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Abstract Spring Saharan cyclones constitute a dominant
feature of the not-well-explored Saharan region. In this
manuscript, a climatological analysis and classification of
Saharan cyclone tracks are presented using 6-hourly
NCEP/NCAR sea level pressure (SLP) reanalyses over the
Sahara (10°W-50°E, 20°N-50°N) for the Spring (March—
April-May) season over the period 1958-2006. A simple
tracking procedure based on following SLP minima is used
to construct around 640 Spring Saharan cyclone tracks.
Saharan cyclones are found to be short-lived compared to
their extratropical counterparts with an e-folding time of
about 3 days. The lee side of the west Atlas mountain is
found to be the main cyclogenetic region for Spring Sah-
aran cyclones. Central Iraq is identified as the main cyclo-
lytic area. A subjective procedure is used next to classify
the cyclone tracks where six clusters are identified. Among
these clusters the Western Atlas—Asia Minor is the largest
and most stretched, whereas Algerian Sahara—Asia Minor
is composed of the most long-lived tracks. Upper level flow
associated with the tracks has also been examined and the
role of large scale baroclinicity in the growth of Saharan
cyclones is discussed.
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1 Introduction

The climate of the Saharan region plays an important role
in the dynamics of the global climate system through, e.g.
its radiative properties and its mineral dust source. For
instance, it is well known that the North African continent,
and more precisely the Saharan desert, represent a domi-
nant global source of aeolian and mineral dust (Prospero
et al. 2002; Washington et al. 2003) causing large dust
plumes that are transported to the surrounding regions
and beyond (see, e.g. Guerzoni and Chester 1996). For
example, during the Saharan Mineral Dust Experiment
(SAMUM-1) over southern Morocco (Heintzenberg 2009)
long-range transport event of Saharan dust to southern
Europe has been observed (Miiller et al. 2009). There is a
general tendency to believe that high pressure systems
always prevail over the Sahara. Contrary to this general
perception, cyclones are generated all year round in the
Sahara. Saharan cyclogenesis, with its large intraseasonal
and interannual variability, is another important feature of
Saharan climate because of its role in transporting energy
poleword and possibly initiating dust storms. The major
stirring mechanism of Saharan and also Mediterranean
cyclogenesis are thought to be associated either with large-
scale circulation regimes, such as the effect of the North
Atlantic troughs over the western African coast (Barry and
Chorley 1992; Thorncroft and Flocas 1997) or local effects,
such as low-level baroclinicity induced by sea—land con-
trast or local orography such as the Atlas mountains. The
study of Saharan cyclones and their tracks, however, has
received little attention from climate scientists, see e.g.
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Elfandy (1940); Tantawy (1969); Pedgley (1972) and
Alpert and Ziv (1989), and therefore is not well explored
compared to extratropical regions such as the North
Atlantic.

It is known, for instance, that Saharan cyclones consti-
tute one of the dominant features in the region during the
spring time, and where the southern and south-eastern parts
of the Atlas mountains become major cyclogenesis sources
in spring season March-May (MAM) and early June.
Spring season is chosen here because it is an active season
in the Saharan region (Trigo et al. 1999) during which the
desert reaches considerable heating. It is also a period of
frequent storms and flash floods in Arabia when precipi-
tation is at its peak. Many of these storms are caused by
perturbations initiated in the Sahara. The remaining sea-
sons are also important for water resources in Arabia but
will be investigated in a separate study. The Middle East
and the Arabian peninsula are among the regions that have
been under water stress in recent decades.

As the Siberian High, which dominates Eurasia and the
Middle East in the winter, starts to weaken towards late
winter/early spring and collapses in May there is indication
that pressure in the Middle East also starts to decrease
(Panagiotopoulos 2005). This pressure decrease extends to
the Saharan region and initiates Saharan cyclogenesis.
Other factors, such as large scale interactions, also con-
tribute to Saharan cyclogenesis. For example, the south-
ward shift of the polar jet, strengthening the wobbling of
the subtropical jet (Thorncroft and Flocas 1997) and the
effects of local radiative processes play a non-negligible
role in Saharan cyclone formation. During late spring/early
summer the onset of the Asian Monsoon acts remotely, via
its descending cell over the Mediterranean (Rodwell and
Hoskins 1996) to inhibit cyclogenesis in the Middle East
and the Sahara in late spring and summer months, partly
explaining the dry conditions in those regions in the sum-
mer (Trigo et al. 1999). In addition to the previous setting
up factors of Saharan cyclogenesis, it is also thought that
lee cyclogenesis constitutes the main initiation mechanism,
and plays an important role in the growth, development and
variability of Saharan lows (Egger et al. 1995).

In this study we focus on cyclones generated in the
Sahara. These cyclones affect various regions around the
Mediterranean particularly the Middle East and the Ara-
bian peninsula and constitute an important source of water
there. Other places, e.g. the Indian Ocean, also affect the
Arabian peninsula and will be addressed in a future study.
In addition, given the importance of the Saharan region in
the global heat budget and energy balance, an objective
analysis of the climatology of cyclone behaviour for the
region would be of great benefit for many areas of climate
science including the study of the dynamics of the atmo-
sphere in the subtropical margins, the relationship between
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cyclones and air—sea fluxes, the physical parametrization in
climate models, and the study of projections of future
cyclone climatologies and their effects on the local
weather, e.g. in a warmer climate (e.g., Ulbrich et al.
2009).

The earlier compilations of storm tracks were based on
the visual identification of cyclones and their paths from
synoptic charts (Petterssen 1956; Klein 1957; HMSO 1962;
Hayden 1981; Radinovic 1987; Flocas 1988; and Agee
1991). The availability of both high density observed
gridded data and reanalyses opened the way to a large
number of studies applying manual, semi-automated and
automated procedures to detect and track storms (Alpert
et al. 1990; Blender etal. 1997; Trigo etal. 1999;
Sickmoller et al. 2000; Gulev et al. 2001; Hodges et al.
2003; Hanson et al. 2004). The climatology of cyclone
charateristics, e.g. cyclone track density and orientation,
intensification rate, and cyclo-genetic/lytic areas, give
detailed information on typical cyclone life cycles for
different regions (Pinto et al. 2005).

