396

Abbreviations: Avg = average, cyc = cyclone, dist = distance.

2 The area over which 2, 10 and 100 y return period daily rain intensities were exceeded.

b Percentage of the HPE area overlapping with cyclone masks.
¢ Distance between the HPE and the nearest cyclone (0 means overlapping).
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Fig. 6. Identified Saharan HPEs in the 21-y period, marked by their centre of mass of accumulated precipitation. Colours represent mean event rainfall, and the size of the dots
represents the area of the HPEs, categorised into 8 and 6 categories in log-scale, respectively. The smallest dots are ~ 26,000 events with size 1000 > X > 3900 km* and the largest
are 57 events of at least 230,000 km®. The 10 largest events by area are labelled with Roman numerals. The second and the tenth largest events are discussed in Section 4.1 and
Section 4.2, respectively. A zoom-in over the core of the Sahara (dashed red line) is in Fig. A8. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

the afternoon-late evening, and even night to their west. In contrast,
most of the northern and western Sahara reveals a much more erratic
pattern, with no clear timing for the daily maximum, aside from some
nighttime-morning maxima over part of the region.

This diurnal structure points to a surface-heating-related precipita-
tion mechanism, i.e., deep convection, similar to the pattern seen in the
southern Sahara case study (Section 4.2). Compared to wetter regions,
the timing of precipitation peaks may seem a bit late during the day,
but desert precipitation tends to peak rather late in the evening, since
the lower troposphere is relatively dry, hence air needs to ascend to
quite high levels to reach saturation and it takes longer for the lower
atmosphere to heat until the stability is sufficiently reduced for deep
convection to occur (e.g., Otterman and Sharon, 1979; Marra et al.,
2022a). In addition, this evening peak (Fig. 8) is slightly lagged after

the peak of squall line generation activity, which was found to be highly
associated with African easterly waves (Fink and Reiner, 2003).

In contrast, winter events, with much lower average peak inten-
sities, do not exhibit any diurnal pattern (Fig. 8). This suggests that
they are controlled mainly by larger-scale weather systems, similar to
the northern Sahara case studies (Sections 4.1 and 4.3). The notion of
large-scale control on colder months’ HPEs is supported by the duration
of events as well. While most identified HPEs are shorter than 1 day,
regions heavily affected by non-summer HPEs (i.e., the central Sahara
and further north, and the western periphery of the Sahara; Fig. 7)
coincide with regions with the longest duration HPEs (Fig. A10).

During Saharan HPEs, 31 mm (¢ = 14 mm) of rain precipitated
over the affected regions, on average, with the largest amounts falling
during summer (33 mm on average) and autumn (30 mm) events, and
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Fig. 7. Seasonal distribution of HPEs. Each dot represents one HPE (as in Fig. 6). Colours represent the season of occurrence. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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lower amounts characterising winter (15 mm) and spring (23 mm) HPEs exhibit the highest values (0.31 km?, on average), followed by
HPEs (Fig. A11). This pattern corresponds to the spatial distribution summer (0.30 km?), autumn (0.24 km®) and spring (0.20 km®) (Fig. 9).
of HPEs, where winter and spring events generally occur over the drier The greater volume in winter events corresponds (a) to their longer
portions of the desert. In terms of precipitated volume, however, winter duration: 17h duration on average for winter events compared to
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12-13h for other seasons’ HPEs (Fig. A12), and (b) to their larger areas:
15,000 km? on average per winter event, compared to 7600-8200 km?
(Fig. A13) for the other seasons. The respective meteorological con-
ditions leading to these distinct seasonal patterns are presented in
Section 5.3.

