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bInstitute for Climate and Atmospheric Science, School of Earth and Environment, University of Leeds, Leeds, United Kingdom
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fLaboratoire de Météorologie Dynamique/Institut Pierre et Simon Laplace, CNRS-INSU/ENS/EP/UPM, UMR 8539 – Ecole Polytechnique,

Palaiseau, France

ABSTRACT: This paper presents the results of co-ordinated research flights over the Saharan heat-low, conducted during
July 2006 as part of the African Monsoon Multidisciplinary Analysis (AMMA) Special Observing Periods. The flights
consisted of a morning transect on 14 July 2006 with the Falcon F20 aircraft of the Deutsches Zentrum für Luft- und
Raumfahrt (DLR), using the Doppler lidar WIND to observe the tropospheric winds, followed by an afternoon flight on 17
July with the BAe146 aircraft of the Facility for Airborne Atmospheric Measurements (FAAM) releasing a curtain of 16
dropsondes. Measurements from radiosondes at the Algerian stations of Tamanrasset and In Salah, as well as the CALIPSO
spaceborne lidar, are analysed also. It is shown that the daytime Saharan atmospheric boundary layer exhibits a remarkable
split structure, with a well-mixed convective layer lying beneath a residual layer whose dynamics appear to be more nearly
laminar. Observations from Saharan radiosonde stations confirm that the Saharan residual boundary layer is, on some days,
a persistent rather than a transient feature, and that on occasion the residual layer can last right through the day.

The broad features of the Saharan heat-low thermodynamics and winds are successfully captured by the ECMWF
operational analyses and the discrepancies are quantified here. The lidar winds of 14 July confirm that the analysis
represents the main airflows accurately, apart from the zone to the southeast of a mid-level trough, for which the southerly
component of winds was underestimated by some 8 m s−1. On 17 July, the strengths of both the southwesterly monsoon and
the northeasterly Harmattan winds were slightly underestimated also. The region of maximum boundary-layer temperature
over the desert was around 1 degree too far north, and too broad in the analysis, while the equivalent potential temperature
in the Saharan convective boundary layer was around 2 K lower than observed. The near-saturated layer observed at the
top of the Saharan atmospheric boundary layer was underestimated also in the analysis, in horizontal extent and altitude.
The intertropical front of 17 July was coincident with strong surface contrasts in vegetation and fluxes. On each study
day the intertropical front in the analyses was around 1 degree further north than observed. Copyright c© 2009 Royal
Meteorological Society
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1. Introduction

The Sahara is the world’s largest desert and has a strong
influence on the regional climate of North and West
Africa. However, due to the harsh environment, the
atmosphere over the Sahara is one of the most poorly
observed regions on Earth.

Interest in the atmosphere over the Sahara has been
stimulated by recognition of its role in controlling the
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climate of the highly populated Sahelian zone of West
Africa. Walker and Rowntree (1977) and Charney (1975)
showed that the Saharan conditions may have a strong
control on the West African monsoon. The onset phase of
the West African monsoon, associated with the northward
seasonal displacement of the intertropical convergence
zone (ITCZ) around late June (Sultan and Janicot, 2000,
2003), is essential for the populations of the Sahel
because it determines the beginning of the rainy season.
A number of studies (e.g. Sultan and Janicot, 2003;
Drobinski et al., 2005a) have attempted to investigate
the mechanisms controlling the monsoon onset: the
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development of the Saharan heat-low is regarded to be
one essential component in this event. Ramel et al. (2006)
have proposed that the meridional distribution of albedo
over the Sahara desert controls the thermodynamics of
the Saharan heat-low intensification around the time of
onset. Saharan heat-low dynamics may play a part also in
the intraseasonal variability of the West African monsoon
circulation (Parker et al., 2005a).