A number of cyclone tracking methods exist in the lite-
rature. Raible et al. (2008) compared three cyclone
detection and tracking schemes (Blender et al. 1997,
Murray and Simmonds 1991; Wernli and Schwierz 2006)
using a 30-year period (1961-1990) of the European
Reanalysis (ERA40) 1,000 hPa geopotential height. They
conclude that overall the different schemes show good
correspondence with a rather small structural difference.
Although many studies on cyclone tracks have been per-
formed over various places on the globe, such as the North
Atlantic and the Mediterranean, very few studies, however,
have been performed on the Saharan region (Thorncroft
and Flocas 1997; Horvath et al. 2006). Horvath et al.
(2006), for example, have investigated the effect of atmo-
spheric conditions on cyclone tracks. One of the most
important results of Horvath et al. (2006) is that the dif-
ferent paths of cyclones in the Mediterranean region are
associated with different atmospheric factors affecting the
system. So cyclone track classification is an important step
in the identification of the effect of the atmospheric cir-
culation regimes.

Studies by Trigo et al. (1999) and Trigo (2006) focussed
particularly on the Mediterranean region using a rather
short period (18 years) of ERA40. In this study we attempt
to fill in this gap by contributing to the literature of cyclone
tracks by exploring track characteristics in the not-well-
explored Saharan region using a much longer period
(49 years) of the National Center for Evironmental Pre-
diction—National Center for Atmospheric Research
(NCEP-NCAR) reanalyses (Kalney et al. 1996; Kistler
et al. 2001). In this paper the focus is mainly on the sta-
tistics and clustering of Saharan cyclone tracks during the
spring (MAM) season. The association between the
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different tracks and the large scale teleconnection is under
investigation and will be reported elsewhere. The data and
methodology are presented in Sect. 2. Section 3 presents
the application to cyclone tracks identification and explores
climatological track features. Cyclone tracks clustering
along with the synoptic feature of the tracks are presented
in Sect. 4, and a summary and discussion are presented in
the last section.

2 Data and methodology

The data used for this study consist of 6-hourly sea level
pressure (SLP) for the period 1958-2006. The data come
from the National Center for Environmental Prediction and
the National Center for Atmospheric Research (NCEP/
NCAR) Reanalyses (Kalnay et al. 1996, Kistler et al.
2001) and have a spatial resolution of 2.5° x 2.5° in the
latitude/longitude directions. The NCEP/NCAR Reanaly-
ses are based on a spectral model, with a 3D-Var data
assimilation scheme used throughout the whole reanalysed
period. Impact studies of the effect of the assimilation of
satellite data, that became available only since 1979
onwards, show that the Northern Hemisphere is not greatly
affected by the use of satellite retrievals, in contrast to the
Southern Hemisphere, where conventional observations are
sparser (Kistler et al. 2001; Andrae et al. 2004). Our study
domain, shown in Fig. 1, is 10°W-50°E, 20°N-50°N.
Although the results that we will discuss refer to MSLP
we have also used temperature, vorticity and potential
vorticity fields. The results indicate, however, that MSLP
field is satisfactory and can be used on its own for cyclone
tracking, given that this field is smoother than, e.g. vorticity
or surface temperature, and is also less prone to high fre-
quency noise. Other authors (Schinke 1993; WASA 1998;

Alexandersson et al. 2000; Gulev et al. 2001; Hoskins and
Hodges 2002) have also used MSLP for cyclone tracking.
Hoskins and Hodges (2002), for example, find that MSLP
and vorticity produce qualitatively the same result for
cyclone identification on the synoptic scale. At the same
resolution, however, vorticity generally produces more
systems because of its focusing on smaller scales. More-
over, Simmonds et al. (1999) indicate that inclusion of
upper air data, in relation to cyclone tracking, does not
significantly change tracks’ characteristics.

Figure 2 shows the (6-hourly) spring climatology of
SLP over the study area. Low pressure is seen over most
of the subtropical North Africa, particularly over western
Sahara and most of Arabia. The variance map of the daily
spring SLP is shown in Fig. 3a. The map also shows high
variance over the Sahara and Eastern Arabia. Because of
the importance of high frequency variance for cyclonic
activity, we also show in Fig. 3b the 2—-6 days variance of
filtered SLP obtained using a Lanczos filter (Duchon
1979). Note in particular the diffluent structure of contours
upon entering the Mediterranean with a particular increase
of variance over the Sahara with a peak in Southern
Tunisia. Note also a similar trough line over Eastern
Arabia.

The majority of Saharan cyclones traverse the Atlas
mountain chain mostly from the west and sometimes from
the northwest. Upon moving over the mountains the sur-
face low pressure weakens, due to potential vorticity con-
servation, and may disappear over the mountain peaks.
Upon leaving the mountain peaks low pressure systems are
then generated in the lee of the Atlas mountains. Similar
behaviour is also noted for the Adriatic region (Horvath
et al. 2006), midlatitude cyclones crossing the Rockies
(Chung et al. 1976; Bannon 1992; Hoskins and Hodges
2002), and tropical cyclones (Lin et al. 2005).
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Fig. 1 Geographic map and surface elevation (m) of the study area. Contour interval 500 m
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Fig. 2 Six-hourly SLP climatology over the study area during the spring season March—-May (MAM) for the period 1958-2006. Contour interval
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Fig. 3 Variance map spring (MAM) daily (fop) and 2-6-day high pass filtered (bottom) SLP for the period 1958-2006. Contour interval 5 hPa?
(top) and 0.5 hPa? (bottom)

Given that most Saharan cyclones are generated' in the
lee of the Atlas chain (Fig. 1) we have chosen to restrict

' or regenerated.
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our search for cyclones that are generated within (10°W-
25°E, 22°N-32°N) but the tracking is carried on way
beyond this quadrant. The simple methodology developed
here is composed of detection and tracking schemes. The
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detection scheme is similar to that of Hanson et al. (2004)
in that the SLP in the central (target) grid point is lower, by
at least 0.8 hPa, than the surrounding eight grid points and
is smaller than a threshold value of 1,008 hPa, in a similar
manner to Hoskins and Hodges (2002) and Trigo et al.
(2002). Note that the latter authors used 1,010 hPa as
threshold. In addition, because Saharan cyclones are shal-
lower than their midlatitude counterparts we require that
the pressure difference between the target grid point and
surrounding grid points is not larger than 3.8 hPa. This
value is approximately twice the mean standard deviation
of high frequency variance over the Sahara (Fig. 3).