5.2. Extremeness of events

Considering the exceptionally high variance of precipitation across
the Sahara (e.g., Nicholson, 2011, p. 197), in many regions most events
that exceed a few drops of rain can already be considered extreme.
Daily rain intensities characterising e.g., the 2-y return periods are often
nearly zero (Fig. 10c). Even when considering higher return periods,
these values can be relatively low (Fig. 10d, e), especially in the core of
the Sahara. However, the “spottiness” of the derived extreme rainfall
maps suggests that over the driest regions of the Sahara, even when
using the SMEV, which is suitable for use in regions with low rain days
frequency, and short observational records, the 21-y IMERG dataset
might not be enough to give accurate information over a specific pixel.
Nevertheless, when considering larger regions, it seems that the general
patterns are probably realistic, with lower intensities over the drier
regions for low return periods becoming increasingly higher over high
return periods. For example, the intensities for very high return periods
over the core of the Sahara, seem to be more intense compared to
other, wetter Saharan regions (Fig. A4), in agreement with the heavier
distribution tails that characterise such regions (Marra et al., 2017;
Morin et al., 2020; Amponsah et al., 2022).

More than 60% of the identified HPEs have daily rainfall intensities
that exceed the local 2-y return period, where on average ~ 2600 km?
were affected by rainfall with this intensity or higher (Fig. 10a). The
more extreme return periods, the 10- and 100-y, were exceeded by
24% and 6% of the HPEs, with an average affected area of ~ 550 km?
and ~ 100 km?, respectively. This means that while many events
were identified (Section 5.1), actually, most of these events are not
only “heavy” but can be considered extreme events also in terms of
annual exceedance probability. As a comparison, the infamous Western
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Germany-Belgium floods in July 2021 were a result of an HPE consid-
ered to have an especially wide extent: an area of ~ 3300 km? exceeded
the 100-y return level intensities (Mohr et al., 2023). Here we find 179
events with greater spatial coverage for the 100-y return level intensity.
In this regard, the northwestern Sahara case study (Section 4.1) is only
the 8th largest event in our dataset, and the case study from the core
of the Sahara (Section 4.3) comes in second largest. Given these huge
areas affected by severe HPEs, even in a place as sparsely populated as
the Sahara, quite a few people might be affected by such events, not
to mention potential damages to roads and infrastructure corridors that
are the only connection between large but isolated communities in the
Sahara (OECD, 2014, pp. 47-50).

Wide-extent extremes occur throughout the Sahara (Fig. 10b). How-
ever, the larger spatial extent during winter events (Fig. A13) combined
with the more arid location that characterises most of these events
(Figs. 1 and 10c-e) make them especially relevant and potentially
impactful for the respective regions. The average area exceeding the 10-
y return period daily intensity value in winter is 2400 km?, compared
with 400-500 km? for summer and autumn events and 1000 km? for
spring events.

5.3. Meteorological conditions during HPEs

The following is an overview of some climatological characteristics
of the atmospheric state during HPEs throughout the Sahara and specif-
ically for its dry core, categorised into four seasons, and with a focus
on wintertime events.

Winter. During winter Saharan HPEs, a negative geopotential height
anomaly is present in the upper troposphere over the northwestern
Sahara (~ —60 m at 500 hPa) and a positive ridge-like anomaly is seen
over the eastern Sahara; the upper-level anomaly is accompanied by a
negative anomaly of sea level pressure extending from the northwestern
Sahara toward the central Sahara (Fig. 11a). This structure is associated
with higher-than-normal surface temperatures over the eastern and
south-central Sahara and colder surface temperatures over the western
Sahara and the Atlas Mountains (Fig. A15). This anomaly structure
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indicates the important role of extratropical cyclones for winter HPEs
and their favourable region of occurrence — the northwestern Sahara;
similar to the end-of-autumn case study described in Section 4.1. In
front of such upper-level troughs, wind in the upper- and mid-levels
backs to a southwesterly flow, bringing elevated moisture content from
equatorial latitudes (Fig. A16).

During winter HPEs in the dry core of the Sahara, a similar pattern
arises but it is shifted roughly 2000 km to the east. The most negative
upper-level geopotential height anomaly is centred over western Egypt
and Libya accompanied by a negative sea level pressure anomaly to the
east of it, centred over eastern Egypt. This structure is mirrored by a
major upper-level ridge-like positive anomaly centred over the western
Mediterranean and a pronounced surface positive anomaly over the
northwestern Sahara (Fig. 11b). The pronounced upper-level positive
anomaly in the western Mediterranean may indicate favourable condi-
tions for cut-off lows over the northeastern Sahara (e.g., Yamazaki and
Itoh, 2013). At the same time, anomalous southerly winds in the eastern
Sahara in combination with the lifting associated with the cyclone
increase atmospheric moisture in the region and enable the formation
of clouds and rainfall in this normally-dry region (see also the early
spring event detailed in Section 4.3).