Some understanding of the Saharan heat-low system
has been obtained from heat-low studies in other parts of
the world (e.g. Hoinka and Castro, 2003; Hoinka et al.,
2007). Studies of the Australian deserts have shown that
a continental-scale heat-low system is dominated by its
diurnal cycle (May, 1995; Rácz and Smith, 1999). The
heat-low is closely linked to continental thermal heat-
ing during the day, through divergence of mass from the
atmospheric column causing a surface pressure minimum
by hydrostatic balance; the minimum pressure occurs in
the afternoon, with weak winds due to turbulent mix-
ing in the CBL (Convective Boundary Layer). In the late
afternoon the sensible heat flux decreases, leading to a
significant fall in the boundary-layer turbulent mixing.
The reduction in turbulent mixing allows the circulation
to respond to the heat-low pressure gradient force; the
winds then accelerate during the night. The behaviour of
the low-level winds follows the typical evolution of a noc-
turnal jet (see Parker et al. (2005b) for discussion) with
the Coriolis force causing a clockwise rotation of the wind
vector overnight, and a maximum in the winds at around
0600 UTC (Lothon et al., 2008; Abdou et al., 2009). Stud-
ies over the Sahel (e.g. Dolman et al., 1997; Parker et al.,
2005b) confirm this basic daily sequence, with meridional
advection dominating at night and convective turbulent
processes controlling the dynamics by day. Above a heat-
low, around and above the levels of significant diurnally-
varying boundary-layer heating, an anticyclone develops
(Rácz and Smith, 1999). Spengler and Smith (2008) have
shown that the anticyclone has a weaker diurnal cycle
than the low-level heat-low vortex, and, at least in ideal-
ized model simulations, is close to gradient wind balance.

The lack of measurements over West Africa, and par-
ticularly over the Sahara, is a long-standing problem for
the assessment of model-derived results and for the con-
ceptual models constructed from them. Models are known
to have significant errors over the Sahara and the Sahel,
and in the consequent prediction of the West African
monsoon (Haywood et al., 2005; Tompkins et al., 2005a)
and the rest of the world (Rodwell and Jung, 2008).
The possible reasons for such errors are many, includ-
ing albedo errors, cloud parametrization, unresolved
mesoscale dynamics, and dust aerosol processes.

The stronger night-time winds over the Sahara and its
margins are very likely to be involved in dust and aerosol
extraction (for instance this has been demonstrated for
the Bodélé depression by Washington et al. (2006)
and Knippertz (2008)), while daytime convection and
convective cold pools may lead to dust uplift on large
horizontal scales (Cakmur et al., 2004; Flamant et al.,
2007; Bou Karam et al., 2008; Marsham et al., 2008a,
2008b). Once elevated into the troposphere, the dust fields

are able to influence the radiative budget over the Sahara,
and, through advection, far from Africa.

The African Monsoon Multidisciplinary Analysis
(AMMA) Special Observation Periods (SOPs) took place
in 2006, and successfully collected a high density of mea-
surements over West Africa (Redelsperger et al., 2006;
Lebel et al., 2009). As part of the AMMA SOPs, Cuesta
et al. (2008) have documented the 2006 seasonal vari-
ability of winds, thermodynamics and aerosol loadings
over the Sahara, using measurements performed with a
ground-based facility at Tamanrasset, complemented by
data from satellite overpasses. Tamanrasset lies on the
outskirts of the Saharan heat-low region, and is located
close to mountains – see Figure 1. The present paper com-
plements that of Cuesta et al. (2008) and focuses on the
vertical structure of the Saharan atmospheric boundary
layer in the core region of the Saharan heat-low. The
paper makes use of observations acquired over wider
regions of the Sahara by two airborne cross-sections
through the Saharan heat-low, and satellite measurements,
during 14 and 17 July. To the authors’ knowledge, these
airborne measurements give the first transects of the Saha-
ran heat-low structures and the planetary boundary layer
across the Sahara. A first assessment of the European
Centre for Medium-Range Weather Forecasts (ECMWF)
operational analyses for this region is presented also.

Section 2 deals with the processing of observed
datasets for several instruments, and section 3 describes
the synoptic environment of the West African monsoon
and Saharan heat-low for the flight days of 14 and 17
July 2006. Section 4 gives details of the observed thermo-
dynamics and the vertical structure of the boundary layer.
Section 5 deals with comparison between ECMWF anal-
yses and observations. Finally, section 6 concludes with
a summary and discussion.

2. Datasets and processing

Measurements from two research flights are employed,
each sampling one of the two peak times of the diurnal
cycle (morning and mid-afternoon). An instrumented
transfer flight operated by the Deutsches Zentrum für
Luft- und Raumfahrt (DLR) occurred from 0710 to 0850
UTC on 14 July 2006, between Niamey and Agadir.
Observations of the horizontal wind vector were obtained
from the conical scanning airborne Doppler lidar (LIght
Detection And Ranging) WIND (Wind INfrared Doppler
lidar: Reitebuch et al., 2001, 2003; Drobinski et al.,
2005b), which was installed on the DLR Falcon 20
aircraft. The backscattered signal from the atmosphere
was generally high over the Sahara desert, due to the
high aerosol loading of the atmosphere up to altitudes of
5–6 km, and the signal-to-noise ratio of the observations
was very good throughout the whole altitude range.
Thus a wind profile could be retrieved from line-of-
sight measurements of only one scanner revolution, which
results in a high horizontal density of the profiles. A wind
vector profile with a vertical resolution of 250 m was
obtained every 4 km along the flight track (Figure 1)

