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[1] We document the seasonal evolution of the Saharan atmospheric boundary layer
(SABL), in terms of vertical structure, diurnal cycle, aerosol content, and cloud cover as
well as the surface radiative budget, during 2006, using a mobile multiplatform
atmospheric observatory implemented in Tamanrasset (Algeria). Ground-based remote
sensing (both active and passive) and in situ instruments were deployed in the framework
of the African Monsoon Multidisciplinary Analysis field experiment and were used in
synergy with satellite observations. Observations showed a marked seasonal evolution of
the SABL characteristics and a large variability during the West African monsoon onset
phase. At the beginning of June, hazy conditions prevailed in a deep SABL (�5 km).
Following this, reduced cloud cover induced by anomalous large-scale subsidence resulted
in high surface insolation which enhanced the convective development of the SABL
(�6 km deep). During that period, the proximity of the Saharan heat low was also
favorable to the SABL deepening. In August and September, humidity advected from the
south enhanced cloud cover and limited the SABL vertical development (�3.8 km deep).
In the wintertime, weak dry convection and the Hadley cell–related subsidence resulted in
high visibility and an extremely shallow SABL (�500 m deep). Throughout 2006, the
aerosol vertical distribution within the SABL was nonuniform, with the majority of coarse
particles being located near the surface. The aerosol content over Tamanrasset was
influenced by dust transport from a variety of source regions after being lifted through
different mechanisms (low-level jets; cold pools or topographic flows).

Citation: Cuesta, J., et al. (2008), Multiplatform observations of the seasonal evolution of the Saharan atmospheric boundary layer in

Tamanrasset, Algeria, in the framework of the African Monsoon Multidisciplinary Analysis field campaign conducted in 2006,

J. Geophys. Res., 113, D00C07, doi:10.1029/2007JD009417.

1. Introduction

[2] An international field campaign was conducted in
West Africa during 2006 under the African Monsoon
Multidisciplinary Analysis (AMMA) framework
[Redelsperger et al., 2006]. The objective of AMMA is to
improve our current knowledge of physical and dynamical
processes, with an emphasis on daily to interannual time
scales, for a better understanding and prediction of the West
African monsoon (WAM) cycle. Furthermore, AMMA is

motivated by the impact of the WAM on water resources,
the main driver for health and food security of populated
regions of West Africa. Indeed, the economy of most
countries in the Sahel region (the semidesert southern fringe
of the Sahara that stretches from Mauritania to Chad) relies
on small-scale agricultural production that depends on the
occurrence and amount of precipitation during the WAM
season. A particularly crucial issue is the low ‘‘efficiency’’
of cloud systems in terms of ‘‘useful rain’’ as well as the
occurrences of dry spells during the monsoon season that
may lead to the destruction of crops [Ati et al., 2002].
[3] The seasonal cycle of the WAM is closely linked to

the energy balance in the Sahara [e.g., Ramel et al., 2006;
Peyrillé and Lafore, 2007; Peyrillé et al., 2007], and
particularly in the Saharan atmospheric boundary layer
(SABL). In the summer, the SABL is characterized by the
presence of a deep and dense dust layer which, in combi-
nation with high soil temperature, constitutes a unique
destabilizing factor [Bounoua and Krishnamurti, 1991]
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which drives the Saharan heat low (SHL) dynamics. In
response to the large scale pressure gradient between the
SHL and the Gulf of Guinea, the monsoon flow may
penetrate deeply into the continent. It reaches the Sahel at
the end of June or in early July, thereby favoring the
appearance of convective systems and the beginning of
the rainy season in Sahel (also referred to as the ‘‘monsoon
onset’’) [Sultan and Janicot, 2000]. Hence, the SABL is a
complex element of the climate of the West African region
which needs to be more rigorously investigated given the
paucity of observations in the area. Improved knowledge of
the energy balance in the SABL requires concomitant
monitoring of the radiation budget, the aerosol optical/
microphysical properties and their vertical distribution in
the troposphere, as well as the SABL structural parameters
which affect the vertical distribution both of aerosols and
thermodynamics variables.
[4] The SABL is of central importance in the AMMA

project. An ambitious experimental strategy which involved
balanced contributions from ground-based and airborne
platforms was tailored in 2006 as part of the AMMA
Special Observing Period (SOP) [Parker and Flamant,
2006]. The objective of the ground-based component of
the experimental strategy was to document the diurnal cycle
and the seasonal evolution of relevant variables (structure,
thermodynamics, radiation, etc. . .) over the Sahara. Space-
borne observations of cloud cover and aerosol layers,
relevant to the understanding of the SABL dynamics at
the mesoscale, have been enhanced since the launch in late
April 2006 of the CALIPSO (Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation) mission [Winker
et al., 2003, 2007].
[5] The present paper presents an overview of the

SABL observations performed at the Tamanrasset supersite,
Algeria (22.79�N, 5.53�E), in 2006. This work was con-
ducted in collaboration between the Institut Pierre Simon
Laplace (IPSL) in France and the Office National de la
Métérologie (ONM) in Algeria. The Division Sud of the
ONM operates a suite of instruments in Tamanrasset (in the
heart of the Sahara) which was enhanced by the deployment
of the IPSL atmospheric mobile observatory MOBILIS
(Moyens Mobiles de Télédétection de l’IPSL). MOBILIS
included a ground-based backscatter lidar, an AERONET
(Aerosol Monitoring Network) [Holben et al., 1998] Sun
photometer and infrared radiometers, both deployed for the
first time in the Sahara, as well as meteorological and aerosol-
related in situ instrumentation. The Tamanrasset supersite
was the northernmost experimental site implemented in the
framework of AMMA. It was dedicated to the documentation
both of the diurnal cycle and the seasonal evolution of the
SABL. The choice of the site of Tamanrasset for the imple-
mentation of MOBILIS was made considering both logistical
constraints (not to be neglected in Africa) as well as the
wealth of the already existing ONM instrumentation. The
Tamanrasset supersite was therefore equipped to study
(1) the vertical structure and diurnal cycle of the SABL,
(2) the Saharan dust optical properties and radiative forcing,
and (3) the interaction with the SHL dynamics, related to the
WAM cycle, in synergy with airborne and spaceborne obser-
vations. Furthermore, the MOBILIS deployment was
intended to contribute to the CALIPSO validation effort.

[6] Section 2 describes the IPSL and ONM instrumenta-
tion deployed in Tamanrasset, and the complementary
spaceborne data sets used in the present study (i.e.,
CALIPSO, the Spinning Enhanced Visible and Infra Red
Imager (SEVIRI), the Moderate Resolution Imaging Spec-
troradiometer (MODIS), and the Ozone Monitoring Instru-
ment (OMI)). Section 3 presents an overview of the main
WAM phases and the periods of operations on the Tam-
anrasset supersite. Section 4 presents an overview of the
meteorological conditions prevailing in Tamanrasset during
AMMA 2006. Section 5 describes the seasonal evolution in
2006 of the SABL over Tamanrasset, i.e., vertical structure,
dust content, cloud cover and surface energy balance.
Section 6 presents detailed case studies to illustrate the
evolution of the structure and diurnal cycle of the SABL
during the year. Concluding remarks are given in section 7.

