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Abstract: Over the Sahara in summer, the activity of the Saharan thermal low pressure system
(SHL), which is linked to the West-African monsoon dynamics and the mid-latitude circulation, is
modulated by dust concentration and water-vapor transport. In this context, the role of clouds
over western Sahara remains under-investigated. Using Meteosat-Second-Generation geostation-
ary satellite data, for the first time the variability of cloud occurrence over Sahara by type in sum-
mer, at diurnal, daily and intra-seasonal time scales for the 2008-2014 period is documented. Us-
ing European Center for Medium-range Weather Forecasting (ECMWF) Reanalysis (ERA) Interim
(ERALI) reanalysis, cloud cover occurrences are characterized in terms of regional circulation pat-
terns and moisture balance. We show that, over West-Sahara and Hoggar, mid-top clouds are the
most frequent cloud-type in summer. Their summit reaches between 500 hPa and 400 hPa and lies
just above the top of the Saharan Atmospheric Boundary Layer (SABL). During the rest of the
year, high-top clouds are the most frequent. The variations in the spatial distribution of mid-top
cloud occurrence coincide with the seasonal displacement and strengthening of the SHL and, in
the mid-troposphere, of the Saharan anticyclone. Mid-top clouds occur most frequently when, at
large scale, mass and humidity converge in the lower SABL due to heating on an extensive sur-
face, and diverge in the upper SABL. Their diurnal cycle, with minimal frequency around 10 UTC
and maximum in the evening, is consistent with the diurnal development of the Saharan Convec-
tive-Boundary-Layer. The frequency of high cloud increases when anticyclonic circulations at
mid-level and upper-level retreat to the southeast and upper-level trough from mid-latitudes can
penetrate more southwards.

Keywords: mid-level clouds; Saharan boundary layer; heat low; climatology; satellite
observations; moisture convergence

1. Introduction

Atmospheric dynamics in the Sahara region is a key element of the climate system,
interconnected with the Atlantic to the west, the Mediterranean to the north and the Sa-
hel and tropical West Africa to the south. In summer, the atmospheric circulation in this
region is particularly complex. On the one hand, mass and moisture flows from sur-
rounding regions modulate the local thermodynamics [1,2]. On the other hand, atmos-
pheric dynamics in the Sahara impacts climate and synoptic variability at the regional
scale as a major component of the West African Monsoon [3-5]. Above northern Africa,
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the circulation in the upper troposphere is dominated by the western portion of the Ti-
betan high, associated with the Indian monsoon deep convection [6]. The main axes of
the resulting anticyclonic circulation are the sub-tropical westerly jet (STW]), flowing
along the North African coast, and the tropical easterly jet (TEJ), located above equatori-
al Africa [6]. In the mid troposphere, the Sahara is dominated by an anticyclonic circula-
tion associated with the subsidence of the descending branch of the meridional Hadley
circulation, and maintained by the radiative cooling in the upper troposphere [6]. The
lower troposphere is dominated by the Saharan heat low (SHL), a near surface thermal
low pressure developing over western Sahara in response to the radiative warming of
the surface [4]. The cyclonic circulation associated with the thermal low drives the mois-
ture transport from the subtropical North Atlantic and the Mediterranean across the de-
sert [2,5].

The Sahara is the world’s largest dust source [7]. In summer in its western part, the
Sahara is characterized by the deepest atmospheric boundary layer (the so-called Sa-
haran atmospheric boundary layer—SABL) on Earth when the SHL, in its north-
westward migration, reaches this region [4]. In the SABL, aerosols and water vapor are
mixed and processed up to 6-7 km in the troposphere, with clouds often formed on its
top [8-11]. The physical mechanisms controlling the complex interactions among aero-
sols, water vapor and clouds, are still far from being completely understood, casting un-
certainty on the modeling of the radiative budget and atmospheric dynamics in this re-
gion [12]. This incompleteness is a crucial limitation for climate modeling and predicta-
bility at regional and global scale, demanding substantial improvements [13]. Cloud
cover distribution especially above the Sahara and the mechanisms leading to its for-
mation are barely reported in the literature. During the JET2000 campaign [14], Parker et
al. [8] identified from aircraft measurements a high level of relative humidity in the up-
per part of the SAL (Saharan Air Layer) and observed clouds at this level. Then in the
framework of AMMA (Analyses multidisciplinaires de la mousson africaine) project [15]
and Fennec [16] field campaigns, several papers were published including observations
of clouds over the western Sahara. For example, observations of clouds and their diurnal
cycle have been described by Cuesta et al. [9], who collected light detection and ranging
(lidar) data on the ground at the Tamanrasset weather station in the Hoggar massif (Fig-
ure 1) during AMMA in 2006. In summer, in the afternoon, simultaneous to the growth
of a convective boundary layer, lidar data show the development of clouds at the top of
the SABL lasting until evening and even late evening during periods of strong dry con-
vection. Marsham et al. [17], from measurements over western-central Sahara at the
Bordj Badji Mokhtar Supersite-1 (Figure 1) during the Fennec experiment in June 2011
show that the cloud cover reaches its maximum between 18 UTC and 21 UTC whilst the
SABL top height decreases after 18 UTC but the moistening above increases until 21
UTC. Another finding is that dusty days tend to also be cloudy. Kealy et al. [18] also de-
scribe cloud located at the top of the SABL and the broken aspect of this cloud cover
from airborne lidar and radiometer data collected during the Fennec experiment. Com-
paring this data set with MET Office retrievals from Meteosat-Second-Generation geo-
stationary satellite data, Kealy et al. [18] suggest the possibility of cloud cover overesti-
mation due to the fragmentation of this cloud cover associated with the frequent occur-
rence of dust uplift. Stein et al. [19], Bouniol et al. [20] and Bourgeois et al. [21] analyzing
the daily data (around 01.30 and 13.30, equator-crossing local time) from the space-borne
lidar CALIOP and radar CLOUDSAT over West Africa, show that clouds in summer
over western Sahara are placed at the top of the SABL (~500 hPa). These clouds occur
more frequently during nighttime than daytime. All these studies are limited however in
both space and time coverage and do not allow a complete description of the cloud cov-
er distribution over the Sahara in summer.



Atmosphere 2021, 12, 428

30f35

,”as
30°N Pt
~“West-Sahar.
% > 4

e

Figure 1. Map of West Africa with relief, July position of sub-tropical westerly jet (STW], blue line)
[22], maximum monthly mean rainfall (dashed black line) [22], northernmost position of monthly
mean rainfall > 25 mm (dotted red line) [22], the contours of the West-Sahara and Hoggar regions
(garnet), the Tamanrasset meteorological station (green star) and the supersite-1 of Bordj Badji
Mokhtar during the Fennec experiment (red star). For the altitude, the isolines are given every 200
m from 400 m. Altitude above 1200 m (light purple).

The objectives of this paper are to provide a more complete description of the cloud
cover distribution in the region of the central western Sahara and the Hoggar massif,
where the SHL builds up in summer, and to characterize the cloud cover occurrence in
relationship with circulation patterns and moisture convergence over this region. With
this aim in mind, a climatology of cloud type occurrence during boreal summer (June to
September, JJAS) from 2008 to 2014 has been built. This is the first quantification of
cloud occurrence by type over the Sahara during summer and of its spatial distribution,
from diurnal to intra-seasonal scales. To do that, SAFNWC (Satellite Application Facility
for Now-casting) cloud observations at high temporal and spatial resolution obtained
from Meteosat Second Generation (MSG) geostationary satellites are used. Atmospheric
variables from the European Center for Medium-range Weather Forecasting (ECMWF)
Reanalysis (ERA) Interim product are used to identify the circulation and moisture con-
vergence patterns over this region which are linked to different cloud cover types. Anal-
yses are conducted separately for the central western Sahara (hereafter called the West-
Sahara) where the SHL is established in July and August [4] and for the mountainous
Hoggar area (hereafter referred to as Hoggar) to the east and south of which the SHL is
located in June before the monsoon onset [4,9,23]. Their boundaries are shown in Figure
1. To simplify the analysis, the West-Sahara does not include the coastal region which is
subject to a stationary sea breeze front during the day which penetrates the land during
the night [24,25].

The paper is organized as follows. Satellite retrievals and reanalysis products are
presented in Section 2, along with a description of the cloud type classification method.
In Section 3, the main climatological features of cloud cover over West Africa are pre-
sented followed by a more precise description of the cloud cover occurrence over the
West-Sahara and Hoggar. At the same time, the main elements of the atmospheric circu-
lation over the Sahara and Sahel are given in summer. In Section 4, cloud cover occur-
rence is characterized over the West-Sahara and Hoggar in terms of the regional circula-
tion patterns and moisture balance. Section 5 first provides a seasonal scenario of large-
scale conditions and of the development of a deep SABL over the Sahara and mid-top
cloud cover occurrence, and then discusses the main characteristics of the SABL and its
diurnal cycle and the possible impact of a change in these characteristics on the occur-
rence of mid-top clouds. A summary and conclusion are provided in Section 6.
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2. Data

2.1. Spinning Enhanced Visible and Infrared Imager (SEVIRI) Data and the Satellite Application
Facility for Now-Casting (SAFNWC) Cloud Algorithm

The SEVIRI (Spinning Enhanced Visible and Infrared Imager), onboard the geosta-
tionary satellite MSG (METEOSAT second Generation,
http://www.eumetsat.int/website/home/Satellites/index.htm (accessed on 23 March
2021)), is a visible and infrared multi-channel imager which observes the Earth’s atmos-
phere and surface at 13 different wavelengths: 3 visible channels, 2 near-infrared chan-
nels and 8 infrared channels. A very important feature of SEVIRI is its continuous imag-
ing of the Earth, with a baseline repeat cycle of 15 min. The imaging sampling distance is
3 km x 3 km at nadir for standard channels, and down to 1 km for the high-resolution
visible (HRV) channel.

Cloud types and cloud top pressure used in our studies are produced with the
SAFNWC software (www.nwcsaf.org (accessed on 23 March 2021)) applied to SEVIRI
data. The algorithm used in this software was developed within the framework of the
Eumetsat Satellite Application Facility in support for Now Casting and very short range
forecasting (NWC SAF). It is described in the Algorithm Theoretical Basis Document
written by Derrien and Legleau [26]. Here is a summary of the main features of this al-
gorithm which is applied to each pixel and performed in three steps: (1) cloud detection,
(2) cloud type classification, (3) cloud to pressure determination. For the first step, one
can find more concise information on the algorithm in Derrien and Le Gleau [27,28].