Copyright c© 2009 Royal Meteorological Society Q. J. R. Meteorol. Soc. 136(s1): 107–124 (2010)



SAHARAN ATMOSPHERIC BOUNDARY LAYER AT MONSOON ONSET 109

Figure 1. West African topography (m) with radiosonde station locations (squares), flight tracks (solid lines) and satellite CALIPSO ground track
(dashed line).

from 18.95◦N, 02.03◦W (0710 UTC) up to 28.30◦N,
09.20◦W (0850 UTC). The expected error of the retrieved
wind velocity is rather constant with altitude, at about
1 m s−1. No significant systematic error occurs, except
in the lowest range gate, which contains the ground
surface return and is biased towards 0 m s−1, and in
the worst case the first 250 m above the ground are
contaminated. A relative or calibrated backscatter value
was not derived from the WIND measurements, because
the WIND instrument is optimized to measure wind
velocity and not backscatter.

Another instrumented transfer flight, with the
UK Facility for Airborne Atmospheric Measurements
(FAAM) BAe146 aircraft, occurred on the afternoon of 17
July 2006 between Agadir and Bamako (Figure 1) (from
1350 UTC to 1607 UTC). The BAe146 was equipped
with an Airborne Vertical Atmospheric Profiling Sys-
tem (AVAPS) dropsonde system: a curtain of 16 Vaisala
RD93 dropsondes were released between 28◦N, 9.2◦W
(1350 UTC) and 14◦N, 8.1◦W (1607 UTC) – see Table I.
Note that transmission of all dropsonde data to the Global
Telecommunication System was achieved in close to real
time, with the first six sondes being transmitted by 1600
UTC for assimilation into numerical weather-prediction
systems. The quality of the dropsonde data is generally
excellent, although there is some loss of wind data at low
levels (roughly from 825 hPa down to the surface) for two
dropsondes (at 21◦N and 22◦N). This is thought to have
been due to a problem with the parachutes. The dropsonde
data have been linearly interpolated in the vertical, on to
a 2 hPa grid in pressure, following which temperature
and humidity time-corrections have been made.

Complementary information about the vertical struc-
ture of dust layers over the Sahara is given by
CALIPSO satellite data (operating since June 2006). The
CALIPSO payload consists of the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP), the Infrared
Imaging Radiometer (IIR) and the Wide Field Camera
(Winker et al., 2003, 2007). CALIPSO overpasses the
Sahara twice a day, once during the daytime (between
1230 and 1430 UTC) and once during the night-time
(between 0030 and 0230 UTC). Each overpass of the
CALIPSO lidar provides a quasi-instantaneous view of
the vertical structure of dust plumes and of the atmos-
pheric boundary layer across the Sahara (i.e. between
15◦N and 35◦N in less than 5 minutes). In this study, the
CALIOP attenuated backscatter profiles (level 1 opera-
tion data, version 2 are used) are inverted in order to
avoid the ambiguities induced by atmospheric transmis-
sion. Such data processing is similar to the operational
level 2 algorithm, which uses instead a first approxima-
tion of the multiple scattering coefficient equating 1 (see
Winker et al., 2009). However, a specific processing is
used for the case analysed in the present paper, given
that the corresponding operational level 2 data (currently
available) present numerous gaps. For this study, a stan-
dard backscatter lidar inversion technique (Fernald et al.,
1972; Fernald, 1984) is implemented to compute the total
backscatter profiles which are used as a proxy for describ-
ing the spatial distribution of dust concentration. This
technique is not valid for dense clouds and below. It con-
siders a normalization altitude with negligible content of
particles (e.g. 10 km above mean sea level for the case
in section 4). We use a particle backscatter-to-extinction
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Table I. Time (UTC) and location of the dropsonde releases during the 17 July FAAM flight, with estimated pressure of the top
of the CBL (PC BL, hPa).