After a cyclone centre is detected, within the initial
search area, we then track it as far as 50E using a
60° x 30° latitude—longitude box (10°W-50°E, 22°N-
50°N). During the detection of the cyclone track the search
routine is continuously updated from within the initial
search area according to the following steps.

e After a cyclone centre is detected we track it for the
next 12 h using a polygon containing 20 grid points
surrounding the target grid point as shown in Fig. 4.
During the search we go west and east, and north and
south of the target grid point. To take into account the
fact that some cyclones can shift north-westward, from
time to time, we allow the search direction to go one
step westward for each northward or southward step
(Fig. 4). Trigo et al. (2002) define rather arbitrarily the
search area to be 330 km in the zonal direction and
660 km in other directions. Whilst the non-isotropy of
the search area may be a source of bias, we have also
applied an isotropic search but the results have not
changed.

e If, for a given day, there is more than one cyclone
centre in the initial area we start the new track with the
most eastern one and store the remaining centres in a
potential track array, arranged in decreasing order of
their longitudes. These centres will be used in the next
time step as initial seeds for a new track search.

e If in the next two timesteps, that is for a duration of 12
h, no cyclone centre is detected, we consider the track
has terminated. A new track search begins using initial
grid points from the potential track array.

In any cyclone identification scheme core positions
resulting from the procedure cannot be located between
grid points when coarse grid input data are used. This
difficulty has led some researchers to transform the data,
e.g. by interpolation, to a finer grid prior to the application
of the identification procedure (Alpert et al. 1990; Hodges
1995; Haak and Ulbrich 1996). Note that the main objec-
tive of interpolation is to allow the off-grid location to be
found and also to allow a polar projection to be used for

Fig. 4 Polygon search, containing 20 grid points (open circles)
around the target grid point (filled circle), used for local cyclone
tracking

identification particularly at higher latitudes. Interpolation
between grid points is also used here to determine cyclone
cores.

3 General characteristics of the Sahran cyclone tracks
3.1 Procedure validation

The procedure has been tested by comparing the obtained
tracks with tracks obtained manually for the same dates.
Six randomly chosen tracks have been selected and used
for procedure validation. The (manually) identified tracks
for these cases are followed step-by-step during the
cyclones’ life cycles. Figure 5 shows both the manually
obtained tracks (dashed) and the automated ones (conti-
nuous). The agreement is extremely good in terms of both
features of cyclone track paths and track time steps. The
slight mismatch between the manual and automated tracks
is due to the way the cyclone centre is specified. Whereas
the visual tracking uses a cursor pointer on the map to
specify the cyclone’s centre, the automated routine finds
the minimum value of the field at each time step. But the
difference between these tracks (Fig. 5) can be virtually
neglected.

The procedure is now applied to the full dataset from
1958 to 2006 during the spring time, i.e. March—April-May
(MAM). A total of 643 tracks are identified. This set is
smaller compared to sets from other studies based on the
North Atlantic and European sectors. Saharan cyclones are
expected to be less frequent than, e.g. their North Atlantic
analogs. Also, comparing cyclone frequencies between
ERA40 and NCEP/NCAR ranalyses, Raible et al. (2008)
found that the latter reanalyses contain less cyclones than the
former. The application to higher resolution reanalyses such
as the European Centre for Medium Weather Forecast
(ECMWF) Interim data and comparison with other existing
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Fig. 5 Manually (dashed) and routinely (continuous) identified tracks

cyclone tracks will be addressed in a future study. Figure 6
shows the density of the obtained cyclones. The majority of
tracks are initially zonally stretched with an increase of
cyclones near the western Algerian border. Cyclones then
deflect slightly south-eastward and increase in intensity near
east Libya. Finally, the majority of tracks travel north-
eastward with another increase of cyclogenesis over Turkey.

The identified tracks have different characteristics,
length, orientation and longevity. To explore the charac-
teristic features of these tracks we plot in Fig. 7 the number
of Saharan cyclone tracks defined by their longevity in
terms of the associated cyclones’ lifecycles. The dark
shading refers to all tracks and the light shading refers to

@ Springer
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long tracks, defined as those tracks spanning (arbitrarily)
more than 20° latitude or 10° longitude. When all tracks are
used we get an approximate exponential decrease of the
number of tracks with increasing lifespan, with an e-fold-
ing time of about 3 days, and the large majority of the
tracks, around 90.4%, have longevity of 4 days or less.”
The contribution from the 4-day lifespan in our case is
around 9% compared to 2% in Hanson et al. (2004), due to
the faster moving cyclones in the midlatitude, particularly

2 A similar percentage of North Atlantic cyclones, with lifespan of
3 days or less, was found by Hanson et al. (2004) using both the
ECMWF and NCEP/NCAR MSLP.



A. Hannachi et al.: Climatology and classification of Spring Saharan cyclone tracks 479

48N 1

45N 1

42N 1

39N 1

36N 1

33N 1

30N

27N 1

24N 1

21N 1

20w ow 0 10E

=]
GrADS: COLA/IGES 1

30E 40E 50E 60E

100 120 140 160  18p  2009-06-13-17:02

Fig. 6 Density of Saharan cyclones as measured by the number of storms at each grid

over the North Atlantic where the storm track is active and
also because of the decreasing zonal distances as we move
poleward. When longer tracks are considered the distri-
bution changes and we now get a maximum at 2-day
lifespan (Fig. 7). The number of tracks of longevity
<2 days travelling long distances (as defined above) has
decreased (Fig. 7) because of speed constraints.