2. Experimental Deployment and Data Sets

2.1. Multi-Instrumented Supersite in Tamanrasset

[7] The MOBILIS facility was deployed in Tamanrasset
from February to November 2006, during the AMMA SOP
[Redelsperger et al., 2006] and beyond. The core instru-
mentation of the MOBILIS facility is the Transportable
Remote Sensing Station (TReSS) [Cuesta et al., 2004; Loth
et al., 2004] which includes an in-house designed and built
multiwavelength backscatter MiniLidar, which is used in
synergy with radiometers and in situ sensors (see Table 1).
The instrumentation of the ONM station in Tamanrasset is
dedicated to the monitoring of meteorological variables as
well as the radiative budget at the surface. Table 1 summa-
rizes the main characteristics (type of measurements, reso-
lution, accuracy, etc) of the MOBILIS and ONM
instruments operated at the Tamanrasset supersite.
[8] Tropospheric lidar measurements have largely been

used to describe boundary layer dynamics [e.g., Flamant et
al., 2007], including the boundary layer diurnal cycle,
vertical mixing processes or wave-like phenomena. Lidar
profiles also provide information on aerosol and cloud
vertical distributions and optical properties. Indicators of
the concentration, shape and size of backscattering particles
are given by the attenuated backscattered coefficient, the
depolarization ratio and the color ratio profiles, respectively
(see Table 1 for details). The attenuated backscattered
coefficient is a function of the backscatter coefficient profile
b(z), which depends on the concentration and backscatter
cross section of the scattering components in the atmo-
sphere (i.e., molecules, aerosols and hydrometeors), times
the two-way atmospheric transmission T2. The attenuated
backscatter coefficient (b T2, expressed in sr�1 m�1) is
derived from the TReSS and CALIPSO lidars (see section
2.2). Considering the different instrumental noises in the
TReSS lidar data, the uncertainty in calibration of the
attenuated backscatter coefficient (see section 6.1) is esti-
mated as �5% (see Table 1). Random noise from 150 m
(the full overlap altitude) to 4.5 km above ground level
(AGL) typically remains below 3% (for the 30-min aver-
aged profiles). In order to derive the backscatter coefficient
profile b(z) (see section 6), a standard backscatter lidar
inversion technique [Fernald et al., 1972; Fernald,1984] is
implemented to compute the atmospheric transmission T2

and correct for atmospheric attenuation.
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[9] Column-averaged/surface optical and microphysical
aerosol properties were obtained via the Sun photometer/in
situ sensors. Wideband radiometers (instrument 3 in Table 1)
monitored the downwelling solar (direct and diffuse com-
ponents) and telluric fluxes at the surface. The surface
sensible heat flux was derived from ultrasonic anemometer
measurements of wind and temperature (instrument 7 in
Table 1) [Schotanus et al., 1983]. During unstable and dry
conditions, such as those prevailing in Tamanrasset during
daytime, the bias produced by this method was estimated to
be as low as 3% [Schotanus et al., 1983]. No latent heat flux
measurements were available. For arid regions [Heusinkveld
et al., 2004], a rough estimation based on a Bowen ratio
method [Stull, 1988] suggests that the latent heat flux in
Tamanrasset is about 10 to 20% of the sensible heat flux.
Moreover, a surface energy closure analysis (see section 5.2)
suggests that the contribution of the latent heat flux remained
below the daily variability of the other fluxes (particularly in
absence of rainfall). Additionally, radiosoundings (instru-
ment 8 in Table 1) provided the atmospheric thermodynamic
structure every 6 h during the summer AMMA SOPs (1 June
to 15 September), and twice a day, at synoptic times, for the
remaining of the year.
[10] During the 9 months of AMMA-related operations,

the instruments in Tamanrasset ran according to three modes
(see Table 1 and Figure 1a): (1) routine operations for the
ONM instrumentation (instruments 3, 8 and 10 in Table 1);
(2) continuous operations for the MOBILIS Sun photometer

(instrument 2 in Table 1), aerosol in situ sampling devices
(instrument 6 in Table 1), sonic anemometer (instrument 7
in Table 1) and meteorological station (instrument 9 in
Table 1); and finally (3) intensive operations in the frame-
work of 2- to 3-week-long Intensive Observation Periods
(IOPs, see Figure 1) for the MOBILIS lidar (instrument 1
and Table 1), scatterometer (instrument 4 and Table 1) and
wide-angle camera (instrument 5 in Table 1). The harsh
meteorological conditions in Tamanrasset (heat, dust, etc)
made it difficult for the lidar to be continuously operational
during the entire AMMA-related detachment. Further
details on the daily instrument status can be found in the
auxiliary material to this paper.1

2.2. CALIPSO Spaceborne Lidar

[11] The CALIPSO satellite was launched in April 2006
and started operating in June (see Figure 1a). The CALIPSO
payload consists of the Cloud-Aerosol Lidar with Orthog-
onal Polarization (CALIOP), the Infrared Imaging Radiom-
eter (IIR) and the Wide Field Camera (WFC) [Winker et al.,
2003, 2007]. CALIPSO overpasses the Sahara twice a day,
once during the daytime (between 1230 and 1430 UTC,
Coordinated Universal Time) and once during the nighttime
(between 0030 and 0230 UTC), and has a revisit time
period of the same orbit of 16 days. Each overpass of the

Figure 1. (a) Calendar of observations performed in the framework of the AMMA SOP in 2006 for the
Tamanrasset Supersite, AMMA campaign (http://amma-international.org) [Parker and Flamant, 2006]
and CALIPSO Satellite (http://eosweb.larc.nasa.gov/). (b) Description of the main WAM phases
(climatology and specificity of the year 2006).

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JD009417.
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CALIOP lidar provides a quasi-instantaneous view of the
vertical structure of dust plumes and of the SABL across the
Sahara (i.e., between 15�N to 35�N in less than 5 min).
Tamanrasset is located approximately 15 km east of the
intersection between an ascending (daytime) track and a
descending (nighttime) track of CALIPSO. In this study, the
CALIOP data are used to provide complementary meso-
scale context to the TReSS lidar measurements.

2.3. SEVIRI, MODIS, and OMI

[12] The origin and transport pathways of dust
plumes arriving at Tamanrasset are investigated using
complementary satellite imagery. Qualitative tracking of
dust plumes over the Sahara is done using observations
from SEVIRI (15 min. temporal resolution) onboard MSG
(Meteosat Second Generation) via false color images
available from (http://loaamma.univ-lille1.fr/AMMA/).
Semiquantitative aerosol indices (AI) provided daily by
OMI (http://toms.gsfc.nasa.gov) are also used.
[13] The upwelling longwave and shortwave radiative

fluxes in Tamanrasset are estimated using MODIS retrievals
of the surface albedo w and emissivity e (i.e., MODIS land
products with a 1-km horizontal resolution, http://edcdaa-
c.usgs.gov/dataproducts.asp). These estimates are used, to-
gether with the surface radiative and turbulent fluxes
measurements, to verify the closure of the surface energy
budget in Tamanrasset (see section 5.2).

3. WAM Phases and IOPs in Tamanrasset

[14] The seasonal evolution of the SABL over the Sahara,
and in Tamanrasset, is strongly influenced by the seasonal
cycle of the WAM and that of the SHL. This section gives
some large-scale seasonal context to the observations made
in Tamanrasset which are detailed in sections 4 to 6.
[15] The annual cycle of the WAM is characterized by

phases which indicate the state of the WAM over Sahel (see
Figure 1b). The preonset phase corresponds to the arrival of
the intertropical discontinuity (ITD) over Sahel and marks
the end of the dry season. The ITD is the near surface
convergence zone between the harmattan, originating from
the eastern Mediterranean and passing over the deserts of
Libya, Egypt and Algeria, and the moist monsoon flow
coming from the Gulf of Guinea. The climatological date
for preonset occurrence is 14 May ±9.5 days [Sultan and
Janicot, 2003]. The monsoon onset phase, which corre-
sponds to the beginning of the rainy season in the Sahel,
occurs typically around 24 June, with a variability of ±8
days [Sultan and Janicot, 2000, 2003]. The mature mon-
soon phase is then observed over Sahel which typically lasts
until the middle of September. In this period the intertrop-
ical convergence zone (ITCZ) is positioned around 10�N,
and the monsoon exhibits its northward most excursions,
sometimes reaching the Ahaggar massif. Finally, a transition
phase toward the dry season is observed while the ITCZ
retreats southward, and the rainy season comes to an end.
[16] In 2006, the main WAM phases were consistent