Sonde Lat.◦N Lon.◦W Time/UTC PC BL

1 28 9.19 1350 610.7
2 26 9.01 1411 610.7
3 24 8.84 1430 582.6
4 23 8.76 1440 618.7
5 22 8.67 1450 638.8
6 20.9 8.59 1501 662.9
7 20 8.51 1509 668.9
8 19 8.44 1519 682.9
9 18.5 8.4 1524 695
10 18 8.35 1529 676.9
11 17 8.28 1538 699
12 16 8.2 1548 699
13 15.8 8.19 1550 703
14 15.4 8.16 1554 777.2
15 15.2 8.14 1555 901.6
16 14 8.1 1607 881.6

Note that the upper level of the residual layer is not easy to define objectively, but based on the humidity and potential temperature profiles
can be taken to be between 500 and 575 hPa in all the profiles of Figure 4.

ratio of 0.024 sr−1, representative of dust particles (Kauf-
man et al., 2003). This ratio is modulated in the vertical
by a multiple scattering coefficient increasing exponen-
tially from 0.65 at the layer top (around 5 km above mean
sea level for the case in section 4), 0.87 below 500 m
and at the ground 0.95, in agreement with the Monte-
Carlo simulations of Young et al. (2008). The CALIOP
data were processed with a 60 m resolution in the ver-
tical and 12 km resolution in the horizontal, and then
noise was reduced by a sliding average over a window
of eight points in the vertical and two in the horizontal.
Qualitative tracking of dust plumes over the Sahara has
been carried out using observations from the Spinning
Enhanced Visible and Infrared Imager (SEVIRI) – with a
15-minute temporal resolution – onboard MSG (Meteosat
Second Generation) via false colour images available
from http://loaamma.univ-lille1.fr/AMMA/.

Radiosondes from the Tamanrasset station (22.79◦N,
5.42◦E) provide a longer-term complement to the aircraft
and satellite data. During the AMMA-SOP campaign,
the normal sampling frequency of two per day (at 0000
and 1200 UTC) was increased by the addition of 0600
and 1800 UTC soundings from 1 June to 15 September
2006, to provide a better coverage of the diurnal cycle
(Parker et al., 2008). Daily soundings from the station at
In Salah at 1200 UTC are used also in this study because
of its location, remote from orography (Tamanrasset
can be subject to topographic effects of the nearby
Hoggar mountains, which may, for example, generate
boundary-layer separation effects, as discussed by Cuesta
et al. (2009)).

ECMWF model analyses at 0600, 1200 and 1800 UTC
have been used to characterize the synoptic situation on
the study days of 14 and 17 July 2006. In order to perform
a direct ECMWF analyses and observations comparison,

it is necessary to match the time of the observations and
ECMWF analysis as closely as possible. Consequently
the ECMWF 4V analysis† (available every three hours)
has been used.

Comparisons with dropsonde data have been performed
by interpolating the analysis to the locations of the
dropsondes. It is worth noting that 15 out of the 16
dropsondes were assimilated into the model analysis,
albeit at a lower vertical resolution than the original data.
The vertical resolution of the observations that reached
the Global Telecommunication System and were available
to the 4V assimilation system was particularly low near
the surface. There were few or no observations within
the moist boundary layer in the southern part of the flight
transect and few observations below 700 hPa in the dry
area around 20◦N.

The DLR Falcon and FAAM flight tracks are presented
in Figure 1, as well as the location of radiosonde stations,
ground CALIPSO tracks and topography. Locations and
times of dropsonde releases are presented in Table I.

3. Synoptic conditions and seasonal background
to the study period

The large-scale context of the 2006 monsoon onset period
has been described by Janicot and Sultan (2007) and
Janicot et al. (2008). The 2006 summer was a near-normal
season in terms of convective activity, but a delayed onset
occurred, possibly due to a Madden–Julian Oscillation
event. The onset date recorded in 2006 was 10 July
(Janicot et al., 2008), while the first significant Mesoscale

†The 4V analysis is the final nonlinear trajectory that provides an
optimal fit to the observations and the background field over the 12 h
interval.
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Convective System (MCS) passed over Niamey on 14
July. Therefore, the 14 and 17 July flights were performed
during the first days after monsoon onset had occurred,
and the northwards shift of the Saharan heat-low to its
summer location was complete (e.g. Ramel et al., 2006).