3.2 Cyclogenesis and cyclolysis
Cyclone sources and sinks are important to identify

because they help understand and quantify the effect of the
lower boundary and can be used to validate climate
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Fig. 7 Number of cyclone tracks defined by longevity for all tracks
(dark shading) and tracks spanning more than 20° latitude or 10°
longitude (light shading)

models. In an attempt to characterize the sources and sinks
of cyclone activity we compute the frequency of tracks
initiated in the area (source) and the frequency of tracks in
the area where tracks terminate (sinks). The results are
shown in Fig. 8, in which cyclogenesis spots can be rec-
ognized (Fig. 8, left). First, the lee side of the Atlas chain
shows up as the main area of maximum generation of
Saharan cyclones, and can be considered as the main
source of Saharan cyclones. The Atlas region, in particular,
was identified by Trigo et al. (1999)° as one of the main
cyclogenesis centres in the Mediterranean region, which is
present more or less throughout the whole year, in parti-
cular during the winter (Trigo 2006), and with a peak in
May—June. This region is also thought to be a place where
enhanced cyclone development over the Apennines and the
Adriatic sea originate (Horvath et al. 2006) as well as
secondary cyclogenesis following Genoa cyclones (Egger
et al. 1995). Next, three other areas located between 21°N
and 26°N are identified as secondary sources of Saharan
cyclones (Fig. 8, left). The first secondary source region is
located south of the Atlas mountains, around 25°N. This
cyclogenesis region is identified by Trigo et al. (1999) as a
secondary source of cyclone development particularly in
May. The second region is located around 15°E and 22°N.
The last one is located at about 20°E and 25°N. Another,
but weak, source has been identified further south around
5°E. This source region was captured in April by Alpert

3 Recall that the analysis of these authors was based only on a 18-
year period of the ECMWF reanalyses.
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et al. (1990). These sources are associated with western
and central Saharan topography.

The cyclolytic areas are shown in the right panel of
Fig. 8 as the number (frequency) of terminated Saharan
cyclone tracks. Four main areas of cyclone tracks termi-
nation are identified. The primary sink, or main cyclolytic
area, is located over central Iraq and north-eastern Arabia.
Two secondary sinks are located respectively over mid-
west Turkey, centred around 33°E and 39°N, and the
western side of the Black Sea, also identified by Trigo
(2006) using winter 1,000 hPa height from NCEP/NCAR
and ERA-40 reanalyses. The latter centre stretches down to
the north of the Fertile Crescent. Another secondary centre
is found over the southern tip of Russia, west of the Cas-
pian Sea, around 47°E and 40°N. Apart from these main
centres few other marginal areas can be noted over the
central Mediterranean, Sardinia and Central Europe
(Fig. 8, right).

The sink areas, like the sources, are again determined to
a large extent by orography. The previous cyclone track
termination areas are associated with the north eastern
Arabian mountains and the Anatolian plateau. So in sum-
mary, the dominant Saharan cyclone activity in spring
tends to move north-eastward, and only a few propagate
northward. In addition, most of Saharan cyclones terminate
on the Taurus and Zagros mountains, pointing to the
importance of orography in cyclolysis. In the lee side of
those mountains cyclones are typically regenerated.

Figure 8(right panel) also shows cyclolytic areas over
Europe, in particular around Sardinia, the Adriatic Sea and
Central Europe. These cyclolytic centres, however, are not
as strong as those identified in the eastern flank of the
domain due to the fact that the majority of Saharan

TRACKS AREA OF INITIAL TRACKS

TRACKS AREA OF DEATHS TRACKS

cyclones move eastward and only a few of them enter
Europe in agreement with results from Hodges (2010,
personal communication).

This cyclolytic centre is also present throughout the
year, but most prominent in the winter season (Trigo 2006).

4 Cyclone track clustering
4.1 Procedure description

Cyclone tracks are the result of complex nonlinear inter-
acting processes, where local and remote, or teleconnection
effects enter into play. For example, Pinto et al. (2009)
show that extreme extratropical cyclones tend to occur
more frequently during positive NAO phase compared to
the negative NAO phase. Hence cyclone tracks are not
randomly distributed but follow, on the average, more or
less well defined paths or trajectories. These latter result in
general from various interacting physical and dynamical
processes such as the effect of bottom topography and large
scale flow. The objective of this section is to explore the
Lagrangian climatology of these tracks by classifying
Spring Sahran cyclone tracks using clustering. Clustering
of cyclone tracks enables the identification of possible
different track regimes. It also enables linkage with the
synoptic and large scale atmospheric circulation as well as
teleconnection.

In this study we consider the 643 identified tracks for
clustering. These tracks span at least 20° latitude and 10°
longitude. This choice is made to capture various Saharan
cyclones including those travelling north towards Europe.
Clustering is known to be a difficult problem. This is
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Fig. 8 Number of generated (left) and terminated (right) Saharan cyclones showing respectively areas of Saharan cyclogenesis and cyclolysis
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particularly the case when the tracks to be classified have
different charateristics. The Saharan cyclone tracks con-
sidered here have different lengths and timings. For
example, one track may be 2,000 km long and another can
be twice as long. In fact, as pointed out by Barry and
Chorley (1992) the movement of Mediterranean depres-
sions is highly complex due to both orographic effects and
their regeneration over the sea.

In Blender et al. (1997) all cyclones have been subjected
to a selection procedure where only those having the same
lifetime, fixed to 3 days, were retained. This selection
enabled them to map cyclone tracks onto a finite dimen-
sional metric state space where automatic clustering pro-
cedures, e.g. k-means, can be applied. Note that k-means
does not provide the number of clusters, a much difficult
parameter that introduces uncertainty in the clustering
method. Note also that while the selection of this parameter
may be adequate for the North Atlantic, given the existence
of the storm track and the polar jet stream hence the large
number of tracks which require an automated procedure in
addition to the mapping onto a finite-dimensional metric
space, no such indulgence can be afforded here (smaller set
with shorter tracks).