with the climatological picture, except for the onset phase.
Enhanced subsidence over the whole of West Africa, during
three weeks at the end of June and the beginning of July, led to
a ‘‘dry onset’’ (meaning that all the indicators suggested the
onset had occurred, except for the rain) around the climato-

logical date (between 19 to 23 June) and delayed the beginning
of the rainy season over Sahel by nearly a month, i.e.,
sometime between 17 and 21 July [Janicot and Sultan, 2007].
[17] As shown in Figure 1, the IOPs in Tamanrasset were

designed to sample the SABL during each of the WAM
phases. IOP 1 (25 May to 17 June) occurred during the
WAM preonset phase. As shown in section 5.1, this period
was favorable for intense dust transport episodes in the
Tamanrasset region. IOP 2 (25 June to 11 July) took place
during the period of enhanced subsidence, just prior to the
monsoon onset, which lead to the observation of strong
dry convection in Tamanrasset (see section 5.3). IOP 3
(7–21 September) and IOP 4 (5–23 November) happened
during the mature monsoon phase and in the ITCZ with-
drawal period, respectively. IOP 3 was associated with
monsoon-related moisture advection episodes, while shal-
low convection conditions were observed during IOP 4 (see
sections 4.2 and 6.4, respectively).

4. Meteorological Conditions Prevailing Over
Tamanrasset in 2006

[18] Tamanrasset is located in the middle of the Sahara, in
the heart of the Ahaggar massif at 1370 m above the mean
sea level (MSL) and 65 km south of the tropic of Cancer.
This region is under the influence of the Mediterranean
weather for the most part of the year, and is affected by the
WAM during a short period in the summertime [Dubief,
1979]. Furthermore, the SHL is located to the west of
Tamanrasset during the summer (June, July, and August)
and interacts with the northward progression of the mon-
soon, that eventually approaches the Ahaggar.
[19] Figure 2 presents the meteorological conditions over

West Africa during the WAM phases in 2006, based on
European Center for Medium-range Weather Forecasts
(ECMWF) analyses. Prior to the WAM dry onset, the ITD
is located south of the Tropic of Cancer at least 700 km
south of Tamanrasset (see Figure 2b). The core SHL region
(delineated using the �1006 hPa isocontour in Figure 2a) is
then positioned south of the Ahaggar massif. Just before the
monsoon onset, the SHL shifts from a position south of the
Ahaggar massif (Figure 2a) to a position west of the
Ahaggar massif (Figure 2c). Similarly, the ITD progresses
northward, reaching the Aı̈r Massif. Nevertheless, strong
easterly winds are observed in the lee of the constriction
between the Aı̈r and Ahaggar mountains that prevent the
monsoon from reaching the Ahaggar. Finally, after the
onset, a well established SHL is fairly close to Tamanrasset
(Figure 2e). The ITD exhibits its northernmost position over
Mali and Mauritania up to the Algerian border (mean
location over 15 days, see Figure 2f), consistent with the
position of the SHL. During this period, some parts of the
ITD were as close as 200 km southwest of Tamanrasset
(Figure 2f). It is also worth noting that during the mature
monsoon phase, the strong cyclonic circulation associated
with the SHL favors the advance of the monsoon onto the
foothills of the Ahaggar. The influence of the SHL is
observed in the surface pressure measurements made in
Tamanrasset (Figure 3a). After the beginning of July, the
influence of the SHL in Tamanrasset is marked by a �4 hPa
decrease in the surface pressure (see Figure 3a and section
5.3 for further discussion) with a concomitant maximum in
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Figure 2. ECMWF analyses over West Africa for the following periods: (a and b) 1–15 June, (c and d)
1–15 July, and (e and f) 16–31 July. Figures 2a, 2c, and 2e display surface temperature (color), mean sea
level pressure (blue and black contours in hPa), and 10 m wind fields (arrows) at 1800 UTC. The SHL
structure is depicted, in first approximation, by pressures less than 1006 hPa. Water vapor mixing ratio
(color) and wind fields at 925 hPa (arrows) at 0600 UTC are presented in Figures 2b, 2d, and 2f. The ITD
location as determined from the 7 g/kg water vapor mixing ratio isocontour (magenta line) is also shown.
The orography at the 925 hPa level is shown in white. The location of Tamanrasset is indicated by a red
star.
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surface temperature (see Figure 3b). The minimum of
surface pressure and the maximum of surface temperature
observed during the summer coincide with the period when
the SHL is strongest over the Sahara (C. Lavaysse et al.,
Seasonal cycle of the West African heat low: A climato-
logical perspective, submitted to Climate Dynamics, 2008).
[20] On the other hand, the surface pressure minima

observed in Tamanrasset during the winter are associated
with the passage of midlatitude depressions. The strongest
event is observed at the end of April and beginning of May
(as a surface pressure decrease of �5 hPa) and is linked to a

succession of three midlatitude depressions (according to
ECMWF analysis).

4.1. Wind Regimes

[21] Figure 4 shows the seasonal evolution of wind speed
and wind direction over Tamanrasset during 2006, con-
structed from balloon sounding measurements (4 soundings
per day from 1 June to 15 September and 2 soundings per
day otherwise). Two markedly different circulation regimes
are observed in the wintertime and in the summertime. From
October to May, westerly winds are present from 2 to 20 km
MSL, typically coupled to midlatitude low-pressure systems

Figure 3. (a) Surface pressure PS and (b) temperature at 2 m T2m in Tamanrasset in 2006. The daily
MAXima and minima of T2m as well as the daily mean values of PS are indicated by dots. Low-pass
filtered data obtained with a 10-day sliding window are shown by solid gray lines.

Figure 4. (a) Horizontal wind direction and (b) wind speed over Tamanrasset in 2006. The wind
profiles were measured by radiosondes (four per day from June to September and two per day outside this
period).
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[Dubief, 1979]. They are associated with the Subtropical
Westerly Jet (STWJ), which is observed between 7 to 16 km
MSL (see Figure 4b). In the summertime, from June to
September, the circulation regime changes completely. At
higher altitudes (above 15 km MSL), easterly winds (20 m/s
or less) are observed because of the influence of the northern
edge of the Tropical Easterly Jet (TEJ) positioned over the
Guinean coast. From 9 to 15 km MSL, westerly winds are
also observed which are periodically disrupted by easterly
winds associated with the southward penetration of the STWJ
(e.g., in June, the STWJ was observed over Mali for several
days). From 4 to 8 km MSL, northeasterly winds are present
throughout the summer season. They are linked to the
African Easterly Jet (AEJ), which location changed from
5�N during the preonset period to 15�N during the mature
monsoon phase (according to the ECMWF analyses). Only,
the northern fringe of the AEJ reaches Tamanrasset in the
months of June, July and August, when the monsoon has
penetrated farthest over the continent. Finally, the harmattan
is observed as an easterly flow between the surface and 4 km

MSL. The occasional presence of southwesterly winds in
Tamanrasset below 4 km MSL (between the end of July and
the middle of September) corresponds to the arrival of the
monsoon flow over the foothills of the Ahaggar massif.

4.2. Water Vapor, Clouds, and Precipitations

[22] Figure 5 presents the evolution of the water vapor
mixing ratio profile obtained from radiosonde measure-
ments, the cloud cover and the daily precipitations for
2006. Table 2 presents a summary of the cloud cover and
the humidity conditions for each IOP. The evolution of the
water vapor content over Tamanrasset is closely related to
the wind regime. Dry conditions (water vapor mixing ratio
in the SABL less than �3 g/kg) prevail during the whole of
the winter season. Summer months are characterized by a
marked increase (by a factor �2) of water vapor mixing
ratio (see values during the ‘‘moisture advection’’ period
in Table 2). The increment in water vapor results from
enhanced humidity advection in the lower levels (below
4.5 km AGL, see Figure 5a) in relation with the monsoon.