Spring to Autumn. Spring, summer, and autumn HPEs are char-
acterised by lower-than-normal surface temperature over the southern
Sahara, in combination with elevated moisture content in this region
(e.g., Fig. A17). This pattern may be associated with increased cloudi-
ness (and rainfall) in the region, reflecting the high frequency of HPEs
in the southern Sahara outside of the cold season. Such HPEs are prob-
ably associated with a northward intrusion of the African monsoon,
which on HPE days extends a few hundred kilometres north, into the
desert (see also Section 4.2). In contrast, during cyclone-associated
HPEs in autumn, a dipole pattern in surface temperature oriented east—
west is revealed. A roughly —2 °C anomaly over the western Sahara
becomes a +2 °C positive anomaly next to the Red Sea (e.g., Fig. A17).
A similar pattern with an opposite sign is exhibited in mean sea level
pressure anomalies; positive anomaly over the western Sahara and
negative anomaly over the eastern Sahara.
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Over the core of the Sahara, similarly to winter HPEs, a deep upper-
level negative geopotential height anomaly over Libya characterises
spring HPEs, which is accompanied by a lower-level negative anomaly
over central Egypt (Fig. A14). This pattern is more pronounced during
cyclone-associated HPEs compared to all HPEs. In accordance with the
upper-level trough structure, moisture is elevated from the southwest
of the region towards its northeastern side (not shown). Autumn HPEs
in the dry core of the Sahara show similar anomaly structures but
with a much lower amplitude. Summer HPEs in the region are slightly
different, exhibiting a negative upper-level anomaly over northern
Libya-Tunisia which is situated to the west of a surface negative
anomaly. Over the core of the Sahara, however, a positive sea level
pressure anomaly is observed, centred over the eastern Mediterranean.
In combination with increased surface temperature (~3 °C) over the
region and a decrease in the northerly winds at low levels (~3 m s~!, on
average) this suggests a weak Persian Trough formation and reduction
of the Etesian-Harmattan winds.

5.4. Relationship of HPEs with cyclones

A large portion of the identified HPEs can be associated with surface
cyclones (30%; Fig. 12), with 13% of the HPEs directly overlapping
a cyclone mask. Given the high frequency of cyclones in summer,
associated with the semi-permanent Saharan heat low and the African
monsoon, it is expected that a large portion of summer HPEs will be
associated with cyclones. Indeed, in summer and autumn, 29% of HPEs
are associated with cyclones. It is, however, in winter and spring that
more HPEs are associated with cyclones, with association values of 38%
and 43%, respectively.

The fraction of HPEs associated with cyclones is high throughout the
Sahara (Fig. 12a). This fraction remains high even when subtracting the
average frequency of cyclones (Fig. 12b), especially over the northwest-
ern Sahara, the Ahaggar Mountains, north of the Tibesti Mountains,
and along the Egyptian part of the Nile. In contrast, the southeastern
and to a lesser degree also the southwestern Sahara show a much
lower association of HPEs and cyclones. The southeastern Sahara is
actually exhibiting negative anomalies, but these may be related to the
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tendency of the cyclone identification algorithm to produce lows over
high-elevation regions — in this case, the Ethiopian Highlands. Winter
and spring cyclone-associated HPEs occur mainly along the northern
side of the Sahara, while the southern Sahara exhibits at places negative
association anomalies (Fig. A18 and A19). In contrast, the summer
cyclone-HPE association anomaly is large further south, with the largest
values found in the northernmost region where HPEs occur, slightly
north of the Tropic of Cancer. North of that, the few HPEs occurring
exhibit a negative association with cyclones (Fig. A19a). Autumn HPEs
show the highest anomalies a bit further south, at around 20° N and
in the northwestern Sahara (Fig. A19b).