Gaffney et al. (2007) used a probabilistic clustering
approach to classify wintertime extratropical cyclone
tracks over the North Atlantic, whereas Camargo et al.
(2007) used the approach to classify tropical cyclone
tracks. Their approach is based on a regression mixture
model using the Gaussian mixture model (Haines and
Hannachi 1995; Smyth and Ghil 1999; Hannachi and
O’Neill 2001). The number of clusters, however, remains a
difficult problem, see e.g. Hannachi and O’Neill (2001) and
Hannachi (2007). Although Gaffney et al. (2007) tried to
use “objective” measures to find the number of clusters,
based on cross-validation likelihood and predicted sum of
squared errors, they recognize that the “objective” mea-
sures provided limited guidance in choosing the right
number of clusters. It is known, however, that the North
Atlantic region is well studied in the tropospheric large
scale flow literature, e.g. Kimoto and Ghil (1993), see also
Blender et al. (1997). We note here that Gaffney et al.
(2007) used three clusters for the North Atlantic cyclone
tracks while Camargo et al. (2007) used seven clusters for
tropical cyclone tracks.

Classification originates from the field of pattern rec-
ognition and constitutes a class of problems that can often
be easily solved by human beings, but are very hard to
solve by computers (Aart and Korst 1990). Here we use
this “human skill” in pattern recognition, given that the
objects to be classified can be visualized on the plane.
Given that our small set of tracks have different lengths,
unlike Blender et al. (1997), we adopt a “subjective” semi-
manual method for our track clustering. The tracks have

been first thoroughly examined by eye in an attempt to get
a sense of what is going on. Aided with our prior knowl-
edge of the climatology of the region, a maximum of 10
“model” tracks have been initially defined and used to
classify the observed tracks. The model tracks are simple
curves that stretch between the eastern and western
boundaries of the domain, and have various (but simple)
shapes and orientations. Each identified track is classified
based on its Euclidean (semi-) distance (d) to, and its
(semi) spatial correlation (p) with, the model tracks. The
(semi) distance and correlation are measured between any
observed track and the restriction of a model track to the
bounding longitudes of the observed track. Our classifica-
tion procedure is somewhat similar to that of Gaffney et al.
(2007) except that our model curves (the equivalent of their
regression curves) are chosen “subjectively” in that they
are based on visual inspection.

Using the above 10 model curves cyclone tracks are
classified based on a minimum correlation of 0.85 and a
maximum distance of 450 km. Trigo et al. (1999), for
example, consider the typical horizontal scale of Mediter-
ranean cyclones to be 300 km. About 70% of tracks have
been classified this way. Next, about 25% of the remaining
tracks are classified based on their (semi) distance to the
model tracks using a maximum distance of about 750 km.
After the clusters are obtained, we examined them visually
and found that few clusters are quite similar, and then
decided to merge them. This yielded six final clusters,
which are discussed next.

4.2 Cyclone track clusters

Six clusters (Fig. 9, Table 1) have been obtained by classi-
fying about 95% of all tracks. These tracks are defined as: (1)
Western Atlas—Asia Minor (WAMA), (2) Algerian Sahara-
Asia Minor (ASMA), (3) Libyan desert-Asia Minor (LIMA),
(4) Algerian Sahara-Egypt (SET), (5) Atlas-Western Europe
(AWE), and (6) Algerian Sahara-Central Europe (ACE),

1. Western Atlas—Asia Minor (WAMA); This class
(Fig. 9a) is the largest compared to the other clusters
and has a sample size of 171 (27%). The tracks of this
class are mostly generated in the lee side of the
western Atlas chain and the Algerian Sahara. These
tracks are oriented north-eastward and cross the
northern part of the Libyan Sahara and the eastern
Mediterranean to reach Turkey. Some of these tracks
extend as far as Ukraine.

2. Algerian Sahara—Asia Minor (ASMA); ASMA tracks
(Fig. 9b) are generated in the lee of the western Atlas
mountains. Initially zonally oriented, they are almost
entirely confined to the Saharan region. They cross
Sinai and the north Red Sea to northern Arabia and
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Turkey. This class has 123 tracks, i.e. about 19% of the
total number of tracks. They are nearly zonally oriented
over Saharan Africa and slightly north-eastward over
Turkey, and some of them reach southern Caucasus.

3. Libyan desert—Asia Minor (LIMA); this class (Fig. 9¢)
is the next largest after WAMA, with 162 tracks
(25%). The tracks are generated in the eastern side of
the generating area (Fig. 8a), i.e. in the Libyan desert.
The tracks extend straight north-eastward over eastern
Mediterranean, Turkey and Ukraine.

4. Algerian Sahara-Egypt (SET); this cluster (Fig. 9d)
has a sample size of 46 (7%). The SET tracks are
generated in the middle and western part of the initial
area. The tracks are mostly confined to the North
African desert with a nearly zonal orientation, but most
of them do not extend beyond Egypt. Only around 2%
of SET tracks stretch to the Middle East. One could
argue that WAMA (9a), ASMA (9b) and SET (9d) are
similar. However, beside their different orientations
and sources these clusters have also different other
characteristics such as the distribution of cyclone
lifecycles as discussed in the next section.

5. Atlas—Western Europe (AWE); the tracks of this
cluster (Fig. 9e) are generated in the lee side of the
western Atlas chain and the western part of the
Algerian desert. The tracks then shoot off northward,
with a slight eastward shift towards West Europe. The
number of tracks in this cluster is 34, i.e. around 5% of
the total number of tracks.

6. Algerian Sahara—central Europe (ACE); the ACE
tracks (Fig. 9f) are generated in the middle and the
western parts of the initial area, south of the Algerian
desert. The tracks extend north-eastward through the
Algerian desert and North Libya, then curve northward
over the Gulf of Syrt through to central and eastern
Europe. This cluster has 74 tracks (12%).

4.3 Track clusters characteristics

The cyclone track clusters differ not only in orientation and
lengths but also in lifecycle characteristics. Figure 10
shows, for each cluster, the distribution of the number of
storms and mean pressure minimum (in fact pressure minus
980 hPa) over all the tracks versus lifetime bins. As
observed previously (Fig. 7), the maximum in all cases is
always <4 days. For WAMA (10a), the maximum, about
50%, is obtained with 2 days, and 50% with 1 day. The
WAMA cyclones are the fastest moving cyclones given the
long distances travelled. Some of these tracks get termi-
nated in the central Mediterranean, south of Sicily, others
get terminated in Mid-West Turkey (Fig. 8). Some
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cyclones, however, are long lived and survive for up to a
week. The ASMA tracks (10b) have a maximum of 35% at
3 days. The cyclones of these tracks are slower than
WAMA'’s presumably because of the weaker westerlies
over the Sahara compared to higher latitudes. Some of
ASMA cyclones can have up to one week lifespan. LIMA
tracks (10c) have comparable frequencies to WAMA’s
(10a), but with fewer long lived cyclones. SET tracks (10d)
have a maximum of nearly 20% at 2 days, but some of the
corresponding cyclones can live for up to 6 days. AWE
cyclones (10e) take a few days to reach western and central
Europe. ACE tracks (10f) have a maximum of about 25%
at 3 days, and the associated cyclones can live for up to
6 days.