Figure 5. (a) Water vapor mixing ratio, (b) cloud cover, and (c) daily precipitation over Tamanrasset in
2006. Cloud cover (Figure 5b) is the fraction of the sky covered by clouds, estimated by visual inspection
of an ONM ground observer (at 0600, 0900, 1200, 1500, and 1800 UTC), expressed in percentage (gray
shading). Daily averaged values are given by the dashed line.

Table 2. Evolution of Cloud Cover Over Tamanrasset in 2006a

Period Dates

Number
of Lidar
Cases

Water Vapor
Mixing Ratio (g/kg) Cloud Cover (%) ABL Clouds FT Clouds

ABL FT
Sky

Fraction Occurrences
Occurrences

(%)
Altitude
(km)

Occurrences
(%)

Altitude
(km)

Dust transport (IOP 1) 25 May/17 Jun 13 3.8 (±1.0) 0.6 (±0.5) 51 (±23) 59 57 4.2 (±0.3) 4 7.1 (±0.6)
Dry convection (IOP 2) 25 Jun/11 Jul 17 3.3 (±0.4) 0.1 (±0.1) 25 (±14) 20 20 4.4 (±0.3) 0 –
Moisture advection (IOP 3) 7 Sep/21 Sep 16 6.3 (±1.3) 0.6 (±0.5) 58 (±17) 61 59 3.9 (±0.6) 5 8.6 (±0.8)
Shallow convection (IOP 4) 5 Nov/23 Nov 20 3.6 (±0.9) 0.3 (±0.3) 35 (±26) 26 11 2.3 (±0.3) 16 7.1 (±1.8)

aMean values and standard deviations related to atmospheric variability (between brackets) for each intensive operating period (IOP) are given.
Occurrences (in %) were calculated using lidar measurements during IOPs. Water vapor mixing ratio values in the ABL and FT were estimated using
radiosounding data after cloud screening, averaged between 0 and 1 km AGL as well as between 7 and 8 km AGL, respectively. Cloud altitudes correspond
to the cloud base height AGL. Cloud cover is expressed with respect to the portion of the sky covered by clouds (as observed by an ONM ground observer)
and the occurrence of clouds (as determined by lidar in the vertical).
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[23] Clouds were a frequent feature in Tamanrasset
throughout the year (the annual mean cloud cover in 2006
is 42 ± 30%, see Figure 5b). In the winter, the cloud cover
was influenced by the STWJ with occasional midlevel and
cirrus clouds around 8.5 km AGL (see Table 2), being
representative of continental Saharan conditions [Dubief,
1959, 1963]. At the beginning of summer (IOP 1), clouds
covered 51% of the sky on average and were present 59% of
the time (see Table 2). At the end of June (IOP 2),
atmospheric conditions changed radically to a much clearer
atmosphere (on average 25% of cloud cover and 20% of the
time), because of enhanced large-scale subsidence (see the
increase in pressure in Figure 3a).
[24] In 2006, the total amount of precipitation at

Tamanrasset was 59 mm (in 23 days, see Figure 5c). This
is slightly above the mean values of 50 mm (in 14.5 days)
observed in the period 1930–1960 [Dubief, 1963] and 48
mm in 1970–2006 (according to ONM (M. Mimouni,
unpublished data, 2007)). Ten out of the 16 rain episodes
which were observed from July to September were associated
with southerly advection of moist monsoon air (the mean
wind direction from 1.5 to 3 km AGL is from 172� ± 82�).

5. Seasonal Evolution of the SABL Over
Tamanrasset in 2006

[25] As in other regions of the world, the SABL exhibits a
marked diurnal cycle. In this region, it is particularly strong
[Parker et al., 2005a]. One of the main factors affecting the
SABL diurnal cycle is the atmospheric radiative budget.
The textbook description of the different layers composing a
continental planetary boundary layer (PBL) given by Stull
[1988] holds for the SABL. A convective boundary layer

(CBL) develops during the daytime thanks mainly to the
insolation. During the night, the radiative cooling at surface
leads to the development of a nocturnal surface layer and
the formation of a neutral residual layer (RL) above the
stratified nocturnal surface layer.
[26] The seasonal evolution of the aerosol content, which

affects the radiative budget, is first described in this section
(section 5.1). The impact on the surface energy balance and
the consequences on the SABL CBL development are
analyzed in sections 5.2 and 5.3, respectively. Additional
factors affecting the CBL growth (i.e., subsidence, moist
advection, SHL position) are discussed as well.

5.1. Saharan Dust in the SABL

[27] Figure 6 presents the evolution in 2006 of the total
column aerosol optical depth AOD (Figure 6a) and the
volume concentration Vof coarse (0.8 mm < r < 10 mm) and
fine (0.15 mm < r < 0.8 mm) dust particles at the surface
(Figure 6b). A brief description of the prevailing conditions
and origin of each dust episode is given in the auxiliary
material. Meteorological conditions and dust plume origins
were analyzed using SEVIRI infrared imagery and ECMWF
analyses. As indicated by the peaks in the AOD time series
(marked by gray arrows in Figure 6a), 14 dust episodes
occurred in Tamanrasset between March and December,
lasting 3 to 14 days and 4.6 days on average (with AOD a
factor 2 higher than the background value, which is eval-
uated as the minimum over 20 days). In 3 occasions, the
AOD peaks were produced by the arrival of 2 successive
dust plumes to Tamanrasset (a total of 17 dust plumes were
observed). In between the peaks of 1 to 2, the AOD
remained relatively low resulting in an annual mean of
0.34 at 500 nm. Given the soil characteristics in the

Figure 6. (a) Aerosol optical depth at 500 nm and 1020 nm over Tamanrasset in 2006 as obtained from
Sun photometer measurements. The data were processed in the framework of the AERONET program.
Cloud screened level 1.5 products are used [Holben et al., 1998]. (b) Particle volume concentration at the
surface (for particles in the range of radii 0.15 mm < r < 0.8 mm and 0.8 mm < r < 10 mm). Particle volume
concentration is estimated by integrating the number size distributions measured by the optical particle
counter, considering spherical particles for number to volume conversion.
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Tamanrasset area (i.e., rocky/gravel and clay-like desert
soil), the major dust events were not likely to be produced
locally [D’Almeida and Schültz, 1983; D’Almeida, 1986;
Marticorena and Bergametti, 1995]. Moreover, observa-
tions in 2006 did not show any major dust event in
Tamanrasset that originated from the closest ‘‘source region’’
identified in literature (i.e., about 150 km southwest of
Tamanrasset, see [D’Almeida, 1986; Caquineau et al., 2002;
Prospero et al., 2002]). Three mechanisms were identified
to be responsible for lifting the dust observed in Tamanras-
set after transport: (1) turbulence at the leading edge of cold
pools associated with Mesoscale Convective Systems
(MCSs) [e.g., Flamant et al., 2007] when the ITD is in
the vicinity of the Ahaggar (eight such events were ob-
served from May to September); (2) turbulence in the
growing CBL mixing momentum of nocturnal low-level
jets downward over source regions, such as the Bodélé
depression, described by Todd et al. [2008] (six such events
were observed throughout the year); and (3) interactions of
the STWJ with the Atlas Mountains during the winter
months (three episodes before April and after October),
leading to the downslope winds propitious to the lifting of
dust along the Sahara side of the Atlas Mountain chain in
southern Morocco and Algeria.
[28] Throughout 2006, aerosol content and properties