In step 1, to separate clear pixels from cloudy pixels, a series of threshold tests are
applied sequentially [26-28]: tests on window channel brightness temperatures (BT at
10.8 pum) and bi-directional reflectance (at 0.6 um or 0.8 um) but also differences of
brightness temperature between two wavelengths (chosen among 10.8 um, 12 um, 3.9
pm, 8.7 um), on spatial and temporal variability of BT at 10.8 um and spatial variability
of bi-directional reflectance. The set of thresholds to be applied depends mainly on the
illumination conditions (nighttime, twilight, daytime). With the exception of the spatial
and temporal variability tests, the values of the thresholds themselves depend on ancil-
lary data such as the illumination, the viewing geometry, the geographical location and
numerical weather prediction model data giving the total column water vapor content
and 925 hPa air temperature, monthly SST (Sea Surface Temperature) climatology, and
over land reflectance climatology. These values are computed from simulated clear sky
BT and bi-directional reflectance simulated by the RTTOV (Radiative Transfer for TOVS)
radiative transfer model [29] for thermal bands and the 5S radiative transfer model for
the solar spectrum [30] for the atmospheric and surface conditions given by the ancillary
data set.

In step 2, the method for assigning a cloud type to cloud pixels is based on the same
approach as in step 1 (i.e., a set of threshold test on BT, differences on BT, and spatial
variability of BT and reflectance). To the ancillary data set used in step 1 is added a
coarse description of the temperature and humidity profiles using numerical weather
prediction model profiles. This classification process, at the end of which 10 classes of
clouds are defined, makes it possible to differentiate thick cloud from thin cloud or par-
tial cloud cover. This cloud pixel partitioning is used in step three to choose the cloud
height algorithm applied to each cloudy pixel.

In step 3, the cloud top height (CTH) for opaque clouds (clouds with IR emissivity
close to 1) is retrieved from the common IR (10.8 um) brightness temperature by consid-
ering them as black bodies. For low/mid-level clouds, tests are applied so as to place the
CTH below the altitude of the temperature inversion where one exists. For thin clouds, a
correction for semi-transparency is applied using two infrared (IR) channels, as in
Schmetz et al. [31] and Menzel et al. [32]. For partial cloud cover, no cloud top pressure
is given. For partial cloud class pixels, which correspond to very thin clouds, small cu-
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mulus, broken cloud cover [26,33], cloud edges, cloud top pressure retrieval is not pos-
sible [26].

The main limitations of the SAFNWC cloud algorithms are given in Derrien and Le
Gleau [26] and an evaluations of the cloud products against CALIOP (Cloud-Aerosol
Lidar with Orthogonal Polarization) space-borne lidar and CLOUDSAT space-borne ra-
dar data is given in Kerdraon and Le Gleau [34] (see also Seze et al. [33], Hamann et al.
[35)-

2.2. Cloud Top Pressure and Cloud-Type Classification over Sahara

Initially, the eleven SAFNWC cloud types (clear sky, very low-top clouds, low-top
clouds, mid-top clouds, thick high-top clouds, both thick and very high high-top clouds,
thin semi-transparent clouds (cirrus), cirrus, thick cirrus, cirrus above another cloud lay-
er, partial cloud cover), were grouped together to establish a classification according to
the three main cloud types, low-top clouds, mid-top clouds and high-top clouds. How-
ever, the analysis of the repartition of cloud top pressure for each classes inside the
whole cloud top pressure over Sahara show that part of thin cirrus could be in fact mid-
top clouds. For this reason, it was decided to construct the classification into low-top
clouds, mid-top clouds and high-top clouds using the SAFNWC cloud top product and
two thresholds dividing the troposphere into three parts: lower troposphere, middle-
troposphere and upper troposphere. 350 hPa and 500 hPa were retained as thresholds
(see Appendix A).

For partial cloud cover for which no cloud top pressure is available, to assign a lev-
el to these SEVIRI partially cloudy pixels, the same approach as in Dommo et al. [36] is
used: each pixel of the partial coverage class is reclassified as high-top, mid-top or low-
top cloud depending on the distribution of these three cloud types in the vicinity of the
pixel (see Appendix B).

Both the choice of the cloud top pressure thresholds and the results of the re-
classification process of the SEVIRI partial cloud cover have been evaluated in a compar-
ison with the CALIOP lidar data carried out using statistics and pixel-by-pixel compari-
sons (see Appendix C).

2.3. European Center for Medium-Range Weather Forecasting (ECMWEF) Reanalysis (ERA) In-
terim Data

Cloud cover occurrence is characterized in terms of large scale circulation patterns
and moisture budget in the region by using atmospheric variables extracted from the
ERA-Interim reanalysis (ERAI) dataset ([371,
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim  (accessed
on 23 March 2021)). For the 2008-2014 period, JJAS water vapor path, horizontal and
vertical winds, temperature, specific humidity and geopotential height 6-hourly data, at
0.75° latitude-longitude resolution (i.e., 80 km at the equator), on 37 vertical levels, in the
domain 25° W-35° E and 0° N-45° N, are used.

The SHL location is defined following Lavaysse et al. [4]. At each time step, the cu-
mulative distribution of potential temperature at 850 hPa is computed for the grid points
within the 13° W-15° E and 15° N-35° N domain. The SHL location is defined as the area
where the potential temperature exceeds the 97th percentile of the spatial distribution. In
the following this potential temperature value will be called threshold. A map of the oc-
currence frequency of the SHL is then constructed for the entire period. In the frequency
map, the area within the 15% isoline is chosen to represent the average location of the
SHL. The same method is applied to the geopotential height at 600 hPa, to characterize
the Saharan anticyclone (SAC), to the geopotential height at 100 hPa and 200 hPa, to
characterize the Tibetan anticyclone, and to the geopotential height at 900 hPa, to charac-
terize the Azores anticyclone. The research domain, the frequency in the cumulative po-
tential temperature or geopotential height distribution to select a threshold at each time
step and the value of the final isoline in the frequency map to define the retained area
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are summarized in Table S1. The SHL and the SAC are determined at 18 UTC and 12
UTC, respectively, the times of their maximum intensity.

The latitude of the inter-tropical discontinuity (ITD) which separates the near-
surface Saharan air from the cooler, moist monsoonal air [38,39,40] is defined here by an
isodrosotherm in the 2 m dew point temperature field. Dew point temperature fields at
06 UTC and the isodrotherm 15 °C values [41,22] are used to take into account the
northward movement of the monsoonal nocturnal flow [38,40]. However, caution
should be exercised in interpreting the daily variations in the ITD. Moisture fluxes at the
surface are not only related to the northward progression of the monsoon flow but also
to sporadic strong northward rises in moisture fluxes carried by cold pools [42-45].
Moreover, these cold pools generated by deep convection systems which develop over
the Sahel are not simulated properly in the ERAI product due to the convection parame-
terization scheme used [46,47].

In order to determine the levels at which water vapor is transported over the West-
Sahara and Hoggar regions, the horizontal convergence of water vapor in each layer, av-
eraged over the domain for each 6-h time step, is calculated. If delta-p is the layer thick-
ness, gamma the domain contour, d-gamma the line element of gamma, and #n the in-
ward normal to the contour, then the rate at which water vapor enters the domain in
that layer reads, at each time-step:

delta,
C= 7 Zq*V.n*dgamma 1

where g and V are the specific humidity and the horizontal wind velocity at the contour
point and g the gravitational acceleration. The average convergence of water vapor in
the domain of area S and over a period is <C>/S, where <C> is the time average of C.
First, the four daily C values were averaged to calculate the daily average water vapor
convergence. For a longer period or for a selection of days, the average water vapor con-
vergence is obtained by averaging the daily values.

The sum of the water vapor convergence should be equal to dPW + E — P, where
dPW is the change of the water vapor path between the beginning and the end of the pe-
riod, P is the average precipitation and E the average evaporation over the surface of the
domain. In the present case E — P is very small so that the sum of the incoming fluxes
should be equal to dPW, which is in itself small compared to the convergences. Howev-
er, for the West-Sahara and Hoggar, the sums for the various months turn out to range
between 0.22 and 0.87 kg/m?/d for the West-Sahara and between 0.28 and 0.48 kg/m?/d
for Hoggar. These values are consistent with Meynadier et al. [48] who find a residual
convergence ranging from 1.08 to 1.42 kg/m?/d (see their Table A1) for three domains of
West Africa located south of 20° N; the larger values of the residuals of Meynadier et al.
[48] may stem from the greater humidity in less dry locations. More frequent cold pools
and the greater amount of moisture carried by these cold pools can contribute to these
larger residuals.

One may expect the positive water budget residual to increase with the intensity of
the water cycle in the troposphere. It so happens that the positive water budget residual
is approximately proportional to the absolute value of the convergence in the [surface,
850 hPa] layer. For each time period in which the low-level convergence is always of the
same sign, this leads to residuals in the order of 10% of the absolute value of the mean
convergence. For periods during which the low-level convergence changes sign, the re-
siduals may become proportionally greater.

These residuals provide uncertainty in the analysis of levels at which water enters
the domain. However, these residuals will not harm the analysis especially in a day to
day analysis.
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3. Cloud Cover and Cloud Cover Type Occurrence Observed with SEVIRI

In this section, the general features of the summer (JJAS) cloud cover occurrence
frequencies (COF) are first presented, for total cloud cover, high-top clouds, mid-top
clouds and low-top clouds, over a region including Tropical North Africa, the Sahara,
subtropical Northeast Atlantic and the Mediterranean. COF is defined in each SEVIRI
pixel as the fraction of cloudy time steps over the total number of 15’ time steps over the
2008 to 2014 period. The main features of the atmospheric circulation, including the
northward progression of lower troposphere humidity, the SHL and the SAC positions
are also shown. A more detailed study of cloud cover occurrence over West-Sahara and
Hoggar is then presented.

3.1. General Features of Cloud Cover Occurrence over West Africa
3.1.1. Total and High-Top Cloud Cover

Figure 2a,b show monthly average maps of total COF and high-top COF. Figure 2b
also gives the regions where maxima of geopotential height at 200 hPa and 100 hPa are
the most frequently located (indicative of the Tibetan anti cyclone position; see Section 2
for the definition of these regions) and the boundary between the easterly and westerly
winds at 200 hPa (the zero isoline of 200 hPa zonal wind). In Figure 2b, the northern
boundary of the high-top cloud cover due to the ITCZ convective activity approaches
18° N during the pre-onset period in June and reaches 20° N during the monsoon peak
in August [49]. This limit is close to the northern end of the precipitation belt (Figure 1)
(Lélé et al. [50]). Linked to the ITCZ move, in the upper troposphere and mid-
troposphere the easterly wind regime move also north (see the boundary between west-
erly and easterly wind in Figure 2b). In September, east of 10 W, the northern limit of the
high-top cloud cover returns to its June position, but west of 10 W, this limit remains
close to 20° N. This may be related to the African Easterly Wave (AEW) regime, which
peaks in September along the west coast of North Africa [51].
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Figure 2. (a) Total cloud cover occurrence frequencies (COF, shadings), together with 650 m and 1000 m topography iso-
lines (brown dashed contours). (b) High-top COF (shadings), zero isoline of the zonal wind at 200 hPa (black), bounda-
ries of the most frequent regions for the maximum of geopotential height at 200 hPa and 100 hPa (pink and blue con-

tours, respectively).