4.4 Cyclone lifecycles

During their formation cyclones go through growth and
decay phases, and it is our intension to investigate, in this
section, how and where Saharan cyclones deepen to reach
maximum growth. Each track within each cluster is fol-
lowed by keeping a track record of the pressure values as
well as growth rates in addition to the maximum intensity,
the minimum pressure and their occurrence times. For this
lifecycle compositing each storm is centred on the time at
which the minimum pressure occurs. Figure 11 shows the
average pressure tendency (solid line) for each cluster. The
time origin in Fig. 11 corresponds to the time when
cyclone tracks reach their minimum pressure, and it can be
seen that maximum growth occurs several hours before
pressure minimum occurrence. The shading represents one
standard deviation below and above the average. Figure 11
shows similar pressure tendencies around the maximum
growth between different clusters with an average of 1.5
hPa/6 h. This value is small compared to extratropical
cyclone growth. ASMA (11b) and AWE (11e) have the
largest growth (—1.7) followed by SET (—1.6), then ACE,
WAMA and LIMA. For all clusters maximum growth
occurs about 6 h prior to the lowest pressure. Both the
pressure (not shown) and pressure tendency (Fig. 11) show
high variability for WAMA, then SET and LIMA. The
least variability is obtained with AWE (11e). The deepest
cyclones are obtained with WAMA, LIMA, SET and ACE.
The WAMA (Fig. 9a) and LIMA (Fig. 9c) tracks cross the
central Mediterranean through the Aegean Sea, a region of
cyclogenesis activity in the spring and summer seasons.
The ACE tracks (9f) travel over a source region located in
the north western part of Algeria in April whereas the SET
tracks (9d) cross a source region situated in central Libya
(Fig. 8). Table 2 shows the distribution of the number of
tracks as a function of pressure minima. Pressure minima
(not shown) can go down to 985 hPa, obtained with
WAMA, and the largest pressure minimum (1,000 hPa) is
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Fig. 9 Identified cyclone track clusters; WAMA (a), ASMA (b), LIMA (c), SET (d), AWE (e) and ACE (f)

Table 1 Number and percentage of tracks in each cluster

Cluster WAMA ASMA LIMA SET AWE ACE
Number of tracks 171 123 162 46 34 74
% 27 19 25 7 5 12

obtained with ASMA. Figure 11 shows that the time
between the beginning of pressure falling and maximum
growth (growth time) varies between clusters. This time is
largest for WAMA (around 60 h, 11a), and then SET (11d)
and LIMA (48 h, 11c). The tracks of these clusters can be
classified as long-lived. The growth time for the remaining
(short-lived) clusters are of the order of 22 h. The vari-
ability of cyclone growth is large for most clusters, and this

reflects one of the main characteristics of Saharan cyclones,
in addition to being shallow compared to midlatitude
cyclones. Saharan cyclones are short lived compared to
midlatitude cyclones (Alpert and Ziv 1989). The time
between the beginning of pressure falling and the maxi-
mum intensity is of the order of 72 h for midlatitude
cyclones (Bengtsson et al. 2009) whereas it is only around
48 h for Saharan cyclones (Fig. 11). Furthermore, Saharan
cyclones can reach a minimum pressure of 980 hPa. This is
comparatively larger than the North Atlantic low pressure
systems, which can go down to 912-915 hPa, see e.g. the
recent account of the lowest depressions that crossed the
British Isles within the period of instrumental records by
Burt (2007). For comparison with models’ simulations
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Bengtsson et al. (2009) obtain 955 hPa for midlatitude
cyclones based on ECHAMS model. Note, however, that in
the composites of Bengtsson et al. (2009) the 100 most
intense storms were chosen.

Cyclone life cycles are controlled by various factors
such as the ambiant background flow and boundary con-
ditions. The presence of local permanent (e.g. relief) and
semi-permanent (e.g. warm sea surface tempearture) fea-
tures can enhance cyclone growth. Here we have attempted
to check this hypothesis by looking at the locations where
cyclones reach their maximum growth. Figure 12 shows
grid points where the maximum growth occurs. To have a
full picture the figure shows both the location of maximum
growth in relation to cluster type (12a) and the same
locations irrespective of cluster type but with the size of the
patches proportional to the number of maximum growth
occurrences at each grid point (12b). Different symbols are
used for different clusters (Fig. 12a). Few grid points of
maximum growth appear separated from their associated
tracks. This is because the intensity is based on the original
NCEP resolution whereas the tracks are based on inter-
polation using 1° x 1° latitude—longitude grid. Large patches
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in Fig. 12b reflect locations where several cyclones from
different clusters reach their maximum intensity. Three
broad regions can be identified from the figure where
cyclones have tendency to reach their maximum growth.
The first one is in the Maghreb, centred over Algeria. The
second region is centred over Libya, and the third one is in
Turkey and eastern Black Sea. The third location centred
over Turkey is the place where a relatively large number of
Saharan cyclone tracks reach their maximum intensity.
Figure 12 also shows that maximum growth, occurring
several hours prior to the lowest pressure, takes place
mostly over land and little over the Mediterranean, similar
to what has been reported in Alpert and Ziv (1989).