exhibits a marked seasonal evolution (see Table 3). During
the so-called ‘‘dust transport’’ period (in which IOP 1 is
embedded), northward propagating cold pools (associated
with MCS traveling over Sahel) and low-level jets over
source regions generated a succession of dust episodes.
Among all IOPs, this period presented the highest dust
concentration at the surface and within the SABL (as
indicated by the scattering ratio R at 1 km AGL) as well
as the greatest AOD. After the ‘‘dry onset’’ (the so-called
‘‘dry convection’’ period, in which IOP 2 was embedded), a
much clearer atmosphere (AOD and V dropped by a factor
2 or more) was observed. In the ‘‘moisture advection’’
period (in which IOP 3 was embedded), northward humidity
transport by the WAM modified the aerosol properties over
Tamanrasset, leading to higher AODs, with lower number
and volume surface concentrations. In the winter ‘‘shallow
convection’’ period (in which IOP 4 was embedded), dust
concentration decreased, leading to AOD values as low as
�0.04 (at 500 nm) by the end of November.
[29] The aerosol size distributions observed at the surface

in Tamanrasset exhibited both a submicron and a coarse
mode of dust particles throughout the year. Interestingly,
during dust episodes, the partition between the two mode
remained roughly the same (with a variability less than
10 to 15%, see Figure 6b), regardless of the season (see
Table 3). The Ångström coefficient å (which expresses the
AOD spectral dependence [Ångström, 1964]) was positive
and relatively low (see Table 3), indicating a small but non
negligible contribution of fine particles to the total AOD.
Moreover, high (low) AOD periods were characterized by
lower (higher) å, indicating a relationship between the
occurrence of dust events and the dust optical properties.
[30] Furthermore, a significant correlation exists between

the surface aerosol concentrations V and the total column
AOD. The correlation coefficient between the AOD and the
concentration for aerosol with radii in the range 0.15 mm <
r < 10 mm (0.15 mm < r < 0.8 mm) is 0.73 (0.83). TheseT
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correlations suggest vertical mixing through the SABL and
coupling with the surface during daytime. After being lifted
from the ground in source regions, dust plumes over the
Sahara are essentially transported within the SABL. On the
contrary, when Saharan dust layers are transported beyond
the Sahara, they typically rise over the cooler and moister
air encountered near the surface and form an elevated layer
decoupled from the surface, referred to as the Saharan
Aerosol Layer or Saharan Air Layer in literature [e.g.,
Karyampudi and Carlson, 1988]. This occurs over the
Atlantic Ocean, particularly in the summer season [e.g., Reid
et al., 2002; Tanré et al., 2003], the sub-Saharan regions
during the mature monsoon period [e.g., Parker et al., 2005b]
and the Mediterranean [e.g., Papayannis et al., 2004].

5.2. Surface Energy Balance

[31] The annual evolution of the surface energy fluxes in
Tamanrasset and the interactions with dust content and
cloud cover were investigated (see Table 4). Sensible heat
flux and downwelling visible and infrared fluxes were
observed directly. Upwelling visible and infrared compo-
nents were estimated using MODIS retrievals of the surface
albedo and emissivity (see section 2.3). The coherence of
the measurements was checked through a verification of the
surface energy fluxes closure, using measured (i.e., downw-
elling radiative and sensible heat fluxes) and calculated
(i.e., upwelling radiative) fluxes. The difference between
the total fluxes for the four IOPs was less than 2% (within
the daily variability of the fluxes), independently of the
differences in the meteorological conditions (i.e., dust
content, cloud cover, humidity). The discrepancy was
higher (4%) for the period after the WAM onset, probably
caused by an increase in the latent heat flux (not available)
after rainfall episodes.
[32] During both the ‘‘dust transport’’ and ‘‘after WAM

onset’’ periods, atmospheric radiative forcing due to aero-
sols and clouds induced a 50–50 partition between direct
and diffuse visible fluxes. A significant absorption of global
insolation (36% and 38%, respectively) was also observed,
a larger proportion than during the ‘‘dry convection’’ period
(24%). During dust events, aerosols absorbed typically 5%
to 20% of solar radiation. This is estimated for single
particle-light interaction as �exp ((w0 �1) AOD) at
500 nm, w0 being the single scattering albedo retrieved
with the Sun photometer almucantar algorithm for spheroid
particles, according to Dubovik and King [2000] and
Dubovik et al. [2002]. In the winter (‘‘shallow convection’’
period), clear sky conditions with very low aerosol loads
and cloud covers resulted in an elevated surface insolation,
relatively close to the solar radiation at the top of the
atmosphere (TOA). During this season, aerosols only
absorbed �0.5% of the solar radiation. The seasonal evo-
lution of aerosol content and cloud cover reduced the
differences between winter and summer surface insolations,
i.e., the minimum (maximum) of atmospheric transmission
occurred in the summer (winter), when TOA solar radiation
is maximum (minimum). Maximum surface insolation
occurred in April, as the TOA insolation was relatively
high while aerosol load, humidity and cloud cover remained
relatively low.
[33] Downwelling infrared or terrestrial flux displayed a

maximum during the wet season (end of July, August and
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September), in conjunction with an increase in cloud cover
and moisture at lower levels. The mean seasonal variability
was �23% for the telluric flux, whereas it was �60% for
the solar flux. Furthermore, the greatest seasonal relative
variability (>100%) was exhibited by the turbulent sensible
heat flux, between the maximum and minimum of surface
insolation in the ‘‘dry convection’’ and ‘‘shallow convec-
tion’’ periods. Moreover, the sensible heat flux in the ‘‘after
WAM onset’’ period was significantly affected by a reduc-
tion in the mean surface-air temperature gradient, with
similar surface insolation but lower sensible heat flux than
in the ‘‘dust transport’’ period (see Table 5).

5.3. Convective Development of the SABL

[34] Figure 7 shows the evolution in 2006 of the CBL
height hCBL estimated from the 1200 UTC and 1800 UTC
radiosoundings and daily maximum sensible heat flux
HS
MAX. Table 5 presents numerical values of these and other

complementary variables (i.e., SABL height, large-scale
subsidence, surface-air temperature difference) for the four
IOPs and the ‘‘after WAM onset’’ period. In 2006, the CBL
evolved from a 1.5 to 2 km shallow layer in winter to a 5 to
6 km deep layer in the summer season. The seasonal
evolution of hCBL was influenced both by the surface energy
balance and the prevailing meteorological conditions (e.g.,
subsidence, cool/moist or hot/dry air advection). The pro-
nounced subsidence in the ‘‘dry convection’’ period delayed
the CBL development in the morning (see the difference in
hCBL between 1200 UTC and 1800 UTC from 15 June to 10
July). In turn, subsidence-induced clear sky conditions
resulted in stronger solar insolation and enhanced the
CBL development in the late afternoon (see hCBL at
1800 UTC from 20 June to 10 July). By the end of this
period, the fully developed CBL were the deepest observed
for the year 2006. Moreover, these fully developed CBLs
systematically reached the altitude at which most elevated
dust layers (aerosol layers in Table 3) were observed earlier
in the morning. As a result, the dust layers located in the RL
were systematically mixed into the developing CBL. Hence,
a single, deep dust layer was observed within the SABL by
the end of the day (e.g., 11 June in section 6.1); in conjunction
with the fact that dust plumes were mostly transported within
the SABL (see section 5.1). These deep, well mixed dust
layers have previously been observed over the Atlantic ocean
[e.g., Reid et al., 2002; Tanré et al., 2003].
[35] The diurnal evolution of HS

MAX (Figure 7b) exhibits a
large variability on a daily basis, sometimes up to 100% on
consecutive days. The ratio between the annual maximum
and annual minimum values of the 10-day averaged
hHS