Over the eastern Sahara where subsidence induced by the Tibetan high in the upper
troposphere, is the strongest, clear sky is very frequent (large number of COF <5% in
Figure 2a—gray regions). Over western Sahara and Hoggar this frequency is not so large
(COF >10%). From June to July, while the Tibetan high (region of maximum of geopoten-
tial height at 200 hPa and 100 hpa in Figure 2b) migrates northwestward and subsidence
underneath reinforces [52], the clear sky frequency rises over Eastern Sahara but also
over the eastern Hoggar massif. The northward shift of the anticyclone, contributes to
the STW]J (Figure 1) moving northward and accentuates its tilt towards the northeast
over eastern and central Mediterranean. In July, clear sky also predominates over the
central and eastern Mediterranean (COF <10% in Figures 2a). In August and September,
over the central and eastern Mediterranean and the central and eastern Sahara, as the
Tibetan anticyclone gradually retreats to the southeast, the frequency of clear skies di-
minishes.

In Figure 2b, from June to July, the upper cloud cover, relative to total cloud cover,
reduces not only in eastern Sahara, but also in western Sahara and the eastern Atlantic.
Over the eastern Atlantic, as the descending branch of the Hadley cell pushes the mid-
latitude flow northward, in the upper troposphere, clear sky frequencies above 95% be-
come frequent (COF < 5% in Figure 2a). Over western Sahara, which is located between
the two subsidence maxima related to the descending branch of the Hadley cell and to
the Tibetan anticyclonic circulation, the frequency of high cloud does not reach the min-
imum values observed over eastern Sahara and the eastern Atlantic. In August, the
high-top COF increases again over the East Atlantic and over the western Sahara.
The STW] begins to migrate southward and with the relaxation of the high pressure belt
mid-latitude lows can penetrate farther south making the environment favorable for
possible outbreaks of tropical moist air into the subtropical mid and high troposphere
and occurrence of high clouds in these regions [53-55].
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3.1.2. Mid-Top Cloud Cover

The monthly mean of mid-top cloud COF is given in Figure 3. In this figure is
also given the regions where maxima of the SAC (geopotential at 600 hPa) at 12 UTC
and where the SHL at 18 UTC are the most frequently located.

JUNE

JULY ] AUGUST \ SEPTEMBER

oy

By TN 99 0 | OTTU TR, Erocdo o N bl

le)

45 T A (YT T T T T 1 I T YT
25°W 20°W 15°W 10°W 5°W 0° 5°E 10°E 15°E 20°E 25°F  25°W 20°W 15°W 10°W 5°W 0° 5°E 10°E 15°E 20°E 25°F  25°W 20°W 15°W 10°W 5°W 0° 5°E 10°E 15°E 20°E 25°F  25°W 20°W 15°W 10°W 5°W 0° 5°E 10°E 15°E 20°E 25°F

5 10 15 20 25 30 35 40 45 50 55 60 65 7O 75 80 85 90 95100%

Figure 3. Mid-top COF (shadings), boundaries of the most frequent region for the Saharan anticyclone
(SAC, pink contour) and most frequent region for the Saharan heat low (SHL, red contour).

Over the Sahara, west of 10° E, in agreement with the previous studies on cloud
cover over this region, Figure 3 shows the occurrence of clouds capped at mid-level.
Compared however to these studies which described the meridional evolution of
cloud cover profiles in a 10° W-10° E transect or with airplane or point measure-
ments, Figure 3 shows that mid-top COF is not uniformly distributed over the re-
gion. For example, over the Hoggar the cloud cover can reach 40% in agreement
with the cloud cover observed from synoptic surface observations at the Tamanras-
set weather station (Figure 1) [9]. But the COF is below 20% between the Hoggar
and the Atlas. Figure 3 shows also that the location of the maximum of COF differs
from one month to the other. In June, the mid-top cloud cover is mostly concentrat-
ed over the Hoggar massif and over the Addrar massif to the South-West. During
this period, the SHL (region of maximum potential temperature at 850 hPa in Figure
3) is preferentially located south of the Hoggar. After the monsoon onset in July, the
SHL strengthens, moves northwestward [4,49] and reaches the foothills of the Atlas
massif in August. The center of the Saharan anticyclone (region of maximum poten-
tial temperature at 850 hPa in Figure 3) follows the SHL trajectory. From July, mid-
top cloud cover occurs over the West-Sahara and the Atlas massif. In September both
the SHL and the Saharan anticyclone move to the southeast. The mid-top cloud cover
over the Atlas range decreases, replaced by a large amount of high-top cloud cover.
However, mid-top cloud is the more frequent cloud type over the West-Sahara and
Hoggar (Figure 3).

3.1.3. Low-Top Cloud Cover

Figure 4 shows the monthly mean of low-top cloud COF with superimposed
the horizontal wind at 925 hPa, the ITD (the iso-drotherm 15 °C in the 2 m dew
point temperature field) and the regions where maxima of geopotential at 900 hPa is
located (Azores Anticyclone).
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Figure 4. Low-top COF (shadings), inter-tropical discontinuity (ITD, black line), boundaries of the most frequent region
for the geopotential at 900 hPa (green line), horizontal wind at 925 hPa (vectors).

Over southern West Africa, on the south part of the ITCZ (Figure 1), the low clouds
are frequent in July and August, when the high-top clouds, which obscured the low
cloud cover in June in the SEVIRI data, move northward. This illustrates the penetration
of the monsoonal moisture flow [19,20,50,56] from the ocean to the mainland, which
feeds the deep convection within the ITCZ. Holle et al. [57] and Stein et al. [19], using
cloud profiles obtained from combined lidar and radar data, determined that the fre-
quency of low clouds was maximum just south of 7°-8° N. Here, with visible (VIS) and
IR SEVIRI data, such behavior is not observable. From the equator northward, the fre-
quency of low-top COF decreases (Figure 4) whilst the high-top COF increases (Figure
2b) indicating that low clouds occur more and more frequently under high-clouds when
going northward until 7°-8° N. On the other hand, Van der Linden et al. [58] show that
SAFNWC low-top COF close to the Guinean coast is underestimated during nighttime
due to a poor separation with clear sky. On the northern boundary of the high cloud
cover at 15° N (see Figure 2b) the frequency of low-top cloud (Figure 4) is low. This is in
agreement with the observations of Parker et al. [8] during the JET2000 experience,
showing the small occurrence of low-top cloud just north of the AE] (African Easterly
Jet). These observations are confirmed by the results of CALIOP/CLOUDSAT analysis of
Stein et al. [19]. But the low-top COFs observed in Figure 4, although low, are higher
than those given by the CALIOP climatology. Over the Sahara, the SEVIRI-derived low
clouds are in fact most often detected as broken edges of mid-top clouds or as clear air in
the CALIOP data set (seeAppendix C ). It can be noted that the northward progression
of the ITD from June to August, as well as its withdrawal in September, coincides well
with that of the high-top clouds (Figure 2b) over the same period.

3.2. Intra-Seasonal Evolution of Cloud Cover over the Hoggar and the West-Sahara

To specify the characteristics of the cloud cover over the Sahara and their evolution
during the summer, the emphasis is on the two regions where the occurrence of mid-
high clouds is the most frequent, but which do not show the same intra-seasonal evolu-
tion: the massif of the Hoggar and the region of the West-Sahara (Figure 1). For these
two regions the total, mid-top and high-top COF are calculated at each 15’ time step and
are then averaged throughout the day. T DCOF, H DCOF and M DCOF are the daily to-
tal, high-top and mid-top cloud occurrence frequencies, respectively. The low-top cloud
class is renamed as very-partial cloud cover class (see Appendix C) and its occurrence
frequency is calculated for both regions. VP DCOF is the daily very-partial cloud COF.
Firstly, monthly average statistics, including cloud top pressure distribution and cloud
frequencies diurnal cycle are analyzed. Then the evolution of the daily cloud frequency
of high-top clouds and mid-top clouds (H DCOF and M DCOF) during the season and
the peculiarities of these frequencies compared to the rest of the year are discussed.
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3.2.1. Monthly Mean Statistics

Figure 5a shows the distribution of cloud top pressure over western Sahara and the
Hoggar. In this distribution, the peak at 400 hPa indicates that the cloud cover is prefer-
ably at this altitude which is close to but above the SABL top in agreement with observa-
tions from lidar data (see Appendix C and [9,10,18-21]). In July, when the frequency of
high-top clouds is low (Figure 2b), the distributions are reduced almost to a single peak,
whilst in June and September over the West-Sahara, a secondary peak appears at 275
hPa.
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Figure 5. (a) Cloud top pressure occurrence frequency distributions for West-Sahara (black line) and Hoggar (red line).
(b) for West-Sahara and (c) Hoggar, the diurnal evolution of the COF at 15’ time step averaged over one hour.

To construct Figure 5a, pixels belonging to the very-partial cloud cover class were
retained when a pressure level was available (i.e., pixels classified as low cloud in the
SAFNWC classification prior to the partial cloud cover pixel reclassification process).
This shows the very small contribution of these “false” low clouds if CALIOP is taken as
reference (see Appendix C).