4.5 Synoptic feature

To analyse the climatology of the synoptic situation asso-
ciated with the identified clusters times of maximum growth
are identified for each track in each cluster. Composites of
the SLP anomalies are then computed. Figure 13 shows the
obtained anomalies for the different clusters. No attempt is
made to compute significance levels of the composites
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Fig. 11 Pressure tendency
versus time for WAMA (a),
ASMA (b), LIMA (c), SET (d),
AWE (e), and ACE (f). The
shading represents one standard
deviation below and above the
average. Time unit is 6 h with

respect to the minimum pressure
occurrence, and pressure
tendency in hPa/6 h

Pressure Tendency

-10 -5

Time (6hrs) from pressure minimum

Table 2 Number of tracks, for each cluster, as a function of pressure
minimum

Pressure (hPa) 1 2 3 4 5 6

980-985 0 0 1 2 0 0
985-990 2 1 2 0 0 0
990-995 15 5 11 6 0 0
995-1,000 50 32 43 26 14 14
1,000-1,005 81 74 93 32 29 16
1,005-1,010 23 11 12 8 3 4

because of the small sample size of the tracks in the clusters,
and we content to discuss the qualitative features of these
maps. The pattern associated with the maximum growth for
WAMA cyclones (13a) shows two centres; one located over
Algeria (—4 hPa) and a deeper one located over Turkey (—5
hPa). Note that these two centres are situated on the main
axis of WAMA tracks. The variance of the centre situated
over Turkey is more than twice that of the Algerian centre
(not shown). In agreement with Fig. 12 some WAMA
cyclones deepen over the North African desert while others
deepen over Turkey. The climatology of maximum growth
flow for ASMA (13b) shows a low over the Libyan desert.
This low is the smallest, in magnitude, of all other lows
shown in Fig. 13. LIMA maximum growth climatology
(13c) shows a major low centre over western Turkey.
Maximum growth of LIMA cyclones seems to happen over

5 10 -10 -5 0 5 10
Time (6hrs) from pressure minimum

Turkey as shown in Fig. 13 although some do happen over
Libya (Fig. 12). The main growth centre of SET tracks
(13d) is over the Libyan—Algerian desert, see also Fig. 12.
The AWE clusters (9¢) have the deepest trough (13e)
compared to the remaining clusters. The comparison of the
orientation of the AWE tracks (9e) and their maximum
growth composite (13e) in addition to the depth of the latter,
compared to the remaining maps, suggests an influence of
the North Atlantic eddy-driven jet stream. This is corro-
borated by the variance map associated with the composite
of Fig. 13e (not shown), which is stronger than the other
variance maps, with main local centres located over north
western Algeria, Spain and another slightly stronger centre
over the North Atlantic west of the Iberian peninsula.
Finally, the SLP climatology associated with the maximum
growth of ACE tracks (13f) has the next deepest low after
AWE. The maximum growth region stretches from south-
ern Tunisia through to Italy around Genoa, southern France
and eastern Spain. This region is known for its severe
storms in various seasons, particularly in fall (Ouali et al.
2008). Examination of the maximum growth locations of
the cyclone tracks in connection with locations of pressure
minima and the fact that the Mediterranean sea surface
temperature is near its annual minimum in spring suggest
that the Genoa low pressure in Fig. 13f reflects the place
where some Saharan cyclones reach their maximum inten-
sity. Genoa cyclogenesis is mainly observed in winter as
suggested by Alpert and Ziv (1989).
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Fig. 12 a Location of the maximum intensity for all tracks in all
clusters; WAMA (open circles), ASMA (plus symbol), LIMA (open
square), SET (open diamond), AWE (open triangle), and ACE (multi

Besides the sea-level pressure composites shown in
Fig. 13 we have also computed upper level concurrent
composite maps for each of the different clusters in order to
infer possible large scale mechanisms involved in the
evolution of the Saharan cyclones. The obtained compo-
sites, using the 300-hPa geopotential height anomalies, are
shown in Fig. 14. The upper level composite maps
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2010-06—-18-16:34

symbol), and b same as (a) but now the size of the filled circles is
proportional to the number of events of maximum growth at each grid
point

(Fig. 14) show similar features to those of the sea level
pressure maps (Fig. 13) with a clear vertical westward tilt
for virtually all clusters. The strongest upper level anoma-
lies are obtained, in decreasing order, for ACE (—120 m,
14f), AWE (—110 m, 14e), LIMA (—30 m, l4c) and
WAMA (—10, 14a). The remaining two clusters have
positive height anomaly minima of the order 10-20 m. The
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200

Fig. 13 Composite maps of SLP at maximum growth of cyclone tracks for WAMA (a), ASMA (b), LIMA (c), SET (d), AWE (e), and ACE (f).

Contour interval 1 hPa

vertical tilt of the composite maps (Figs. 13, 14) is a clear
indication of the role of large scale baroclinicity as pointed
out by Alpert and Ziv (1989). In addition, the meridional
stretching of the height anomalies with their soutwest—
northeast tilt is an indication of maximum poleward eddy
heat (and momentum) transport (Holton 1992).

5 Summary and discussion

Saharan cyclones in the spring time constitute one domi-
nant feature of the Sahara in the wake of the Siberian High
decline towards late winter/early spring (Panagiotopoulos
2005). Permanent features, e.g. topography, and non-per-
manent features, e.g. large-scale flow and possibly latent
heat fluxes* from the Mediterranean sea, enable Saharan

4 Alpert and Ziv (1989), however, suggest that latent heat may not
constitute a major factor in Saharan cyclone maintenance or
cyclogenesis.

cyclone growth. Given the importance of the Sahara in the
climate system and the very limited number of Saharan
related studies in the literature, we have conducted a cli-
matological investigation of Spring Saharan cyclone tracks.
The main objective here was to document, classify and
characterize Saharan cyclone tracks in the spring time.
These Spring Saharan cyclones could possibly constitute an
initiating mechanism for Saharan dust storms, which peak
in February—March—April and are known for their large
scale effect including their major influence on the energy
distribution of the Earth/atmosphere system and their
ability to fertilize the Atlantic phytoplankton (Jickells et al.
2005) and the Amazonian rainforest (Koren et al. 2006).
Six hourly spring (March—April-May) SLP from NCEP/
NCAR reanalyses for the period 1958-2006 over the region
(10°W=50°E, 20°N-50°N) are used during the spring sea-
son. Also, because of the importance of topography in
cyclogenesis, the western part of the Sahara, around the
Atlas heights, was focussed on to identify cyclogenetic
areas. Cyclone centres are first identified within the
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Fig. 14 As in Fig.13 but for the 300-hPa geopotential height anomalies. Contour interval 10 m

generating area, then cyclone tracks are obtained by fol-
lowing the minimum pressure centres that are less than
1,008 hPa.