MAXi is �2.5 (Figure 7b), whereas it is only �1.5 for
visible fluxes. Moreover, sudden changes (up to 50%) in
hHS

MAXi are observed during the WAM onset phase period
(June and July). The sensible heat flux hHS

MAXi in Tam-
anrasset increases by 59 W m�2 between 15 June and 5 July
and then decreased by 115 W m�2 (�40%) between 15 and
27 June. This reduction in hHS

MAXi coincides with a drop in
surface pressure (see Figure 3a) that marked the influence of
the SHL in Tamanrasset (see section 4). This concomitance
was also pointed out by Ramel et al. [2006]. They identified
a marked reduction of hHS

MAXi over southern Sahara
(15�W–0�E, 20–25�N) as a triggering factor for the north-
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ward displacement of the SHL/WAM system (i.e., the
monsoon onset).
[36] An additional factor affecting the SABL develop-

ment in the summer was the location and strength of the
SHL. As the SHL influence in Tamanrasset was strongest
(i.e., �4 hPa in surface pressure) from 1 to 15 August (see
Figure 3a), the vertical extent of the SABL increased in
average by �500 m (see hCBL at 1800 UTC). Then, hCBL
reached a second relative annual maximum, while the daily
maximum surface temperature remained almost constant
(see Figure 3b). Once the SHL influence disappeared
(around 15 September), the SABL depth decreased by
�1 km, although similar hHS

MAXi values were observed
both on 15 August and 15 September. This enhancement of
the depth of the SABL in the presence of the SHL is
consistent with the fact that strong vertical motion is
generally observed within the SHL region as the result of
low-level convergence.

6. Vertical Structure and Diurnal Cycle of the
SABL

[37] In Tamanrasset, the vertical structure and the diurnal
cycle of the SABL were monitored during the four IOPs
described in section 3. SABL observations were primarily
based on a synergy between ground-based and spaceborne
lidar, balloon-borne (radiosonde) profiling and additional
ancillary data. In sections 6.1 to 6.4, one case study
representative of each of the four IOPs is presented.

6.1. Saharan Dust Transport and Dry Convection

[38] During the first IOP (25 May to 17 June), atmo-
spheric conditions were characterized by high aerosol
concentrations in a deep SABL (see Table 5). Occasional
episodes of Saharan dust occurred as the result of transport

of dust plumes originating from major source regions (as on
11 June).
[39] Figure 8 presents MiniLidar derived time series of

total attenuated backscatter coefficient profiles (at 532 nm)
on 11 June. Lidar profiles time series enable the identifica-
tion of cloud layers (strong return signal and temporal
variability of the order of �1 min), aerosol layers (strong
return signal, generally weaker than that associated with
clouds, and a temporal variability of the order of �10 min)
and clear-air regions (no scatterers other than molecules,
where the lidar signal decreases smoothly as a function of
increasing altitude). Lidar time series were calibrated in a
‘‘particle-free’’ region (blue arrow on the left of Figure 8a)
using molecular backscatter coefficient bm (in sr�1 m�1),
calculated using the following equation [Measures, 1984]

bm zð Þ ffi 1:38
550

l

� �4:09
p zð Þ288
1013T zð Þ

� �
:10�6 ð1Þ

where z is the altitude (in km), l is the wavelength of
operation of the lidar (in nm), p is pressure (in hPa) and T is
temperature (in K), the latter two variables being derived
from radiosonde measurements at 0600 UTC. The calibra-
tion coefficient obtained for the ‘‘particle-free’’ region is
extrapolated to the rest of the time series. At noon, the
signal-to-noise ratio (SNR) of the lidar profiles was reduced
because of the increase of the spurious signal induced by
solar insolation (the lidar telescope pointing almost in the
direction of the Sun). Noise becomes apparent at altitudes
higher than 7 km AGL and saturation of the detectors
occurs at 1130 UTC (Figure 8a). The lidar was pointing at
3� off the zenith to reduce this effect. The total backscatter
profiles b(z) of Figures 8c and 8d (and Figures 10–12) are
derived using a standard backscatter lidar inversion
technique [Fernald et al., 1972; Fernald, 1984] with a

Figure 7. (a) Convective boundary layer height hCBL determined from the 1200 and 1800 UTC
soundings in Tamanrasset. (b) Daily maximum value of the turbulent sensible heat flux HS

MAX (averaged
between 1100 UTC and 1300 UTC). Daily values are indicated by dots while low-pass filtered data
(10-day sliding window) are given by solid gray lines.
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constant particle backscatter-to-extinction ratio of 0.016 sr�1,
representative of dust particles [Kaufman et al., 2003].
[40] In the early morning of 11 June (0600 UTC), the

layer of enhanced reflectivity between the surface and 1.2 km
AGL corresponds to the stratified SBL (formed during
the night). The horizontal visibility associated with this
layer was on the order of 15 km (from ONM observer).
Above this layer and up to 4.1 km AGL, a nearly neutrally
stratified RL from the previous day is observed. A temper-
ature inversion located at 4.1 km AGL (as seen in the
sounding data) as well as enhanced reflectivity revealing the
presence of thin clouds (as seen in the lidar data), marked

the top of the RL. The enhanced reflectivity observed in the
RL between 2.6 and 3 km AGL was related to a dust
transport episode from a remote location. This layer could
be tracked in the lidar data until approximately 1230 UTC.
The CBL was observed to develop from 0700 UTC. Within
the CBL, thermals could be observed. As the CBL contin-
ued to grow, they eventually reached an altitude of 2.1 km
AGL at 1100 UTC. At this stage, the particle layer within
the RL was eroded by the growing CBL. The CBL was fully
developed at 1500 UTC, extending up to 4.2 km AGL, its
depth remaining constant until the evening hours. Thin

Figure 8. (a) MiniLidar derived total attenuated backscatter coefficient profiles at 532 nm on 11 June
2006. Altitudes are AGL (left axis) and MSL (right axis) and time is UTC (local time = UTC + 1 h). Lidar
profiles were calibrated in a particle-free region of the troposphere (indicated by the blue arrow). The
potential temperature profiles from radiosoundings made at 0600 UTC, 1200 UTC, and 1800 UTC are
superimposed (white solid lines). Each potential temperature profile is plotted between 300 K and 340 K.
(b) Surface aerosol scattering coefficient at 700 nm. Individual MiniLidar profiles (30 min averages) at
(c) 0600 UTC, (d) 1200 UTC, and (e) 1800 UTC, respectively. The dashed gray lines, the solid black
lines, and the thin dashed lines are the attenuated backscatter profiles bT2(z), the total backscatter profiles
b(z), and the molecular backscatter profiles bm(z), respectively. The attenuated profiles where
extrapolated from 150 m AGL down to the surface (in the range of incomplete overlap between the
emitter divergence and detection field of view).
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D00C07 CUESTA ET AL.: SAHARAN BOUNDARY LAYER OBSERVATIONS