In Figure 5b for the West-Sahara and Figure 5c for the Hoggar, the diurnal cycle of
the occurrence frequencies of mid-top and high-top cloud cover and very partial cloud
cover is given. The diurnal cycle of mid-top cloud COF is characterized by a minimum
during the morning and an increase during the afternoon to reach its maximum in the
evening. It clearly agrees with the diurnal cycle of cloud cover observed with a ground-
based lidar over the Hoggar in summer 2006 [9] and over the site of Bordj Badji Mokhtar
(21.38 N, 0.92 E) (Figure 1) during the Fennec experiment in June 2011 [21]. In the clima-
tology of cumulus diurnal cycle built by Eastman et al. [59] using synoptic surface ob-
servations from stations located between the Hoggar and the Atlas (Figure 1), cumulus
occurrence peaks in the late afternoon (between 16 UTC and 21 UTC). Using the same
synoptic surface observations climatology and for the 4 stations included in the Hoggar
and West Sahara regions (2 in the Hoggar and 2 in the West-Sahara), it is found that the
two most frequent cloud types are cumulus and alto-cumulus. The cumulus cloud oc-
currence peaks between 17 UTC and 18 UTC but that alto-cumulus occurrence peaks be-
tween 23 UTC and 02 UTC.
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In the SEVIRI data, the very-partial cloud cover COF reaches a maximum in the af-
ternoon when cloud must begin to form at the top of the boundary layer. This very par-
tial cloud cover could correspond to what observers from the ground call cumulus
clouds in this very arid region. The strong discontinuity in very partial cloud cover fre-
quency at twilight above the West-Sahara is an artefact of the method. Over the Hoggar
where the orography enhance convection process, in surface observations, cumulus
clouds are the most frequent cloud type, while over West-Sahara, alto-cumulus clouds
are more frequent. This is consistent with the decrease in mid-top cloud cover in the ear-
ly hours of the night, whereas over West-Sahara, mid-top cloud cover persists until late
into the night (04 UTC). It is also noted that the largest amplitudes in diurnal variations
of mid-top clouds occurrence are over Hoggar.

3.2.2. Intra-Seasonal and Seasonal Evolution of Daily Cloud Frequencies

Figure 6a—c show the distributions of high-top DCOF, mid-top DCOF and VP DCOF
built over 15 day periods for West-Sahara (left) and Hoggar (right)s. To highlight the particu-
larities of the cloud cover during the JJAS period compared to the period from October
to May, the whole annual cycle is given. The same pressure thresholds to differentiate
between low-top, mid-top and high-top clouds were used for the October to May period
than those used for the JJAS period even though the frequency of occurrence of a cloud
type may be slightly under- or over-estimated (see Appendix C).
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Figure 6. (a) annual cycle of the distributions of high-top daily cloud cover occurrence frequency (DCOF) distributions
built over 15 day periods for West-Sahara (left) and Hoggar (right). (b,c) same as (a) but for mid-top DCOF and daily
very-partial cloud cover occurrence frequency (VP DCOF), respectively. Each 15 day distribution has been partitioned in
three parts, using the 5% percentile, 15% percentile, 85% percentile and 95% percentile. The brown areas span the part of
the distribution within the 15th and 85th percentiles, the gray areas span the part of the distribution within the 5th and
95th percentiles. Dashed black lines indicate the 50th percentile, solid black lines indicate the 70th percentile, crosses in-
dicate the maximum values.

From June to September, mid-top cloud cover is the most frequent cloud type (Fig-
ure 6b; Table S2. During this period, more than 30% of the time the daily occurrence fre-
quency of mid-top clouds (M DCOF) is above 10%. In Figures 6b, in mid-May, M DCOF
increases to dominate the cloud cover up to mid-October, whilst H DCOF decreases over
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the Hoggar and the West-Sahara, reaching its yearly minimum in mid-July (Figure 6a).
In summer, VP DCOF almost never exceeds 10%.

In the following, each day is classified from its frequency values T DCOF, M DCOF
and H DCOF. Based on this classification a more in-depth analysis of the intra-seasonal
evolution of the mid-top and high-top cloud cover occurrence during summer is per-
formed. To build this classification, a 10% threshold to select mid-top cloud days and
high-top cloud days is used. A mid-top day is a day with tM DCOF above 10% and H
DCOF below 10%. A high-top day is a day with H DCOF above 10%. Adding a con-
straint on M DCOF, a high-top day can be either a high-top-alone day when M DCOF is
below 10% or a high-top-plus-mid-top day when M DCOF is above 10%. Clear days are
days where M DCOF is below 8%, H DCOF is below 8% and T DCOF (the total cloud
cover occurrence frequency) is below 18%. The constraint on T DCOF value is added, in
order to exclude days with a large fraction of very partial cloud cover pixels. From these
criteria, 90% of the days are classified. The 10% remaining will be not taken into account
in the following analysis. Figure 7 gives the evolution by 15-day period of the frequency
of each of the four classes from January to December for the West-Sahara and the Hog-
gar. In Figure 8, to better illustrate the east to west progression of the mid-top day and
high-top day occurrence frequencies during the JJAS period, the West Sahara is divided
into three sub-regions and the Hoggar into two sub regions using thresholds in longi-
tude (8° W and 3° W for West-Sahara and 9° E for Hoggar).
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Figure 7. (a) Frequencies of mid-top days, high-top days and clear days for West-Sahara. (b) Fre-
quencies of mid-top days, high-top days and clear days for Hoggar. For the 2008-2014 period and
15-day periods.

In Figure §, at the beginning of June in the eastern Hoggar, the frequency of mid-
top days reaches its seasonal maximum. During the second half of June while this fre-
quency decreases in the eastern Hoggar, it increases over the western Hoggar and over
the eastern West-Sahara. In July, the maximum of mid-top day frequency is located over
the central West-Sahara. During the last half of July over the western West-Sahara the
mid-top day frequency increases and reaches its maximum value. In August, the fre-
quencies decrease first over the central West-Sahara, then over the western West-Sahara,
whilst increasing again over the Hoggar and reaching a peak in late August over the
western Hoggar. The frequency of high-top days is at its highest on the Hoggar and in
the eastern West-Sahara at the beginning of June. Then, after a very sharp decrease in Ju-
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ly, it increases again in August, peaking in late August over the West-Sahara and then
over the western and central West-Sahara in September (Figure 8). Throughout the sea-
son, high-top days are high-top plus mid-top days above the relief of the Hoggar (Figure
7b). In the first half of June, their frequency is as large as that of mid-top days. Over the
West-Sahara, it is only in the second part of the summer that high-top days are the most
frequently days with both high-top clouds and mid-top clouds (Figure 7a).

27° N
(a) CENTER
2° N
8> W 3° W R
Eastern W-
Western W-Sahara |Central W-Sahara Sahara Western Hoggar |Eastern Hoggar

170% ~10% 70% 70% 70%

l60% H60% 0% 60% 60%
50% 430% 50% 50% 50%
(b Hose 140% H40% | L 0% 0%\

T J \ 0% K 309}

] I [t IS N 4 -
% v {209+ 7 S st Y \ 0%,

I , / " . .

= 1 ‘v xl S, A
| ol 0%

0% T Joek N | 10%

FNETULY __AUG. S UCIONE LY _AUG. _ SEL _ UCJONE LY _AUG _ SEP__ COUNE JUL
WNE LY AUGSEP WNE LY AUG. SEP JWNE LY AUG.SEP i

Y AUG S VOUNE JULY  AUG
E LY AUG SEP WNE ULy

Figure 8. (a) Maps of the division of West Sahara in 3 sub-regions and of the Hoggar in 2 sub-
regions. (b) Frequencies of mid-top days (solid line) and high-top days (dashed-dotted line) for
each sub-region and for 15 day periods. Average frequency during JJAS (June to September) over
the sub-region (bleu line) and mean of the average frequency of the 2 Hoggar and 3 Western Saha-
ra sub-regions (turquoise line).

4. Mid-Top Cloud and Regional Atmospheric Conditions

The goal of this section is to characterize the strength and position of the SAC and
SHL, the ITD position, the importance of the SABL and the fluxes of air mass and water
vapor entering the West-Sahara and Hoggar when mid-top days occur and to compare
these characteristics to those observed during cloud-free days. For each of these two re-
gions, the geopotential height at 600 hPa (Z600), the potential temperature (T850) and
the total column water vapor (TCWYV) are also analysed. Moreover moisture variables
(moisture and mass fluxes, ITD position, TCWV) are analyzed for high-top days. In the
figures showing sample mean values, the error bars, when present, give the statistical
uncertainty of the mean value, that is, the standard deviation of each sample divided by
the square root of the number of days in the sample.

4.1. Intra-Seasonal Behavior of the Saharan Anticyclone (SAC), the Saharan Heat Low (SHL)
and the Inter-Tropical Discontinuity (ITD) with Mid-Top Cloud

Figure 9a,b show the evolution of the mean location of the daily barycenters of the
SAC and SHL (see Section 2.3) during the JJAS period split into 15-day periods for mid-
top days and clear days. Figure 10a,b provide information on daily variability in longi-
tude around these mean values: the frequency of daily barycenter longitude (i) east of 3°
E (ii) between 3° E and 3° W and (iii) west of 3° W. In Figure 11a,b, the strength (mean
value in the region of the maximum values) of the SAC and the strength of the SHL are
given as well as the Z600 and T850 values. Figure 11c,d give, respectively, the ITD aver-
age latitude at 6 UTC south of each of the regions (12.75° W-0° W for the West-Sahara
and 0° W-12.75° E for the Hoggar) and the mean TCWV value at 18 UTC.



Atmosphere 2021, 12, 428

15 of 35

(a)

SAC

(b)

SHL

West-Sahara Hoggar
pI°N ! ' ! ! ' Mid-top days 3I°N ! ‘ 7 ‘7 ! ' Mid-top days
30° N Clear days - 30°Nf- s Clear days
29° NI g <4 29°NpR T
28° N - 28°NF i
R N . e W 4 2o Npe e N, e -
26° N - 26°NF 4
25° NI -4 25°N|k i
24° N 1 4 24°Nf 4
23° N . - 23°NR ' . i
22°Np-r---7-- P . \T""T ____ 22°Np-r---7-- P TT"": | i
8°W 6°W 4°W 2°W (0°E 2°E 4°E 6°E 8°E_ 8°W 6°W 4°W 2°W 0°E 2°E 4°E 6°E 8°E

31°N T T T T T Mid—top' aays 31°N T T T T T Mid—top' days
30° NI Clear days 4 30°Np Clear days
29° N - 29°NH i
28° NI - 28°NHF i
27°N 27°N

26°N 26°N

25°N 25°N

24°N 24° N

23°N 23°N §
220N_____l _____ L F""T"" | T_____I &i 220N_____l _____ \_____\_____T___‘ I T_____I &d-]

8°W 6°W 4°W 2°W (0°E 2°E 4°E 6°E 8°E 8°W 6°W 4°W 2°W 0°E 2°E 4°E 6°E 8°E

Figure 9. (a) Position of the SAC in a latitude-longitude coordinate frame for mid-top (black) and
clear days (red). (b) Position of the SHL for mid-top (black) and clear days (red). Average over 15
day periods of the daily positions. Numbers indicate the month (i) which fall in the first fraction
(i.1) or second fraction (i.2). Information given for West-Sahara (left column) and for Hoggar (right
column). The dotted blue lines give a rough representation of Hoggar and West-Sahara bounda-
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Figure 10. (a) For the SAC barycenter for mid-top days, occurrence frequency of the barycenter
longitude on the west of 3° W (yellow contour), between 3° W and 3° E (cyan contour) and on the
east of 3° E (brown contour). (b) For the SHL barycenter and for mid-top days, occurrence fre-
quency of the barycenter longitude on the west of 3° W (yellow contour), between 3° W and 3° E
(cyan contour) and on the east of 3° E (brown contour). The fill part of the bar gives the difference
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in frequency between mid-top days and clear days. Data estimated over 15 days periods. Infor-
mation is given for West-Sahara (left column) and for Hoggar (right column).