A total of 643 tracks have been identified during the
considered 49 springs. A large number of these tracks are
oriented mostly north-eastward. The frequency of cyclone
tracks decreases exponentially with increasing life span,
with an e-folding time of about 3 days. Cyclogenetic and
cyclolytic areas have been identified. The lee side of the
western Atlas chain shows up as the main area of maxi-
mum cyclogenesis, which can be considered as the main
source of Saharan cyclones, in agreement with previous
studies. Three other secondary sources of cyclogenesis are
identified over south of the Algerian border, north of Niger/
south of Algeria and Libya, and middle of southern Libya.
Several centres of cyclolysis have been identified. The
main centre is located over central Iraq. Two other centres
are identified in mid-west Turkey, and western Black Sea.
Another centre is found west of the Caspian Sea.
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Next, the identified tracks have been classified. To avoid
the complication related to the choice of the number of
clusters, a subjective procedure based on visual inspection
of the tracks is adopted. Six track clusters have been
identified, which are: (1) Western Atlas—Asia Minor
(WAMA, 27%) ; (2) Algerian Sahara—Asia Minor (ASMA
20%); (3) Libyan desert—Asia Minor (LIMA 25%); (4)
Algerian Sahara-Egypt (SET 8%); (5) Atlas—western
Europe (AWE 8%); and (6) Algerian Sahara—Central
Europe (ACE 12%). WAMA and LIMA appear to have a
large number of tracks with life time less than about
3 days. ASMA cluster is the one with more long-lived
tracks with around 13% of all tracks between 3 and 6 days
compared to 9% for WAMA, and 7% for LIMA and ACE.
The AWE tracks are shorter lived (4 days maximum)
compared to those of the remaining clusters. The average
minimum pressure of the track clusters are comparable and
there is a tendency for long-lived tracks to be deeper.
Cyclone lifecycles for each cluster have been computed.
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The maximum growth is obtained with WAMA followed
by SET, ACE, LIMA, and is least for AWE. For all cases,
the minimum pressure is found to be bounded from below
by about 980 hPa compared to about 915 hPa for extra-
tropical cyclones. The highest variability of cyclone life-
cycles is observed with WAMA, SET, and LIMA. The
expected time between the beginning of pressure falling
and maximum growth is around 48 h, compared to 72 h for
midlatitudes. In addition, the deepening rate is more or less
monotonic, and the maximum growth often occurs 6-8 h
prior to pressure minimum, compared to around 30 h for
mid-latitude cyclones. These characteristics make clear the
distinction between mid-latitude and Saharan cyclones.
Regions where pressure minima occur have been identified.
We found, in particular, that cyclones have a tendency to
reach their maximum growth in three broad regions; the
central Maghreb, central Libya, and central Turkey/eastern
Black Sea where a large number of Saharan cyclone tracks
reach their maximum intensity. Most importantly is the fact
that growth occurs mostly over land and little over the
Mediterranean in agreement with Alpert and Ziv (1989).
The relationship between Saharan cyclone tracks and large
scale circulation and teleconnections is another important
issue and is left for future research. The composite maps
associated with maximum growth show a general agree-
ment between synoptic SLP features and the orientation of
the associated tracks. The deepest trough is found with
AWE cluster, suggesting a feedback from the North
Atlantic eddy-driven jet stream, and the ACE cluster. The
strength of these troughs, however, remain smaller com-
pared to their mid-latitude counterparts.

In relation to the Mediterranean basin Trigo et al.
(1999), based on a rather short ERA-40 period, found that
the Atlas region is the strongest centre for cyclogenesis for
Mediterranean cyclones in spring months. This study
shows that a substantial amount of Saharan cyclone tracks
cross the Mediterranean and one could wonder whether
there is a mixing between Saharan and Mediterranean
cyclones. One way to distinguish between the two is to
examine the location of maximum growth. This study
shows that most of these locations are found over the
Sahara and a much smaller number over the Mediterranean.
According to Alpert and Ziv (1989), in spring time the
Mediterranean temperature is near its annual minimum
while the continents have reached considerable heating,
implying an additional baroclinic source of energy for the
Saharan cyclones. Taken together, these facts suggest that
the majority of the observed cyclones in this study could be
of Saharan origin. A thorough investigation of this issue is,
however, beyond the scope of this paper and is left for
future investigation. Upper level flow shows agreement
with the sea level pressure structure with a clear vertical tilt

pointing to the role of large scale baroclinicity in the
growth of Saharan cyclones.

This study is a first contribution to identify the most
important cyclones that end up in Arabia and the Middle
East in general because these cyclones are an important
source of water in the region, and along these lines one of
the potentially important future research is to investigate
the precipitation characteristics of these Saharan storms.
For example, monsoonal-type cyclones reaching Arabia
from the Indian Ocean are expected to have different pre-
cipitation characteristics compared to cyclones from the
Sahara/Mediterranean or the Sudan region. In addition,
since the focus region here is where subtropical jet exists
the role of this jet in characterising Saharan cyclones will
also be addressed in a future research. The link between
Spring Saharan cyclones and dust storms is also a subject
of great potential interest to climate scientists (Knippertz
and Fink 2006). A special issue of Tellus was devoted to
the SAMUM-1 campaign in southern Morocco in May—
June 2006 (e.g., Heintzenberg 2009; Knippertz et al. 2009;
Miiller et al. 2009), see also Moulin et al. (1997) and
Dayan et al. (2007). For example, Knippertz et al. (2009)
found that significant dust emission events are connected in
part to lee cyclogeneses south of the Atlas mountains.
Another equally important issue in the study of Saharan
cyclones is the resolution of the gridded data as these
cyclones are rather weak compared to cyclones in other
regions, e.g. tropics or mid-latitudes. So a potential area for
future research is to consider ERA40 or the new Interim
reanalyses, at even higher resolution, which can simulate
these systems better. In order to increase the chance of
capturing more cyclones, spectrally smoothed vorticity
may be a better field to use.
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