15 of 22

D00C07



clouds at the top of the SABL were also observed by lidar
during that period.
[41] During the morning, the scattering coefficient mea-

sured at the surface, which is proportional to the concen-
tration and the scattering cross section of dust particles,
remained nearly constant until 1030 UTC (Figure 8b).
During that period, the b profile (Figure 8c) exhibited a
well defined elevated dust layer, above a less dense layer
reaching the surface. Clouds were present at the top of the
RL (sharp backscatter peak at 4.1 km AGL).
[42] Shortly after 1030 UTC the scattering coefficient

increased until 1230 UTC (Figure 8b). At 1300 UTC, it
reached values a factor of 2.3 higher than in the morning
while the CBL top reached an altitude of 3.1 km AGL. The
entrainment processes at the top of the CBL is responsible
for the downward mixing of the dust layer at 2.6 km AGL
into the growing CBL. This lead to a reduction of the
horizontal visibility at the surface (from 15 to 4 km) and an
enhancement of the lidar reflectivity in the CBL (Figure 8a).
The b profile at 1200 UTC (Figure 8d) exhibited a thin layer
at the RL top (thinner than at 0600 UTC) as well as a layer
of enhanced reflectivity between 3 and 4 km AGL. The
elevated layer corresponded to the top part of the transported
dust layer, the lower part of the layer (as seen at 0600 UTC,
Figure 8c) having been mixed into the CBL. This layer was
no longer observed at 1800 UTC (see Figure 8e, note a thin
cloud layer at the SABL top).
[43] The total backscatter profiles acquired in the after-

noon (see Figures 8d and 8e) showed that dust particles
were nonuniformly distributed in the vertical in the CBL,
with higher backscatter values near the surface. Note that
the full lidar overlap is reached at 150 m AGL. Most of the
observations made with the ground-based system during the
different IOPs, but also retrieved from the CALIPSO lidar
in the vicinity of Tamanrasset, consistently showed such a
nonuniform vertical distribution, decreasing with altitude.
This behavior was verified for backscatter profiles derived
for a variety of particle backscatter-to-extinction ratios
(0.016 sr�1 ±50%) and considering multiple scattering
effects [Ackermann et al., 1999], and is considered to be a
robust feature. These observations are also supported by the
theoretical work of Xiao and Taylor [2002]. Considering an
equilibrium state between vertical turbulent diffusion and
gravitation settling, they suggest that the number concen-
tration of suspended particles above a surface decreases
with increasing height, according to a power law. The

number concentration that decreases with height is greater
for larger particle settling velocities, and is particularly
important for coarse particles (i.e., r > 6 mm).
[44] The origin and transport patterns of the dust plumes

that reached Tamanrasset on 11 June were investigated for
the 8 to 11 June period by means of SEVIRI infrared images
(Figures 9a–9d), wind fields from ECMWF analysis and
CALIPSO vertical attenuated backscatter coefficient pro-
files (Figures 9e and 9f). On 8 June, a MCS (appearing in
orange in Figure 9a) developed southeast of Tamanrasset
and traveled toward the Ahaggar. A dust front progressed
northwestward ahead of the MCS (dust appears in magenta
in Figure 9a, the leading edge of the dust front is marked by
the dashed line). The dust was lifted at the leading edge of
the cold pool generated by the MCS, as frequently observed
in this region [e.g., Knippertz et al., 2007; Flamant et al.,
2007]. The following days, the dust plume progressed in
two directions (westward and northwestward). On 8 June, a
dust plume was also observed to the northwest of Bodélé
depression (Figure 9a) known to be a major dust source
[Prospero et al., 2002; Washington et al., 2006]. The
following days, the second dust layer was transported
westward and to the north of the ITD (dashed and solid
lines in Figures 9b and 9c) and arrived in Tamanrasset on
11 June (Figure 9d).
[45] The vertical distribution of the dust plume was

documented by the CALIOP lidar close to Tamanrasset
on 9 June (Figure 9e) and southeast of Tamanrasset on 11
June (Figure 9f). On 9 June, dust was observed in the
SABL between 14�N and 31�N. The dust to the north of
Tamanrasset corresponded to that lifted at the leading edge
of the cold pool on 8 June. South of Tamanrasset, the dust
was originating from the Bodélé depression region and was
transported to the north of the ITD. CALIOP data also
suggest that the dust was mixed throughout the depth of the
SABL. On 11 June, the dust plume from Bodélé was
confined below an altitude of 3.5 km MSL and was
observed between 17.5�N and 22.5�N, although the SABL
extended up to 6 km MSL. Ground based observations
made in Tamanrasset (Figure 8) suggest that the dust plume
lifted up to 4.5 km MSL (3.1 km AGL) once being trans-
ported over the Ahaggar.

6.2. Strong Dry Convection and SABL Deepening

[46] During the second IOP, the aerosol content in the
SABL as well as the cloud cover over Tamanrasset

Figure 9. SEVIRI-derived false color images of the West Africa on (a) 8 June at 2200 UTC, (b) 9 June at 2000 UTC,
(c) 10 June at 1800 UTC, and (d) 11 June at 0200 UTC. Aerosols, clouds, and land surface are identified by the purple,
orange, and green colors, respectively. The open circle and the square indicate Tamanrasset and Bodélé depression (18�N
17�E) in Chad, respectively. The white dotted lines indicate the position of dust fronts associated with the leading edges of
cold pools. The thick white lines indicate the position of the dust fronts associated with plumes from the Bodélé depression.
The black solid lines in Figures 9b and 9d indicate the CALIPSO track on 9 and 11 June. The pink dashed (solid) lines in
Figures 9b and 9c indicate the position of the ITD at 0600 UTC (1800 UTC) as derived from ECMWF analyses. CALIOP
measurements at 532 nm along the tracks shown in Figures 9b and 9d for (e) 9 June (1309 UTC) and (f) 11 June
(1252 UTC). CALIPSO passed 15 km to the west (325 km to the east) of Tamanrasset on 9 June (11 June). The CALIOP
lidar data were processed with a 60-m resolution on the vertical and a 12-km resolution on the horizontal. CALIOP
backscatter profiles have been normalized at 25 km of altitude by NASA Langley Atmospheric Science Data Center (http://
eosweb.larc.nasa.gov). The outline of the topography appears in dark red. ECMWF analyses derived wind fields projected
onto the satellite trajectory are superimposed to the CALIOP measurements. A scale factor of 50 was used between the
vertical and horizontal wind components.
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decreased significantly (see Table 3). These conditions lead
to the formation of deeper SABLs with respect to IOP 1, as
illustrated by the case of 25 June (Figure 10). In the early
morning, a deep and slightly stratified (�0.5 K/km) RL was
observed up to 5 km AGL. Convective plumes near the
surface first appeared around 0800 UTC leading to rapidly
growing CBL, deepening at a rate of �1 km/h, until its top
reached 5.6 km AGL at 1300 UTC (as indicated by the
cloud base in the lidar data). As already observed during
IOP 1, lidar-derived backscatter profiles in the SABL were
sloping with height (Figures 10c–10e).
[47] After 1430 UTC, a solid cloud deck formed at the

top of the SABL. The cloudy layer was embedded in the
CBL. It deepened in the late afternoon and reached an
altitude of 7.4 km MSL (the cloud top is indicated by the
relative humidity profile at 1800 UTC and CALIOP transect
at 1304 UTC, Figure 10g). These clouds did not have the
signature of fair weather cumuli in the lidar data (generally
characterized by a flat base). The ragged lidar signature
associated with the cloud deck is thought to be caused by
the alternation of updrafts in the SABL and downdrafts
associated with virga (this was corroborated by data from
the wide-angle camera). These downdrafts were likely
induced by radiative cooling at the cloud top.
[48] Dusty updrafts were also observed in some instan-

ces in the lidar data in the form of enhanced reflectivity
columns within the developing CBL (see Figure 10a
between 1200 and 1300 UTC for example). These features
were connected to the surface as evidenced by the
occurrence of maxima of surface scattering coefficient
(Figure 10b). Furthermore, the friction velocity u* was
enhanced up to 60–80 cm/s when such updrafts occurred
(Figure 10c). According to Shao [2000], particles with
radius r greater than �2 mm are likely lifted up beyond
this threshold and are sufficiently light for remaining in
suspension. Nearly 30% (in volume) of the aerosols
sampled with the optical particle counter were greater
than this size, thereby explaining the occurrence of such
dusty thermals.
[49] The CALIOP data (at 1304 UTC) evidenced that

the depth of the PBL over West Africa was increasing
with latitude, from 4.5 km at the Guinean coast to 7 km in
the vicinity of the Atlas Mountain (Figure 10g). Clouds
were observed to form at the top of the SABL above the
Ahaggar and the Atlas. The SABL top altitude derived
from CALIOP data closest to Tamanrasset (distant from
15 km), matched its MiniLidar derived counterpart within
±60 m.