4.1.1. SHL and SAC Positions and Intensity

For both regions in Figure 9, the SHL barycenter and the SAC barycenter during
mid-top days and during clear days migrate to the north-west as was observed on the
monthly mean maps (Figure 3) and then retreats to the south-east at the end of August.
Figure 9 shows also that the SAC barycenter moves further north and reaches the Atlas
foothills, while the SHL barycenter remains south of 27° N at the limit of West-Sahara
(Figure 9b). In both cases (mid-top days and clear days), the SAC intensity value in-
creases until the end of July and then decreases (Figure 11a). The SHL also intensify until
the end of July and then decreases.

Besides these mean behaviors, over the Hoggar, the SHL is more on the East during
mid-top days than clear days and closer from the Hoggar. The SHL intensity does not
show clear differences while the SHL shows higher values of the regional average T850
during mid-top days (Figure 11b). But, this increase in T850 during mid-top days is lim-
ited to eastern Hoggar (see Figure S1). For the SAC, when it is centered east of 3° E, mid-
top days are more frequent but no systematic behaviour is observed in the relative posi-
tion of the SAC during mid-top days compared to clear days in Figures 9a and 10a. The
SAC intensity during mid-top days is slightly weaker than during clear days, although
the averaged value Z600 is stronger, indicating a regional cooling in the upper-mid
troposphere characterizing mid-top days (Figure 11a).

Over West-Sahara during mid-top days, the SAC is stronger than during clear days
and this difference is even more marked for the average value over the region Z600, in-
dicating upper-mid troposphere cooling (Figure 11a). During mid-top days, the bary-
center of the SAC is more to the East (Figures 9a and 10a). For the SHL, a position be-
tween 3° E and 3° W is more frequently associated with mid-top days than clear days,
except in June, when the SHL begins to migrate towards the West-Sahara. Neither the
intensity of the SHL nor the T850 show clear differences between clear and mid-top days
with the exception of the western West-Sahara (See Figure S1).

Dalu et al. [60] showed that the strength and position of SAC are tightly related to
the SHL dynamics. The SHL drives a Walker-like subsiding to the west, which in turn
reinforces the SAC. Chen [6] showed that the SAC dynamics is also influenced by the
subsidence associated with the Tibetan anticyclone in the upper troposphere. A more
western position of the SAC (SHL) over West-Sahara (Hoggar) during clear days than
mid-top days, while the same pattern is not observed for the SHL (SAC), could reflect
changes in on the relative contributions of the SHL and the Tibetan anti-cyclone on the
SAC position. However, to disentangle these different contributions only on the basis of
reanalysis data is not possible and beyond the scope of the paper.

4.1.2. The Inter-Tropical Discontinuity (ITD) Position

The mean ITD positions south of Hoggar and south of West-Sahara on their north-
ward migration and southward retreat are slightly further north during the mid-top
days than during the clear days, except in early August for the West-Sahara (Figure 11c).
However, the variability around the mean values is large. High-top days coincide with a
large northward shift of the ITD during the second half of the summer (Figure 11c).
Whilst the maximum values of the SHL and the SAC intensity decrease from the begin-
ning of August, the ITD continues to move northward and the TCWV values continue to
increase until the end of August.
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Figure 11. (a) Z600 (green) and average value of the SAC inside the region of maximum value
(black) for mid-top days (solid line) and clear days (dashed line). (b) T850 (green) and average
value of the SHL inside the region of maximum value (black) for mid-top days (solid line) and
clear days (dashed line). (c) The ITD average latitude, for mid-top days (solid line), clear days
(dashed line) and high-top days (dashed-dotted line). (d) Total column water vapor (TCWYV) for
mid-top days (solid line), clear days (dashed line) and high-top days (dashed-dotted line). Statisti-
cal uncertainty of the mean values (vertical bars). Data estimated over 15 day periods. Information
is given for West-Sahara (left column) and Hoggar (right column).
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4.2. Convergence of Mass and Humidity in the Saharan Atmospheric Boundary Layer (SABL)

As shown in Figure 11d, TCWV exhibits significant differences between clear days
(smallest value), mid-top days (intermediate value) and high-top days (largest value).
These differences are driven by three sources and sinks: surface evaporation, precipita-
tion and horizontal water convergence. In the arid conditions of the West-Sahara and the
Hoggar regions, surface evaporation is a negligible source of moisture. Precipitation is
also very weak except during very few isolated events (e.g., Cuesta et al. [9]) having lit-
tle effect at the scale of half a month. Water budget depends essentially on water advec-
tion at various levels, which, in turn, depends on air mass advection. In this section the
mass flow rate of water vapor entering over each domain (see Section 2.3) within five
broad layers spanning the whole troposphere (surface 850 hPa, 850-700 hPa, 700-500
hPa, 500—400 hPa, and 400-70 hPa) and the air mass convergence over the domains (us-
ing plots of the vertical profiles of the average vertical mass flux over the domain) are
examined. These five broad layers have been chosen to capture the main characteristics
of the SABL [10,11]. For the Hoggar, because of the high relief, daily surface pressure
varies between 850 hPa and 960 hPa, with 8% of the grid points between 875 hPa and
850 hPa and 34% between 900 hPa and 850 hPa. As a consequence, 900 hPa is the lowest
pressure level of the atmosphere for which values are given. In order to avoid any inter-
ference with our study of mass flux convergence and divergence, we chose the layer Sur-
face-700 hPa as lowest layer over the Hoggar. The top of this layer (700 hPa) is well
above the surface.

Figure 12 gives for mid-top days, clear days and high-top days the mean vertical
profiles of horizontal mass and moisture flux convergence over the West-Sahara and the
Hoggar for the JJAS period. Negative values in Figure 12 mean divergence and positive
values mean convergence. At the top of the Y axis, the convergence integrated over the
whole vertical column (surface to 70 hPa), called SUV,, is given.
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Figure 12. (a) mean vertical profile of horizontal mass flux in kg/m?/s. (b) mean vertical profile of
horizontal water vapor flux rate value in kg/m?/d and at the top of Y axis the value integrated over
the whole vertical column (surface to 70 hPa; SUM). Average over the JJAS period for mid-top
days (black), clear days (red) and high-top days (blue). Statistical uncertainty of the mean values
(horizontal bars). Information is given for West-Sahara (left column) and Hoggar (right column).
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Above the Hoggar on average, moisture and mass fluxes converge between the sur-
face and 700 hPa, and diverge between 700 hPa and 400 hPa. In the upper troposphere,
the fluxes converge on mid-top days and clear days and diverge on high-top days. The
same type of circulation with convergence of flux in the low troposphere and divergence
of flux in the mid-troposphere is observed over the West-Sahara on mid-top days for
moisture and mass flux and on clear days for moisture flux. The positive convergence of
the flux is, however, limited to the layer from the surface to 850 hPa in the SABL. On
high-top days flux converges in the mid-troposphere and diverges in the upper tropo-
sphere.

4.2.1. The Three Main Types of Mass and Water Convergence Profiles

The average behaviour of the flux profiles in Figure 12, however, does not represent
the different types of summer atmospheric circulation that appear in the daily profiles
and in the flux profiles averaged in 15-day steps over the West-Sahara and the Hoggar
(see Figures S2 and S3). To characterize these circulations the daily profiles are classified
according to the sign of the flux convergence in the low troposphere, the mid-
troposphere and the upper-troposphere. The three vertical layers which are considered
are: (1) surface to 850 hPa for the West-Sahara and surface to 700 hPa for the Hoggar, (2)
700 to 500 hPa and (3) 400-70 hPa. Three classes are sufficient to classify more than 90%
of the profiles (85% for the humidity convergence profiles over the West-Sahara). Figure
13a displays the characteristics (the sign of convergence) of these-classes (For the sake of
clarity, the 400 hPa boundary has been removed from the figure). For the first two clas-
ses labeled upper ascending profiles and subsiding profiles, convergence is positive in
the upper part of the SABL (700 hPa-500 hPa layer in Figure 13a), while it differs in sign
in the upper troposphere (400 hPa-70 hPa layer). For the third class, labeled SABL-like
profiles’ convergence is negative in the upper part of the SABL and positive in the lower
part of the SABL (Figure 13a). Figure 13b shows the frequency of each class for mid-top
days, clear days and high-top days for the West-Sahara and the Hoggar. The frequency
of profiles not classified is indicated by the gap between the top of the bar and 100%; at
the top of the bars is indicated the frequencies of mid-top days, clear days and high-top
days among the 854 days of observations.
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Figure 13. (a) For each of the 3 classes of convergence profile, the pressure levels and the sign of convergence value (in-
dicated by the convergence or divergence of the two arrows) used to perform the classification. (b) for the mass (Mass)
and for the water vapor (WV), occurrence frequency distribution of the convergence profiles in the 3 type classification
for mid-top days, clear days and high-top days in JJAS. Information is given for West-Sahara (left column) and Hoggar

(right column).

For class 1 profiles labeled “upper ascending profiles” (Figure 13a, 17%/4% over the
West-Sahara/Hoggar) convergence is positive in the upper SABL and negative in the
upper troposphere. Upper ascending profiles occur most frequently on high-top days
(Figure 13b). With these profiles, the mass flow rate ascends from the upper SABL to a
higher level. In the lower SABL, on high top days the flow may diverge or converge
while during clear days or mid-top days the flow diverges (see Figure S5).

For class 2 profiles labeled “subsiding profiles” (Figure 13a) convergence is positive
both in the upper troposphere and in the upper SABL and negative in the low SABL.
These profiles are important only on clear days (Figure 13b) and they are more frequent
for the mass than the moisture (17%/7% for mass and 11%/2% for moisture over the
West-Sahara and the Hoggar, respectively). During subsiding profile days, the mass
flow rate is subsiding at almost all levels of the troposphere and when ascending flux is
observed the flow rate is small (see Figure S6).