Figure 2 presents the ECMWF analyses for the Saharan
heat-low location and wind vectors at 925 hPa, at 0600
and 1200 UTC on 14 July (Figure 2(a)–(b), spanning
the duration of the flight) and at 1200 UTC and 1800
UTC on 17 July (Figure 2(c)–(d), spanning the flight).
The Saharan heat-low is centred over Mauritania during
the early morning of 14 July, while it is located further
to the east over Mali during the afternoon of 17 July.
The circulation around the Saharan heat-low centre is at
its most intense over West Africa at low levels, with

the maximum horizontal velocity (>16 m.s−1) in the
southeastern part on 14 July (in contrast to the maximum
velocities lying in the northwestern part on 17 July). The
difference between the wind fields on the two days can
be associated to some extent with the diurnal cycle of the
Saharan heat-low. During the 14 July flight, a morning
weakening of the Saharan heat-low occurred, while an
early evening (1800 UTC – Figure 2(d)) deepening of
the Saharan heat-low occurred on 17 July, with the
winds beginning to accelerate, in agreement with the
Rácz and Smith (1999) model and the analyses of Parker
et al. (2005a).

At low levels over West Africa, the penetration of cool,
humid southwesterly monsoon winds towards the north is
bounded by the intertropical front (ITF), which lies some

Figure 2. ECMWF analyses. Mean-sea-level pressure (hPa, shaded), wind vectors at 925 hPa and 15◦C dew-point isotherm at 2 m height (solid
black line) for (a) 14 July 2006 at 0600 UTC, (b) 14 July at 1200 UTC, (c) 17 July at 1200 UTC, (d) 17 July at 1800 UTC. North-westwards

arrow is the DLR flight track (14 July) and the southwards arrow is the FAAM flight track (17 July).
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5 degrees north of the ITCZ and separates the monsoon
flow from the warm and dry north-easterly Harmattan
winds characteristic of the southern Sahara (Hamilton
et al., 1945). The direct connection between the southern
part of the Saharan heat-low vortex and the northward
continental penetration of the south-westerly monsoon
flow (e.g. around 16◦N, 5◦W in Figure 2(a)) gives, for
these two days, an illustration of the influence of the
Saharan heat-low intensity and location on the moisture
budget and the transport from the Gulf of Guinea to the
continent (as in Ramel et al., 2006).

For objective identification of the ITF, Eldridge (1957)
recommended the use of a contour of dew-point, Td =
15◦C, and noted that strong humidity gradients make this
measure relatively insensitive to the absolute choice of
Td. The 15◦C (Figure 2) dew-point isotherm shows that
the northward penetration of the ITF is closely related to
the southerly Saharan heat-low winds. Since these winds
are more intense on 14 July at 0600 UTC than 17 July
at 1200 UTC, the southwesterly monsoon flow is more
intense and penetrates further north on 14 July.

4. Thermodynamic and kinematic structures
observed on 14 and 17 July 2006

Figure 2(a)–(b) shows that the 14 July flight cut through
the northeastern tip of the Saharan heat-low and captured
the westerly monsoon flow originating from the Gulf of
Guinea and the western coast of Africa (around Dakar).
The northern part of the flight captured the flow from
eastern Algeria and Tunisia. At mid-levels, an African
Easterly Wave trough was located over the cyclonic
vortex associated with the Saharan heat-low (not shown).
The same trough axis over the Saharan heat-low vortex
can be seen during the 17 July flight, which captured
mainly the north-easterly flow on the western flank of
the heat-low (Figure 2(c)–(d)).

4.1. 14 July 2006

Figure 3(a) and (c) presents the meridional and zonal
winds from the airborne Doppler lidar WIND on the 14
July flight. As noted in section 2, the 14 July flight took
place in the early morning when the CBL was shallow.
Therefore this flight sampled the evolution of a deep
residual layer which is a unique atmospheric feature in
the global climate.

The 14 July flight crossed the Saharan heat-low from
southeast to northwest in its core eastern part (see Fig-
ure 2(a)–(b)). The observed ITF can be identified as
the region at 22.2◦N (0745 UTC) where there was a
sharp transition between the southwesterly monsoon and
the northeasterly Harmattan (Figure 3(a) and (c)): the
discrepancy between this transition in winds and the
thermodynamic ITF can be surmised in Figure 2(a)–(b).
However, there was a form of double front (at 21◦N and
22.2◦N) in the observed meridional and zonal winds: the
northernmost of these was shallower and had a weaker
component of westerly winds. Above the monsoon layer,

the African Easterly Jet was present at around 5500 m
altitude, and easterly wind shear below this height per-
sisted to around 23.5◦N (Figure 3(c)).