Rainfall patterns during cyclone-associated HPEs differ from those
of the other HPEs (Fig. 9, Fig. A13). The mean volume of cyclone-
associated HPEs is higher by 49% (0.36 km® compared with 0.24 km?
for the non-associated events), and the mean spatial extent is larger by
69% (11.1 - 103 km? compared with 6.6 - 10> km?). The duration for
both types of HPEs is rather similar — 12 h for the cyclone-associated
events compared with 13 h for the non-associated events, while the area
exceeding the 10-yr return period is much higher in cyclone-associated
events (1000 km?> compared with 300 km? for the non-associated events;
not shown).

6. Discussion
6.1. Heavy precipitation events where there is almost no rainfall

The Sahara is often thought of as a place where surface rainfall
hardly ever occurs. On average — from a local-scale perspective — this
is close to being true. However, given the vast extent of the Sahara,
when adopting an event-based perspective, we showed that HPEs occur
in more than half of the days somewhere across the desert (Fig. 6).
Even when considering the dry core of the Sahara, where there is
nearly zero rainfall, events occur on ~ 5% of the days. Such events
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can have significant effects on the local population, infrastructure, and
the surface hydrology and geomorphology of the impacted region. The
November 2014 event in the northwestern Sahara (Section 4.1) is a
good example of such impacts. Its resultant floods severely impacted
the local population, leaving behind much damage, but also filling
surface water reservoirs and lakes. Relevant questions in this regard
are whether such events are predictable and can be warned from? Can
we make better use of the available surface water before it evaporates?
What is the contribution of such events to underground aquifers? While
these questions are not the scope of this work, here we provide both a
way to identify desert HPEs and a comprehensive list of HPEs, which
can be used to answer such questions in future studies.

Generalised characteristics of Saharan HPEs are given in Fig. 13, in
which the Sahara is arbitrarily divided into four regions. The frequency
of events decreases clockwise from the southeastern part of the Sahara
to the northeastern dry core of the desert. Likewise, the mean rainfall
in events decreases in the same manner (lower right quadrants in
Fig. 13), and the dominant season of HPEs changes from summer in the
southeast to autumn in the west, winter in the north, and spring in parts
of the northeast. The area of events exhibits a west-east gradient, with
larger events in the western Sahara. Lastly, the importance of cyclones
is clear in all regions except the southeastern one, and it is highest in
the northwest.

The dominance of cyclones during HPEs is relevant for the pre-
dictability of such HPEs. Given the synoptic-scale evolution of cyclones,
these precursors usually appear 1-5 days in advance (e.g., Keil et al.,
2020). In regions where cyclones are dominant drivers of heavy rain-
fall, events are likely to have higher predictability compared to other
regions and to events not related to the presence of a surface cyclone.
In contrast, in summer, and where the prevalence of cyclones is only
weakly associated with HPEs, the predictability of HPEs is likely lower.
There, rainfall is mainly associated with diurnal convection, which may
require the use of a convection-permitting model, but it also requires
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much information about the initial and boundary conditions, which
makes it even harder to predict (e.g., Rinat et al., 2021). Given the
database of HPEs we provide here, this could be relatively readily
obtained, using, e.g., ECMWEF’s extreme forecast index (EFI; Lalaurette,
2003) and examining the lead time of cyclone-associated vs. non-
associated HPEs with high EFI in the different regions and seasons as
presented here (e.g., Fig. 13).

HPEs tend to cluster in time and space (e.g., Fig. 7). While this
can be a result of the identification scheme used here — in case the
buffer region is too small and since we search for overlap of close-
by events — we suggest that this is mainly because some atmospheric
processes are more prone to generating HPEs than others. Many studies
have examined warm-season HPEs, mainly in the southern Sahara and
its vicinity, in connection with the African Monsoon, African easterly
waves, and the Saharan heat low (see Section 1.1). However, the
factors involved in heavy precipitation in other seasons and in other
regions of the desert remain somewhat obscure. Here, we recognised
these events and showed their association with surface cyclones. When
surface cyclones are present, HPEs produce larger rain volumes and
their spatial extent is larger, especially in winter (Fig. 9). Some of
the largest HPEs in the Sahara (in terms of both volume and extent)
are a result of surface cyclones stalling in the vicinity of the Sahara
(e.g., Sections 4.1 and 4.3). Periods with a repeated arrival of upper-
tropospheric PV structures (streamers or cutoffs) to the same area tend
to generate such slow-moving/stationary cyclones, and therefore more
intense HPEs. In contrast, periods in which surface cyclones are not
present tend to produce fewer HPEs, and the HPEs that do occur
are smaller in size and magnitude. Importantly, this means that a
better understanding of synoptic-scale features in the vicinity of the
Sahara can help in comprehending, and hopefully also predicting, the
occurrence and behaviour of HPEs in the desert.