Class 3 profiles labeled SABL-like profiles are frequent above the West-Sahara
(close to 60%) and very frequent over the Hoggar (85%). They reach their largest fre-
quency on mid-top days (Figure 13b). Their mean vertical profiles of vertical mass flux
and their horizontal water vapor flux convergence profiles are given in Figure 14. On
SABL-like profile days the mass flow ascends from the low SABL to some level within
the upper SABL and subsides above (Figure 14; see also the profile of the mass flow rate
distributions in Figure S4). They correspond to the paradigmatic image of Thorncroft
and Blackburn [61] and of Messager et al. [10], when above the Sahara the SABL is verti-
cally developed. In the upper troposphere, the flows converge most of the time during
mid-top days and clear days. Upward flows can be observed but it is at levels well above
the top of the SABL and the vertical mass flow rate is weak (see Figure S4). Exceptions
are on high-top days for which, mass flow diverges frequently in the upper troposphere
(40% of the time). Above the Hoggar, on these days, the ascending vertical mass flow
from the lower SABL reaches the upper troposphere.

During the season while the frequency of clear, mid-top, and high-top days vary
(Figure 7), the frequencies of these three classes of profile vary. Figure 15 shows the fre-
quency of each profile class for mid-top days, clear days and high-top days for 15-day
periods and for the West-Sahara and the Hoggar. At the top of the bars, the frequencies
of mid-top days, clear days and high-top days that are close to the number of days used
to calculate frequency values, is indicated. Despite the large uncertainties induced by the
small size of some samples, the behavior of the intra-seasonal evolution of these fre-
quencies allows some conclusions to be drawn. It should be noted that the total number
of days in a period is equal to a maximum of 105 or 112 (7 times 15 or 16 days). For some
periods, this number may be slightly lower due to a few days missing in the SEVIRI da-
ta.
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Figure 14. (a) Mean vertical profile of vertical mass flux in kg/m?/s for Saharan atmospheric
boundary layer (SABL)-like profiles. (b) mean vertical profile of horizontal water vapor flux rate
value in kg/m?/d for SAB-like profiles and at the top of Y axis the integrated value over the whole
vertical column (surface to 70 hPa; SUM). Average over the JJAS period. Statistical uncertainty of
the mean values (horizontal bars). Information is given for mid-top days (black), clear days (red)
and high-top days for West-Sahara (left column) and Hoggar (right column). In (a) the sign of the
flux is positive for ascending flux and negative for subsiding flux. In (b) the sign of the flux rate is
positive for convergence and negative for divergence.

4.2.2. Intraseasonal Variations of Convergence Classes over West-Sahara and Hoggar

e  West-Sahara

In July—August the circulation associated with SABL-like profiles is the most fre-
quent (82% and 86% in the second half of July). The mean convergence of humidity in
the low SABL is maximum (Figure S3). Mid-top days are at their maximum of occur-
rence and coincide exclusively with these conditions of circulation (Figure 15a). For clear
sky days, the frequency of SABL-like profiles is close to 100% in the first part of August
(Figure 15a).

In the first half of June, SABL-like profiles are rare, and upper ascending profiles
and subsiding profiles reach their maximum of occurrence (Figure 15a). In the lower
SABL mass and humidity diverge. Air and moisture enter the region almost exclusively
through the middle levels (Figure S3). During the second half of June both the mid-top
day frequency and the SABL-like profile frequency increase; these increases are highest
on the eastern part of West Sahara (see Figure 8 and Figure S7).

In September, the frequency of subsiding and upper ascending profiles re-increases
(Figure 15a). However, occurrence frequency of SABL-like profiles remains non-
negligible and the frequency of mid-top days is still 40%. In the lower SABL conver-
gence of mass and moisture is still very frequent (70%). Positive mass convergence in
both lower and upper SABL characterizes half of the days with high-top clouds and up-
per ascending mass profiles, which is not the case in June. On most high-top days, in
addition to high clouds, there are also mid-level clouds (Figure 7a red curve), which is
also not the case in June.
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e Hoggar

Over the massif of the Hoggar, SABL-like profiles are very frequent throughout the
season (Figure 15b). For mid-top days, the occurrence of upper ascending profiles or
subsiding profiles is rare. In the first half of June, on average, the ascending mass motion
in the SABL reaches 400 hPa (Figure S3). For clear days, as opposed to the West-Sahara,
the frequency of subsiding mass profiles is maximum in July and August (Figure 15b).
This maximum is larger on the East part of the Hoggar region where the frequency of
subsiding mass profiles exceeds 40% during July and August (Figure S7).

There are two periods, the first half of June and the first half of September, where
upper ascending profiles for both mass and moisture occur (Figure 15) and where the
frequency of high-top day is significant. In the first half of June, when the occurrence of
high-top days is as high as those of mid-top days (40%, the frequency of upper ascend-
ing profiles for high-top days reaches 40% for mass convergence and 32% for moisture
convergence (Figure 15b). In the first half of September, when the high-top day frequen-
cy reaches a second but weaker peak, upper ascending profiles are again observed but
less frequently.
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Figure 15. (a) For mid-top days (left), clear days (center) and high-top days (right), for the mass M and for the water va-
por W, occurrence frequency distribution of the convergence profiles in the 3 type classification estimated over 15-day
periods over West-Sahara; the frequency of profiles not classified indicated by the gap between the top of the bar and
100%; at the top of the bars, the number of mid-top day, clear day and high-top day. (b) same as (a) but for the Hoggar.

5. Discussion

Cloud cover above the Sahara is dominated by high-top clouds from November to
April, while mid-top clouds prevail from June to September (Figure 6). In winter, the
Sahara and North Africa are under a regime of high surface pressure, and the mean air
temperature near the surface is below 16 °C [22]. The lower troposphere circulation is
dominated by the northeasterly Harmattan wind regime, characterized by maximum
strength and southward extension during this season. The air is very dry, and water va-
por (TCWYV) does not exceed 15 kg/m? [22]. These conditions do not favor the develop-
ment of a deep boundary layer and the formation of clouds at its top. In the upper trop-
osphere, extratropical lows associated with the westerly winds and the STW]J, which
then on average cross North Africa from west to east, between 18° N and 28° N, can
penetrate far south, favoring the transport of humid tropical air northeastward over the
North African continent. These northward inflows of tropical moisture are very often
accompanied by bands of high altitude cloud called tropical plumes [62-65]. In spring,
the occurrence of tropical plumes continues to characterize the upper tropospheric circu-



Atmosphere 2021, 12, 428

24 of 35

lation [22,43,65]. In the lower troposphere, moist and fresh air is advected inland by
northwesterly winds from the Atlantic and the southwesterly monsoonal flow from the
coast of Guinea. Simultaneously, temperatures increase in the Sahara from February
onwards [9,66] leading the convective boundary layer to rise to almost 3 km since March
over the Hoggar [9]. The occurrence of mid-top days increases over the Hoggar and re-
mains around 10% until the end of April. In May after the strong northward migration
of the ITD during April [22,67], as the West African Thermal Low (WAHL) migrated
from 14° N to 20° N [68], the occurrence of mid-top days increases sharply. A schematic
of the circulation during spring is given in Figure 16a.

\( Tibetan
Anticy

Figure 16. Circulation over West Africa during (a) Spring and (b) Summer, when the SHL (thick red circle) settles over
the northern edge of West-Sahara. At low levels, the SHL and Azores anticyclone (thick and thin red circles with arrows,
respectively), the Harmattan wind (north-south oriented red arrow), the Atlantic inflow (red arrow around the Azores
anticyclone) and the monsoon flow (south-north oriented red arrow). In the mid-troposphere is the Saharan anticyclone
(blue circle with arrows). In the upper troposphere are the sub-tropical westerly jet (STW] in green) and the Tibetan anti-
cyclone (green arrow). The vertical circulation between the three levels is highlighted as dashed black arrows (descend-
ing branch of the Hadley cell, descent of a Rossby wave over the Mediterranean, ascendance in the SHL). For the SHL
and the SAC and Azores anticyclone, strengthening of the intensity is indicated by an increase in brightness color. In-
creasing thickness of arrows indicate an increase in the strength of the circulation. The Hoggar position is indicated by
the two triangles. The location of mid-level clouds is also indicated.

From June onwards, simultaneously with the progressive installation from east to
west of a deep SABL that persists until September and the associated circulation pattern
(Figure 15 and Figure S7), the frequency of mid-top days increases gradually also from
east to west to remain high until September (Figures 7 and 8). During this period, three
phases are observed in the SHL and SAC positions: (i) the SHL and the SAC move
northwest in June, (ii) remain in their northernmost position in July and August, and (iii)
retreat southeast in September.

The first half of June is in the continuity of May, with the SHL located at the foot-
hills of the Hoggar [4,9,23,69] and most frequently east of 3 °E (80%; Figure 10b). This
position of the SHL is characteristic of the period preceding the monsoon onset. The cold
ventilation from the Atlantic Inflow continues to penetrate far inland [24,25] over the
West-Sahara before curving in the south-west direction (Figure 4). With this cold ventila-
tion in the low layer, the boundary layer during daytime remains shallow [25] and the
frequency of mid-top days remains small especially on the western edge of West-Sahara
(Figure 8; Todd et al. [25]). Large-scale subsidence and clear sky are very frequent. Mois-
ture and mass converge in the upper SABL and diverge in the low SABL. Meanwhile,
the south-westerly monsoon flow and the north-easterly Harmattan flowing between the
Air and the Hoggar converge towards the SHL [1,9]. Thanks to the SHL cyclonic circula-
tion, moisture from the monsoon flow can be advected over the Hoggar. During the
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Fennec experiment in June 2011, at Bordj Baji Mokhtar (BBM), the Fennec supersite-1
(Figure 1) located on the southwestern boundary of the Hoggar (21.38° N, 0.92° E), Mar-
sham et al. [17] in the first half of June during the monsoon pre-onset period observed
some cases of monsoon surge with moisture and cold pools embedded in the monsoon
flow. Over the West Hoggar and on the eastern edge of the West-Sahara, the frequency
of mid-top day increases. Over the East Hoggar, the frequency of mid-top days reaches
its seasonal maximum (Figure 8) and as well as the frequency of SABL-like profile days
(Figure S7). In the upper troposphere, the westerly circulation is still present but the an-
ticyclonic circulation in the mid-troposphere is now centered over the South-West Hog-
gar (Figure 9a). This could favor the transport of humidity from the south-west over
Hoggar by the mid-level which in turn could favor the occurrence of ascending profiles
(Figure 15b) and high clouds accompanied by mid-level clouds over Hoggar (Figures 7b
and 8) [53,62,70]. Marsham et al. [17] in June 2011 observed this type of circulation at
BBM before the monsoon onset with a moist layer and southwesterly winds at the top of
the SABL overriding dry air associated with northerly winds during a period where an
upper level trough was located northwest of BBM. In the second part of June, on aver-
age, the northwestward moving SHL is still close to the Hoggar (Figure 10b) but most
frequently to the west of the Hoggar (Figure S8). This shift to the north-west is one indi-
cator of the monsoon onset [4,23,49]. The Harmattan wind intensifies, splitting around
the Hoggar into two axes. The convergence of the monsoon flux and of the Harmattan
flux is now frequently on the West of Hoggar. At BBM during June 2011, the monsoon
influence becomes prevalent. Mid-top day frequency reaches a first maximum over the
Western Hoggar and increases over the Eastern West-Sahara (Figure 8). However, in the
eastern Hoggar, the frequency of subsiding profiles and clear sky increases whilst those
of mid top days decreases abruptly. The high orography acting as an obstacle to the
Harmattan flow may have a role in this abrupt decrease. In this respect, Birch et al. [71]
emphasize the intensification of the Harmattan flow deviated on the North of the massif
and, in its descent to the south, the cooling effect of this flow on the top of the boundary
layer on the eastern side of the Hoggar. In the upper troposphere, the frequency of high-
top days decreases sharply over the Hoggar and eastern West-Sahara (Figure 8) while
the subtropical anticyclonic belt strengthens, westerly winds shift northward, and in the
mid-troposphere the SAC moves northwestward (Figure 9a). This makes it more diffi-
cult for mid-level moisture to be transported from the tropics to the Hoggar and thus
makes it more difficult for high-altitude cloud to form over this region.