After crossing the ITF, the aircraft flew above the
Saharan heat-low core (Figure 2), and sampled the
northeasterly Harmattan winds below 2000 m, with a
maximum in the northerly component around 23◦N at
1000 m (Figure 3(a)). At mid-levels a distinct shear line
was located over the cyclonic Saharan heat-low vortex,
shown by a dashed line in Figure 3(a) and (c) separating
the northeasterly flow (‘Nw1/Nw2’) from southeasterly
flow at 5000–6000 m (‘Sw2’) and from southwesterly
flow at 3000 m (‘Sw1’).

The magnitude of the winds in the southeastern part
of the Saharan heat-low seems to have been responsible
for a deep northward penetration of the low-level mon-
soon winds during the early morning of 14 July 2006, and
it was concomitant with the influence of an MCS, gen-
erating a northward-moving gravity current and thereby
enhancing the monsoon southerlies. Indeed, overnight on
13–14 July, a line of MCSs developed across southwest-
ern and northeastern Mali, with the northeastern MCS
remaining around 2◦W–3◦W, 17◦N–18◦N between 1700
and 2300 UTC on 13 July, producing a strong down-
draught and cold pool (not shown). Flamant et al. (2007),
Bou Karam et al. (2008) and Marsham et al. (2008b)
describe evidence of similar cold pools reinforcing the
monsoon and ITF during the pre-onset of the 2006 and
2007 monsoon seasons.

4.2. 17 July 2006

The dropsondes deployed on 17 July (see Table I) provide
nearly simultaneous observations of the thermodynamic
fields at a spatial resolution of 1 degree of latitude and
better. The profiles allow a study of the atmospheric
vertical structure from north to south across the Sahara,
including the Saharan heat-low, ITF and West African
monsoon, with a focus on the boundary layer.

Figure 4 presents the potential temperature (θ ) and
mixing ratio profiles deduced from the 16 dropsondes
released on 17 July. All of the ‘Saharan’ sondes north
of the ITF, between 16◦N and 28◦N, show an adiabatic
layer from the surface up to around 700–650 hPa. This
adiabatic layer is very well marked and corresponds to the
well-mixed convective boundary layer. Above this well-
mixed layer the profile is close to adiabatic, but slightly
stable up to around 525–570 hPa, suggesting the presence
of a residual boundary layer aloft. Such a boundary layer
structure (with two vertical layers) has previously been
noted by Parker et al. (2005a), Flamant et al. (2007) and
Cuesta et al. (2009). We will refer to the lower well-
mixed region as the Convective Boundary Layer (CBL),
though Flamant et al. (2007) described this layer as the
‘internal boundary layer’.

South of the ITF, at the southern end of the dropsonde
section (14◦N), Figure 4 shows evidence of the monsoon
flow, with the θ and mixing ratio profiles indicating the
mixed-layer top located around 900 hPa, and decreasing
in depth at 15.2◦N. For the southernmost dropsondes
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Figure 3. Meridional (a),(b) and zonal (c),(d) wind components (m s−1) from the airborne Doppler lidar WIND (a),(c) and ECMWF analysis
at 0900 UTC (b),(d), for the DLR flight of 14 July 2006. The bold dashed line marks the trough line, which separates southwesterly from
northeasterly winds at 3000 m altitude. The fine dashed lines mark the locations where each wind component changes sign at low levels. These

are used to locate the axis of the heat-low vortex H.

(14◦N, 15.2◦N, 15.5◦N), the rapid increase in θ above
the CBL (reaching the value of ∼318 K) and the rapid
decrease of mixing ratio (down to around 5 g/kg) reveals
the presence of the Saharan Air Layer passing above the
monsoon layer (see also Parker et al., 2005a).

In addition to the dropsonde data, the daytime
CALIPSO transect for 17 July (Figure 5(a)) shows several
aerosol layers within the Saharan atmospheric boundary
layer. From ∼16◦N to ∼26◦N, an elevated dust layer,
which is mainly located between the 318 K and 321 K
isentropes, lies within the upper levels of the slightly
stratified residual layer over the Sahara. Underneath this
layer, from ∼22◦N to ∼27◦N, mixing within a CBL from
the surface and up to the 318 K isentrope (∼4.2 km above
mean sea level) is indicated by nearly constant profiles of
moderate aerosol backscatter coefficient (approximately 2
to 2.7 km−1 sr−1). From 19◦N to 22◦N, the CBL is sepa-
rated from the layer of high dust within the residual layer
by an intermediate layer with lower dust concentration
(suggested by backscatter coefficient ∼1.5 km−1 sr−1) at
around 3–4 km altitude. In the dropsonde profiles of Fig-
ure 4, this layer of low dust concentration is coincident
with low humidity mixing ratios in the lower part of the
residual layer, between 650 and 700 hPa. Therefore, from

19◦N to 22◦N, there is consistent evidence in both the
dropsonde and the CALIPSO data of stratification within
the residual layer.