Similar atmospheric processes control HPEs inside and adjacent to
the Sahara. Monsoon rains are probably related to most of the HPEs
we see in the Sahara, mainly in its southernmost part. Intriguingly,
monsoon-related HPEs in the Sahara exhibit a remarkable behaviour
whereby they cannot only permeate the desert but also move out of it,
exerting substantial influence on adjacent wetter areas (Section 4.2).
Analogously, extratropical disturbances intruding into the Sahara may
move out of it and produce heavy rainfall in nearby regions (Sec-
tion 4.3). The genesis of cyclones in the Sahara and their impacts
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outside the Sahara is well known for Sharav (Alpert and Ziv, 1989) and
Mediterranean cyclones (Campins et al., 2011), dust outbreaks (Gkikas
et al.,, 2015), and for Soudano-Saharan depressions (Schepanski and
Knippertz, 2011), but these are generally not associated with severe
HPEs outside the Sahara.

The limited mechanistic knowledge about precipitation in deserts in
general, and in the Sahara in particular, hinders climate change adap-
tation strategies. The largest relative increase in mean precipitation
outside the polar regions is reported for the Sahara and its vicinity.
By the end of the 21st century, the projected change in the Sahara
has a median value of +39.9% with an SSP5-8.5 pathway, compared to
1850-1900, with confidence intervals in the range of -18% to +214%,
as well as a —8.2 d (-52.2 d to +10.0 d) change in consecutive dry
days (IPCC, 2021). These uncertainty ranges are huge. Practically, it
stresses the inability of climate models to represent small-scale con-
vective processes (e.g., Almazroui et al., 2018), and, therefore, reliable
projections of desert precipitation are absent. A first step toward closing
this gap is recognising Saharan HPEs and understanding their triggering
mechanisms. With the now available list of Saharan HPEs, this may
be easier to do. Moreover, the association of surface cyclones in such
events is revealed by our analyses. Still, we stress that other synoptic
(and smaller scale) systems are also relevant for many of the Saharan
HPEs, and are yet to be thoroughly explored.

The potential effects of individual HPEs are specifically impor-
tant in drylands. Recently, in a global analysis of extreme rain sea-
sons, Flaounas et al. (2021) showed that while extreme seasons in the
arid parts of the globe exhibit much more precipitation than typical
years (far more than in other climates), these seasons result from the
addition of only a few rain days. Such rain days are exactly the HPEs
we explored here, which further emphasise the importance of analysing
their relationship with synoptic-scale systems.

6.2. Reliability of IMERG results

Saharan HPEs are generally short-lived and local, and are therefore
hard to capture using rain gauges. Such “spotty” events may be missed
even by satellite precipitation estimations, suggesting that our analysis
might be underestimating the number of events. A recent analysis of
events throughout the continental USA showed that only ~ 50% of
events are identified by IMERG (Li et al., 2023). However, events in
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this analysis are defined based on 30-min data and are identified as
pixel-based events. Thus, possible spatial mismatches and longer-term
temporal mismatches are accounted as false identifications. A similar
analysis in Brazil showed that IMERG events have too-long duration
and too-low intensity (Freitas et al., 2020). In our case, events are based
on daily rainfall and are identified using a clustering of rainy pixels
in space and time — possibly decreasing the number of “undetected”
events, compared with a pixel-based, 30-min resolution, identification
scheme.