In July, after the monsoon onset, deep convection is now forming more frequently
over the Northern Western Sahel which may reduce the possibility of moisture inflow
by cold pools over the Hoggar. These changes should contribute to the decrease in the
average cloud frequency in July over this region. However, the mid-top day frequency
remain above 40% above West-Hoggar. The large surface heating during the day over
this region caused by the elevated and dark surface inducing flux convergence [71]
could be one reason for that. During the Fennec experiment, Engelstaedter et al. [72] ob-
served two pathways for the monsoon flow. One curves around the SHL cyclonic circu-
lation located west of the Hoggar and is particularly present in the morning, the other is
observed during the afternoon, heading towards the Hoggar [71].

Over West-Sahara in July and the first half of August, the frequency of cloud for-
mation at the top of the SABL gradually increases westward (Figure 8) thanks to the de-
velopment of a deep SABL (Figure 15 and Figure S7) which itself is linked to the north-
westward movement of the SHL and the SAC and the maintenance of their strength.
Another crucial parameter for the formation of these mid-top clouds is a moisture sup-
ply in the SABL. A more frequent SHL on the west (Figure 10 and Figure S8) coincides
with a decrease of the cold Atlantic inflow over North West Africa (see e.g., Todd et al.
[25] and Grams et al. [24]), and an intensification of the Harmattan flow between the
Hoggar and the Atlas Mountains [1,73]. This flow which warms up above the heated
surface is captured by the SHL cyclonic circulation on its northwest flank [73], while the
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monsoon flow converges with the cyclonic circulation on its southeast flank [4]. This cir-
culation pattern leads to a strong increase of mass convergence but also of moisture con-
vergence in the lower SABL above the West-Sahara (Figure S3). Another cause of the in-
crease in the moisture flux over the West-Sahara could be the larger frequency of cold
pool initiated by more frequent deep convection in the Northwestern Sahel after the
monsoon onset, as well as cold pools generated by convection over Atlas [74]. At the end
of July, the SHL is at its maximum strength and the frequency of mid-top days over cen-
tral and West-Sahara too. The SHL continues to progress westward in the first part of
August and the SABL-like circulation reaches its maximal extension toward the West.
Mid-top clouds occur now close to the coast. In July, the frequency of high-top days
reaches a minimum on both the Hoggar (see also Cuesta et al. [9]) and West-Sahara,
while in the upper troposphere the westerly flow reaches its northernmost position and
the subtropical anticyclonic belt its maximum strength. A schematic of this circulation is
given in Figure 16b.

During the second half of August and in September, the SAC and the SHL, the Ti-
betan anticyclone and westerly winds in the upper troposphere have resumed their June
position. The northerly flow from Harmattan to the east of the Hoggar decreases as does
the subsidence in the upper and middle troposphere. But, the frequency of SABL-like
profiles remain high during the second part of August (Figure 57) and south of the Saha-
ra, the ITD is still very close to its northernmost position during the second part of Au-
gust [22]. Humidity continues to increase over the West-Sahara and the Hoggar (Figure
11), and mid-top day frequency reaches its highest value of the season over the Hoggar
(60% at the end of August). In the West, mid-latitude lows penetrate southwards, favor-
ing humidity provided by the south-west branch of the SAC in the mid-troposphere
over the Sahelian coast to be transported northeastwards [62]. In response to this circula-
tion, the occurrence frequency of ascending profiles and high cloud increases first over
western and central West-Sahara and then in the first half of September over the eastern
edge of West-Sahara and Western Hoggar (Figure 8 and Figure S7). On most high-top
days, in addition to high clouds there are also mid-top clouds which is not the case in
June when the SABL is not developed.

As described in (Garcia-Carreras) [11] the diurnal cycle of the Saharan convective
boundary layer (CBL) is characterized by a slow growth during the morning and the
first part of the afternoon. The fully developed CBL exists, therefore, only for a few
hours after 1600 UTC, until sunset (~1800 UTC). After sunset, the fully developed CBL
becomes a residual layer which top marks the top of the SABL. Our hypothesis is that
the mid-top clouds are mainly boundary layer clouds, i.e., clouds formed at the top of
some of the thermals within the Saharan CBL, favored by the gradual moistening of the
residual layer by the CBL [11]. Their occurrence should be maximum, therefore, at the
end of the afternoon, after the CBL has reached its maximum vertical extension. This ties
in with Figure 5b,c where the occurrence of mid-top clouds is maximum between 1900
UTC and 2100 UTC. However, the maintenance of the mid-top cloud occurrence during
the night and even its slight nocturnal growth in September over the West Sahara re-
quires another mechanism. We hypothesize that this mechanism is the radiative cooling
of clouds. But we expect such a process to yield the same weak decrease of mid-top
clouds over the Hoggar as over the West-Sahara, in apparent contradiction with the fast
decrease observed over the Hoggar. Mid-top cloud occurrences over the Hoggar and the
West Sahara, however, reach very similar minimum values, maximum occurrences are
very different. In surface observations of the cloud cover (see Section 3.2.1) cumulus
clouds are more frequent than alto-cumulus over the Hoggar while over the West-
Sahara it is the opposite. This might be due to the enhancement of the Hoggar CBL by
orographic processes (especially the heating of mountain slopes by incoming short wave
radiation). The observations are, therefore, compatible with mid-top clouds being driven
by two processes: (i) mid-top clouds are generated by CBL processes at the end of the af-
ternoon, this mechanism generating more clouds over the Hoggar than over the West



Atmosphere 2021, 12, 428

27 of 35

Sahara thanks to insolation induced orographic processes; (ii) mid-top clouds are main-
tained at a similar level over the Hoggar and over the West Sahara by radiative cooling.

6. Summary and Conclusions

A climatology of cloud occurrence frequency and of cloud top distribution among
the low, middle and high levels of the atmosphere has been constructed for the Sahara.
To the best of the authors” knowledge, this is the first quantification of the cloud occur-
rence over Sahara by type in summer and of its spatial distribution, at diurnal, daily and
intra-seasonal scale, done here for the 2008-2014 period. For this, the SAFNWC cloud
product derived from radiance data of the SEVIRI radiometer on board the MSG geosta-
tionary satellite and available at a scale of 3 km x 3 km every 15 min is used to build a 7-
year climatology (from 2008 to 2014).

Based on this climatology, it is confirmed that over the entire diurnal cycle, the
cloud cover topped at mid-level is the major characteristic of the cloud cover over the
Sahara in summer. It is shown that its frequency of occurrence is minimal around 10
UTC and maximum at the end of the day. It is shown that the altitude of its top, 400-450
hPa, which is slightly above the altitude of the top of the Saharan residual layer, is stable
during the season. This contrasts with the rest of the year when high-top cloud is most
frequent.

Another key feature of the mid-top cloud over the Sahara in summer is revealed:
this cloud cover gradually extends during the season from the eastern Hoggar to central
and then western West-Sahara. This extension is not accompanied by a uniform increase
in the occurrence frequency of mid-top clouds. When days are classified according to
their type of cloud cover, the frequency in JJAS of mid-top days is highest in the western
Hoggar with an average value of 49%. In the central part of the West-Sahara, this aver-
age value reaches 38%, while it is only 32% over the eastern West-Sahara at the edge of
the Hoggar. The lowest average frequency, 27%, is observed over eastern Hoggar.

When the whole season is partitioned into eight 15-day periods it is found that: (1)
the changes in frequency of mid-top days is indicative of surface heating, low-level cir-
culation and low level convergence of humidity (2) whilst a main factor governing high-
top day frequency during the summer is the mid-latitude air intrusions in the upper lev-
els and their interaction with the mid-troposphere anti-cyclonic circulation.

The intra-seasonal variations in mid-top days are coincidental with the move of the
SHL, the SAC and the ITD diagnosed with the ERA-interim reanalysis. Associated with
the north-west move of the SHL and the SAC, the depth of SABL gradually increases
from east to west. At the same time, the frequency maximum of mid-top days, which is
situated over the east of the West Hoggar at the beginning of June, moves westward to
reach the west of the West-Sahara at the end of July. With the retreat of the SHL and the
SAC to the southeast, this frequency maximum of mid-top days shifts back to the east of
West Hoggar in late August.

There are also some features of the large-scale atmospheric parameters specific to
mid-top days when compared with clear days, irrespective of the period. Over the Hog-
gar and the West-Sahara, during mid-top days, the geopotential height at 600 hPa, a
proxies for the strength of SAC over the region, increase in comparison to clear days.
The water vapor convergence also increases and a weak but northward move of the ITD
is observed. Mid-top clouds and clear sky are most frequently associated with large scale
subsidence in the upper troposphere. While for clear days subsidence in the SABL is
more frequent, for mid-top days there is a convergence of mass and humidity in the low
part of the SABL and divergence in the upper part of the SABL. The diurnal cycle of
these mid-top clouds and the altitude of their summit are in agreement with clouds that
form at the top of the thermals within the Saharan boundary layer. The radiative cooling
that they then produce and which induces an increase in the geopotential height, allows
their maintenance.
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The transition from a high-top cloud cover to a mid-top cloud cover in June coin-
cides with the northward move of the upper and middle level westerly flow and the ex-
tension to the western Tibetan anti-cyclone whilst its moves northward. With their re-
treat towards the south in August, the frequency of high cloud cover recovers and upper
level troughs from mid-latitude can again penetrate further south. In early June, high-
top day frequency is maximal over the Hoggar and the east of the West-Sahara. At the
end of August and in September high cloud frequency is maximal over the west and
center of the West-Sahara. Our hypothesis is that this high cloud cover is produced by
the moisture transported from the south by the south-west branch of the SAC and cap-
tured by an upper level trough as described in Knippertz [62] and Knippertz et al. [53].