South of 22◦N, as far as the ITF region (15.5◦N), the
dense dust layer extending from the surface up to 2.5 km
(with backscatter coefficient >5 km−1sr−1) corresponds
to a CBL containing a dust plume that originated earlier
in the morning in central Mauritania (the movement of the
plume is apparent in a complete time-sequence of SEVIRI
images (not shown) and the origins over Mauritania are
consistent with strong northwesterly 10 m winds, seen in
Figure 5(b)). At the time of the CALIPSO transect, this
plume was being advected toward the southwest, while
other plumes were located to the east (see Figure 5(c)).
South of the ITF (∼15◦N) and up to ∼1.5 km above
mean sea level, the monsoon flow is depicted in the
CALIPSO data (Figure 5(a)) by a dust plume at its front,
as previously observed (Flamant et al., 2007; Bou Karam
et al., 2008; Marsham et al., 2008b) and some sparse
clouds at the top of the Saharan boundary layer (around
6 km altitude, 14◦N).

These data have confirmed that on this transect through
the western flank of the Saharan heat-low, the two-layer
division of the Saharan atmospheric boundary layer into
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Figure 4. Potential temperature and humidity mixing ratio for all dropsondes released on 17 July 2006. The south to north sequence of dropsondes
is presented from left to right and top to bottom; location and time is indicated for each plot. Horizontal upper scale is for potential temperature

(solid line, K), lower scale is for humidity mixing ratio (dashed line, g kg−1).

a CBL and residual layer, noted previously by Parker
et al. (2005a) and Flamant et al. (2007), spanned the
Sahara from the north to south in mid-afternoon. The
Tamanrasset radiosoundings of 17 July (Figure 6(a))
exhibit the existence of a two-layer profile also with

an internal CBL below the residual layer, at 1200 and
1800 UTC (but less marked), suggesting that this division
is a mode of the atmospheric state over the Sahara
which can persist throughout the day. Likewise, in the
northern part of the Sahara at In Salah (Figure 6(b)),
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(a)

(b) (c)

Figure 5. (a) CALIPSO track of backscatter profiles at 532 nm over West Africa on 17 July at 1406 UTC (see section 2). White colour
corresponds to dense clouds and masking underneath. The outline of the topography appears in black. Superimposed on CALIPSO lidar data
are: ECMWF analysis horizontal wind fields at 1200 UTC interpolated at the transect location and contours of potential temperature derived
from the dropsondes (locations indicated by black triangles on top horizontal axis). SEVIRI-derived false-colour images of West Africa on 17
July are shown (b) at 0830 UTC and (c) 1400 UTC. Aerosols, clouds and land surface are identified by the purple/red, orange and green colours,
respectively. The dashed line indicates the CALIPSO track. ECMWF analysis horizontal winds at 10 m and the 15◦C dew-point line (indicator

of the ITF) are superimposed (analysis at 0600 UTC for (b) and 1200 UTC for (c)).

the only daily sounding (at 1200 UTC) exhibited two
near-adiabatic layers (from ground to 650 hPa and 600
to 500 hPa) at 1200 UTC, with a deep CBL showing
that the residual layer above was nearly consumed by the
mixing from below at this time. It is important to note
that this structure was not observed at Tamanrasset on 14
July, when a nearly well-mixed and adiabatic boundary
layer was present at 1200 UTC and 1800 UTC (not
shown). Cuesta et al. (2008) have observed the Saharan
atmospheric boundary layer to be well-mixed, with no
residual layer, from early afternoon onwards in a case
from 25 June 2006. Inspection of all of the 0600, 1200
and 1800 UTC Tamanrasset radiosondes from July 2006
has shown that the situation of a CBL overlain by a near-
adiabatic residual layer is not a marginal event, because
the existence of a residual layer can be inferred at 1200
UTC for 1, 5, 8, 9, 16, 17, 23 and 26 July 2006, and
on some of these days, the residual layer persists to 1800
UTC. It should be recalled that Tamanrasset is located in a
region of significant orography (the Hoggar) and therefore
the Tamanrasset profiles can be influenced by orographic

circulations. The In Salah radiosoundings also exhibit
some records during July 2006 with a split boundary
layer, showing a residual layer at 1200 UTC on 12, 13,
14, 15, 21 and 30 July.