Nevertheless, many issues can prevent us from correctly identifying
events and accurately determining their rainfall properties. Accurate
rain rates in IMERG depend on low-Earth-orbit satellite revisits, which
are limited to once every few hours. This means that rain intensity
biases are expected, as well as under-detection of very short events.
However, with respect to alternative approaches — sparse rain gauges,
model reanalysis, and post-event indirect estimates — satellite QPEs
remain the most viable. Our intention here is not to validate satellite-
derived rainfall estimations, but rather to identify HPEs and understand
their properties and association with cyclones. Therefore, even if some
events are missing, and rain intensities are not extremely accurate, we
do not expect to have a significant one-sided bias, meaning that our
climatology probably represents well Saharan HPEs. Two exceptions for
this could be (a) the very small-scale events: short events (up to ~ 3 h),
might be missing due to the limited temporal resolution of satellite
observations, and the small spatial scale events (<1000 km?) might be
missing because of the spatial threshold we set, and (b) below-cloud
evaporation may yield a positive bias of satellite-based QPEs, although
this is expected to be lower when using products partially based on
active radar measurements, where precipitation is observed all the way
to the ground (e.g., Amitai et al., 2012).

Given the high variability of rainfall in arid regions, the extremeness
of events is harder to assess compared to wetter regions. Results of
extreme value analyses depend more heavily on the choice of the
extreme value model (Tabari, 2021). Furthermore, when addressing the
driest regions, as we did in the core of the Sahara, our perspective on
what determines extreme events needs to be adapted. In regions where
rain events happen e.g., once a year or even less (as in Minya, Egypt;
Fig. A4), the 2-y event, which for example in Zurich — where the mean
number of rainy days is 130 — is the event that happens on average
once every 260 events (or the 99.7th quantile) becomes an event that
happens on average every other rainy day. Can we still consider this
as an extreme event? What about the event that happens once in
10 years? This event happens on average once every 10 events — is
this an extreme? In terms of its potential effect, we would like to claim
that it is certainly an extreme event since its magnitude easily triggers
flash floods in such an arid environment (e.g., Zoccatelli et al., 2019).
A further complication arises when comparing extreme values from
gauge measurements with satellite-derived estimations. On the one
hand, since point-scale measurements are not a spatial average, they
are bound to be more extreme compared to pixel-based estimates. On
the other hand, pixel-based values have a larger chance of capturing the
occurrence of precipitation extremes, which may be missed at the point
scale by rain gauges. Lastly, while 21 years of data may be enough to
represent precipitation climatology and extremes (Marra et al., 2020),
it may not be enough in regions where so few rain days exist, as
in the core of the Sahara. Therefore, the effects of individual events
on the assessment of extreme precipitation in the core of the Sahara
are large, and reduced uncertainty is expected only with additional
observation years. For that matter, the continuity of presently available
satellite-based precipitation estimations (Kidd et al., 2021) is critical.

7. Conclusions
There is little rainfall in the Sahara, much of it falling in discrete,

sometimes torrential rain events. In this study, we combined remote-
sensing, climatology, statistics, and synoptic meteorology analyses and
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identified more than 40 k HPEs over the past 21 years, with a few
hundred of them occurring over the dry core of the Sahara. In this part
of the world, almost every rain can be considered an extreme event.
The key conclusions from our study are:

Il HPEs occur throughout the Sahara, on average, every other day.

- The highest density of events is in the southern Sahara -
Sahel region. These are predominantly convective events
occurring during summer, which are related to the African
monsoon and to the Saharan heat low.

— Colder seasons’ events are focused to the north of the Tropic
of Cancer. Their duration is longer and they are often asso-
ciated with surface cyclones.

- Cyclones penetrating the dry core of the Sahara are associ-
ated with HPEs even within this hyperarid expanse.

W HPEs throughout most of the Sahara are anomalously associated
with surface cyclones, mostly in the northern side of the desert.
Cyclone-associate HPEs are characterised by higher rainfall vol-
ume and larger spatial extent, especially in winter.

M Most of the identified HPEs exhibit daily intensities larger than
the 2-y return period, with 6% of events exhibiting > 100-y
intensities.

Since desert HPEs are typically short-lived, localised, and are a
consequence of small-scale processes, a better association of HPEs with
synoptic systems can help in understanding climate change effects
on rainfall in the desert. Moreover, events associated with synoptic
scale systems may have increased predictability. For that purpose, the
compiled list of identified HPEs, which is available for download, can
serve as a valuable resource for future studies.
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