6.3. Moisture Advection

[50] The humid season in Tamanrasset was fully installed
during the month of September (see Figure 5). The forma-
tion of clouds at the top of a well developed SABL was a
recurrent feature (see Table 2). These clouds occasionally
produced precipitation but this precipitation rarely reached
the ground (i.e., virga), as on 18 and 19 September
(Figure 11a). On these days, a stratocumulus cloud deck
was observed from 1200 UTC on 18 September to
1800 UTC on 19 September, between 3.6 and 5.9 km
AGL (i.e., between two temperature inversions, see
Figure 11a). On 18 September, the condensation level was
observed to be roughly 1.3 km lower than on 25 June (see

Figure 10a), which limited the CBL growth. This was
related to the monsoon-related moisture advection leading
to an increase in the water vapor ratio in the SABL by a
factor of 2 (see Table 2), while temperatures in the SABL
where quite similar to those observed during IOP 2. Cloud
structures were characterized by a well defined base during
the evening and wet downdrafts during the daytime
(between 1100 and 1800 UTC on 18 September and
between 0700 and 1500 UTC on 19 September). Cloud
downdrafts indicated the destabilization of the cloud base in
the presence of convective activity within the CBL (also
suggested by rapid oscillations in the lidar signal near the
surface). The occurrence of opaque clouds in backscatter
lidar profiles produced very strong returns (50 times stron-
ger than aerosols in the SABL) and lead to a complete
extinction of the lidar signal above the cloud tops (see
Figures 11c and 11d). Clouds dissipated in the evening
(around 1800 UTC) of 19 September and formed again the
following day.
[51] According to the CALIOP data (Figure 11e), the

regional structure of the SABL was less homogenous than
during the summer (see Figure 10g). It was much more
shallow (<2 km deep) in the northern Sahara (north of
28�N). The cloudy situation observed in Tamanrasset cov-
ered most of the Ahaggar plateau. South of the Sahara, an
anvil-shaped cloud around 10�Nmarked the ITCZ. At 16 km
MSL, the descending branch of the Hadley cell reached
17�N.

6.4. Shallow Convection and Clear Sky Conditions

[52] During the winter season, meteorological conditions
changed drastically. Dry and nearly dust free conditions
(see Tables 2 and 3) prevailed and were maintained over
most of the period from mid-November 2006 to end of
January 2007 (according to ONM observations). Cirrus
clouds in the upper troposphere, large-scale subsidence
and weak dry convection in the SABL also characterized
the winter season. The 21–22 November data presented in
this section (Figure 12) is representative of these condi-
tions. A weak aerosol loading (close to the detection limit
of the MiniLidar) was observed during two consecutive
diurnal cycles of a rather shallow SABL (see Figure 12a).
During the daytime, the CBL top reached a maximum
altitude of 2 km AGL. During the night, the RL top
steadily subsided after sunset at a mean rate of 130 m h–1,
until the RL was as shallow as 700 m on the following
morning. Further evidence of subsidence is given by the
apparent downward movement of the aerosol layer
observed in the free troposphere (seen in Figure 12a, from
1.8 to 2.8 km AGL, on 22 November from 0000 UTC to
1000 UTC). ECMWF analyses derived wind fields over the
Sahara suggest that the descending branch of the Hadley
cell was located at 27�N, thereby affecting the Ahaggar.
Dusty thermals could be identified within the CBL between
0800 UTC and 1700 UTC (see Figures 12a and 12c). The
signature of freshly lifted particles in the lidar data was
particularly strong because of the contrast with a weak
background aerosol concentration. The possible influence
of humidity on particle optical properties was negligible as
relative humidity remained below 30% [Hänel, 1976; Rood
et al., 1987]. Backscatter profiles in Figures 12b–12d
evidence the weak dust concentration in the SABL with
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Figure 10. (a) MiniLidar derived total attenuated backscatter coefficient profiles at 532 nm on 25 June
2006. Lidar profiles were calibrated in a particle-free region of the troposphere (indicated by the blue
arrow). The potential temperature (relative humidity) profiles from radiosoundings made at 0600 UTC,
1200 UTC, and 1800 UTC are superimposed (white solid and dashed lines, respectively). Each potential
temperature (relative humidity) profile is plotted between 300 K and 340 K (0 and 100%). (b) Surface
aerosol scattering coefficient at 700 nm. (c) Friction velocity measured at 10 m from the surface by the
sonic anemometer. Individual MiniLidar profiles (30 min averages) at (d) 0600 UTC, (e) 1200 UTC, and
(f) 1800 UTC. The meaning of the solid and dashed lines is the same as in Figure 8. (g) CALIOP
measurements over West Africa at 1304 UTC on 25 June. See Figure 8 for a description of the CALIOP
resolution as well as the meaning of the arrows.
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respect to previously analyzed cases. In the upper tropo-
sphere, cirrus clouds were observed in the afternoon of 21
November between 8 and 13 km (see Figures 12a and 12c),
below a tropopause located around 16 km MSL.
[53] As shown by CALIOP data over the Sahara

(Figure 12e), nearly dust free conditions were observed
over the Ahaggar region (from 18�N to 26�N the particle
backscatter coefficient at 2 km MSL, obtained after inver-
sion, was a factor �5 lower than on 25 June). The aerosol
load was small over the Sahel and the Sahara. This was
corroborated by the OMI aerosol index data, which
exhibited small values (<1) over the whole Sahara (north
of 18�N). Over sub-Sahelian region (from 5�N to 13�N), a
dense dust layer was observed from the surface up to 2 km
MSL (see Figure 12e). OMI aerosol index values associated

with this dust layer were in excess of 3. The dust plume
originated from the Bodélé depression, which remained
active in the winter season.

7. Conclusions and Future Work

[54] Various mechanisms which directly affected the
seasonal evolution of the SABL characteristics over
Tamanrasset have been observed. The diurnal SABL devel-
opment exhibited a large seasonal variation which was
partly controlled by the seasonal evolution of several key
features such as the dust load, monsoon-related moisture
advections, large-scale subsidence and the proximity of the
SHL. Moreover, the main observed meteorological forcing
which caused dust events in Tamanrasset (i.e., cold pools

Figure 11. (a–e) Same as Figure 10 except for 18 and 19 September 2006 and only for the TReSS and
CALIOP data. The CALIOP data shown are for 19 September at 0137 UTC.
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generated by MCSs, low-level jets in source regions and
topographic flows), the nonuniform distribution of dust
within the CBL and the occurrence of dust updrafts and
cloud downdrafts which intensified vertical recirculation
within the SABL, were depicted. The analysis of the energy
balance during the WAM onset phase period indicated an
increase of the SABL growth and sensible heat flux around
the so-called ‘‘dry onset,’’ followed by a sustained and
significant decrease, as the actual WAM onset occurred.
[55] Further work is planned to study the influence of

the SABL evolution, and the well documented prevailing
conditions in Tamanrasset, on the SHL structure and inten-
sity. The data acquired in Tamanrasset will also enable a
quantification of the radiative impact of aerosols on the

energy budget through closure studies. Moreover, the rela-
tionship between the convective development of the SABL,
in terms of the CBL depth and the entrainment zone
thickness, is meant to be related to the variability of the
sensible heat flux and the occurrence of dust events,
particularly during the WAM onset period.
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Figure 12. (a–e) Same as Figure 11 except for 21 and 22 November 2006. The CALIOP data shown
are for 22 November at 0137 UTC.
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