It has been have shown that the occurrence of clouds above the West-Sahara and
Hoggar coincides with a convergence of enhanced moisture compared to a clear sky oc-
currence. The next step will be to characterize the moisture flux source leading to the
convergence of moisture on the Hoggar and the West-Sahara. The northward move of
the ITD during the mid-top days and high-top days indicates that at least some of the
moisture that converges on the Hoggar and the West-Sahara originates from the mon-
soon region. Several case studies have shown the importance of cold pools initiated by
the convective systems in the ITCZ and also, but less frequently, by cold pools initiated
by convection over the Atlas to bring moisture over Western Sahara and the Hoggar. But
several case studies have also shown the importance of the humidity brought to the
West-Sahara by the Atlantic-West flux [25] or from the Mediterranean by the Harmattan
[73,75]. The role of AEW which carries moisture from the monsoon region towards the
Sahara for mid-top and high-top cloud formation should also be investigated. Such a
study could help interpret the changes in location of the SAC and the SHL when mid-
top clouds occur relative to clear sky situations. Future research will also focus on the
role of dust loading in controlling the formation of mid-top clouds.
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Appendix A. Pressure Thresholds for the Separation between Low-Top Clouds, Mid-
Top Clouds and High-Tpop Clouds

The SEVIRI cloud top pressure distributions over the West-Sahara and Hoggar for
the JJAS period (Figure Al) show a sharp peak in the mid-troposphere at 400 hPa with
abrupt decreases between 400 hPa and 350 hPa and between 400 and 500 hPa. Another
but weaker peak occurs at 275 hPa. Assuming that these peaks in the cloud top pressure
distributions are related to high-top cloud and mid-top cloud occurrence, two thresholds
are chosen: one at 350 hPa to separate mid-top clouds from high-top clouds and the oth-
er at 500 hPa to separate mid-top clouds from clouds with lower tops. These two thresh-
olds are outside the range of values commonly used in the community. For example in
the intercomparison of cloud climatology in the frame of the GEWEX (The Global Ener-
gy and Water Exchanges) project and the related ISCCP (International Satellite Cloud
Climatology Project) project [76,77], the separation between high-top cloud and mid-top
cloud is 440 hPa and the separation between mid-top cloud and low-top cloud is 680
hPa. As shown by the cloud top pressure distributions over West-Sahara and Hoggar
observed by SEVIRI and also by the CALIOP lidar (Figure Alb and Appendix C), these
thresholds are not adapted to the specific characteristics of the cloud cover over regions
such as the Sahara where the boundary layer is very deep.
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Figure Al. (a) Occurrence frequency distributions of Spinning Enhanced Visible and Infrared Im-
ager (SEVIRI) cloud top pressure for West-Sahara (black line) and Hoggar (red line). (b) CALIOP-
ST (CALIOP Science Team) cloud pressure occurrence frequency distributions of the cloud top
(dashed line) and for the pressure level inside the cloud when the optical thickness reaches 0.3
(solid line) for West-Sahara (black line) and Hoggar (red line).

Appendix B. Re-Classification of Partially Cloud Covered Pixels

The occurrence frequency of the SEVIRI partial cloud cover class is between 4 and
6% in JJAS over the Hoggar and Western Sahara and represents about 21% of the cloud
pixels. To assign a level to these SEVIRI partially cloudy pixels, the same approach as in
Dommo et al. [36] is used: each pixel of the partial coverage class is reclassified as high-
top, mid-top or low-top cloud depending on the distribution of these three cloud types
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in the vicinity of the pixel. In this re-classification process, the occurrence frequencies of
high-top, mid-top and low-top cloud increase respectively by 1%, 1.5% and 2%. It must
be noted that the frequency of partial cloud cover class (21%) is low compared to the
67% of SEVIRI pixels where the airborne lidar during the Fennec experiment detects a
cloud with a length along the aircraft’s trajectory of less than 3 km [18]. There are two
reasons for this, as shown by Kealy et al. [18] using the cloud product retrieved with the
Met Office algorithm [78]: (1) when the clouds cover is less than one tenth of the lidar
segment passing through the SEVIRI pixel, the pixel is rarely flagged as cloudy and (2)
for the pixels considered to be fully covered by SEVIRI, for 30% of them, there are clear
sky holes in the lidar segment. This mixture of clouds and clear sky with a high aerosol
load [79] could explain why here, in this study, about 60% of SEVIRI clouds of medium
height are detected as semi-transparent (cirrus in the SAFNWC cloud type classifica-
tion).

Appendix C. Evaluation of SEVIRI Cloud Classification against CALIOP Light Detec-
tion and Ranging (Lidar) Data

The TOP_LAYER and PASSIVE GEWEX CALIPSO-ST [77,80] data were used for
the monthly mean comparison of cloud top pressure distributions (Figure Alb). These
mean monthly distributions were derived from version 4 (V4) of the CALIOP Level 2
product [80]. In the TOP_LAYER product, the cloud top pressure distributions are based
on the pressure at the top of the highest cloud layer. In the PASSIVE product, to be clos-
er to what can be observed with passive radiometry, the cloud top pressure distributions
are constructed from the pressure level inside the clouds where the optical thickness
reaches 0.3. From the summer 2009 instantaneous measurements of CALIOP version 3
(V3) [80], comparisons at the pixel level have also been performed. In this comparison
the optical thickness of CALIOP cloud layers is limited to greater than 0.1 as in Seze et
al. [33].

As with SEVIRI, the CALIOP-ST cloud top pressure distributions (Figure Alb)
show a peak in the mid-troposphere but with a positive bias of 50 hPa to 75 hPa. Apply-
ing a cloud top pressure calculation method adapted to thin ice clouds, when, the pixel
is covered with very fragmented clouds in a dusty environment, could explain this nega-
tive bias. In the upper troposphere, in contrast, the peak in the SEVIRI distribution at 275
hPa in June and September is shifted to a lower pressure by about 50 hPa. This is in line
with what is expected when comparing the cloud top pressure obtained from passive in-
frared measurements with lidar measurements [81,82]. Between these two peaks, a min-
imum is observed at 350 hPa as in the SEVIRI distributions. On the side of increasing
cloud top pressure from the mid-tropospheric peak, the CALIOP cloud top pressure dis-
tribution decreases strongly until 550 hPa to 600 hPa which lies just below the expected
altitude of the SABL in summer. These main features of the cloud top pressure distribu-
tions are fairly constant across the year in the cloud-top distributions extracted from the
GEWEX CALIPSO-ST data set.

When the 350 hPa threshold is used to separate high-top clouds from mid-top
clouds, the frequencies of the high-altitude clouds in the SEVIRI data and CALIOP V3
data are very close (Figure A2). At pixel scale, the agreement frequency is 70% (Figure
A?2). The main source of disagreement comes from the classification of CALIOP high-top
clouds into mi-top clouds in the SEVIRI data set and vice versa. For the mid-top cloud
pixels detected by SEVIRI, the match with CALIOP is high (82% to 85%), but the occur-
rence frequency of mid-top cloud is larger for CALIOP than for SEVIRI (bias of 8%)
(Figure A2). 60% of CALIOP mid-top cloud and more during the daytime are also classi-
fied as fragmented cloud by CALIOP (not shown). This high fraction is in agreement
with the results obtained by Kealy et al. [18] with lidar airborne measurements. When
the fraction of cloud cover inside the CALIOP segment decreases, the frequency of non
detection or detection of a low level cloud by SEVIRI increases. For SEVIRI partial cover
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included in the mid-top cloud class, CALIOP most frequently also detects a mid-top
cloud cover and, less frequently, clear sky (not shown).
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Figure A2. (a,b) Occurrence frequency of the SEVIRI cloud class for each CALIOP cloud class and
(c,d) occurrence frequency of the CALIOP cloud class for each SEVIRI cloud class for (a,c) West-
Sahara and (b,d) Hoggar. The occurrence frequency of each CALIOP (a,b) and SEVIRI (c,d) class is
also given under the class label on the X axis.

The fraction of low-top clouds in the CALIOP V3 data reaches 4% over Hoggar
(Figure A2) and these clouds are most of the time undetected by SEVIRI. In the CALIOP-
ST monthly average data, the frequency of low clouds is less than 1%. From version V3
to version V4, the separation between small clouds and dust has been improved [83].
The low clouds of CALIOP V3 observed over Western Sahara and Hoggar could in fact
be dust. SEVIRI low-top clouds are, in the CALIOP classification, most frequently bro-
ken mid-top clouds or (but-less frequently) clear-sky. This is in agreement with the large
fraction of re-allocated partial cloud covered pixels belonging to this SEVIRI class. The
fraction of CALIOP clear segment is the largest for the SEVIRI pixels which were added
to the low cloud class by the re-attribution scheme.

To summarize, this comparison with CALIOP data confirms the choice of a thresh-
old at 350 hPa in order to separate high-top clouds from mid-top clouds. For the separa-
tion between mid-top clouds and low-top clouds, a threshold at 550 hPa or 600 hPa
would be more appropriate than the 500 hPa chosen here for SEVIRI. The classification
used in these results however is not affected by this choice due to (1) the shift towards a
lower cloud top pressure of the peak of distribution of mid-top clouds in the SEVIRI da-
ta on the Sahara and (2) the absence of low cloud. High clouds are well detected by
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SEVIRI but some of them are in fact mid-top clouds. The mid-top clouds are not as well
detected by SEVIRI. But the clouds detected and attributed to the mid-top cloud class by
SEVIRI are indeed mid-top clouds for CALIOP. The frequency of low clouds is very
small in the CALIOP data set and they are not detected by SEVIRI. Otherwise, this com-
parison confirms the results of Kealy et al. [18] obtained from airborne lidar measure-
ments. A very large fraction of the pixels detected cloudy by SEVIRI over the West-
Sahara at the top of the SABL are partially covered. Cloud fields determined with
SEVIRI are indicative of cloud occurrence frequency at 3 km scale but not of the total
cloud coverage which must be considerably smaller. The SEVIRI low clouds including
the reallocated partially covered pixels must be considered with caution. They can be
very partial mid-top cloud cover but also the product of errors in cloud detection. For
these cases for which the radiances must be very close to those of clear sky, detection er-
rors could come from the variability in surface properties or the occurrence of thick dust
[17,79].
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