The dropsonde and radiosonde observations also show
that the daytime Saharan atmospheric boundary layer
seems commonly to be characterized by a division
between a residual layer aloft and a growing CBL driven
by heating from the surface (Figure 4). This model for
the growth of a convective boundary layer is a standard
‘textbook’ concept (e.g. Oke, 1988). However, over the
Sahara the phenomenon exhibits two remarkable aspects.
First, the extreme depth of the Saharan atmospheric
boundary layer, up to around 600 hPa or even 500 hPa,
means that it encompasses over 40% of the mass of
the atmospheric column. This deep boundary layer can
carry a significant mineral dust loading, whose transport
is of global importance (Dunion and Velden, 2004).
In turn, transport of dust will be controlled by the
mixing processes which result from the boundary layer
response to the surface. Second, it was shown that the
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Figure 6. Potential temperature (left) and humidity mixing ratio (right) measured at Tamanrasset on 17 July 2006 (a) and In Salah on 14 and 17
July 2006 (b). For Tamanrasset, the dotted curve is the 0000 UTC sounding, dashed curve is the 0600 UTC sounding, solid bold curve is the

1200 UTC sounding and solid thin curve is the 1800 UTC sounding.

residual layer can persist throughout the day on some
days in the summer (for instance in the Tamanrasset
radiosondes of Figure 6(a)), with coherence observed
over many hundreds of kilometres in the afternoon
dropsondes. Therefore, there is enormous benefit in
further exploring the diurnal evolution of the Saharan
atmospheric boundary layer in order to better understand
and predict the dynamics and mixing in this part of the
global climate system.

5. Thermodynamics and winds in ECMWF analyses
compared with observations

5.1. 14 July 2006

Figure 3(b) and (d) presents the winds in the ECMWF
analysis (see section 2) at 0900 UTC, for comparison

with Figure 3(a) and (c) discussed in section 4.1. Detailed
study of the various flows represented in the analysis
shows that the main observed features are captured,
even though the WIND lidar observations were not
assimilated in this analysis.

On the basis of the meridional wind convergence, the
ITF in the analysis is located further north, at 23◦N (Fig-
ure 3(b) and (d)), and the monsoon layer to the southeast
of the ITF produces a double maximum core of winds,
centred at 20.5◦N and 22◦N (Figure 3(b)). As noted in
section 4.1, it is possible that, on this day, the ITF was
reinforced by cold pool flows emanating from convective
storms further south, which may have increased its north-
ward penetration. The maximum of the Harmattan winds
in the ECMWF analysis is shifted slightly, to 23.5◦N
(Figure 3(c)–(d)), relative to observations. The mid-level
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shear line appears in the analysis, around 0.5 degrees
to the southeast of the observed position (Figure 3(b)
and (d)), but the strength of the southerly component of
the winds to the southeast of the shear line is underesti-
mated in the model analysis with a southerly component
of less than 2 m.s−1, compared with between 8 m.s−1

and 12 m.s−1 in the observations. At 3000 m the west-
erly component of the winds to the southeast of the shear
line is not represented in the analysis, which has an east-
erly component throughout this region. At 5000–6000 m
the easterly component of the analysis winds is similar
to the observed.

5.2. 17 July 2006

The array of dropsonde data along the flight, and the
corresponding ECMWF analysis fields, are displayed in
Figure 7. Estimated CBL height with observations is also
given in Figure 7 and Table I; the method of computing
CBL depth is to lift a parcel from a level just above the
surface layer (10 hPa above the surface), then choose the
level at which the parcel is negatively buoyant relative to
the environment. From trial and error we use a threshold
of 0.7 K; if the parcel is more than 0.7 K colder than its
environment then we have reached the top of the CBL.
The CBL extends roughly to 900 hPa in the monsoon
flow and expands to 700 hPa from 15◦N to 16◦N in a
particularly sharp rise at the ITF.

In the observations, the region of maximum θ in the
CBL is located around 19◦N (Figure 7(a)), whereas in the
analysis the maximum is around 20◦N (Figure 7(b)). The
region of maximum θ is broader also in the analysis, so
the region between 20◦N and 24◦N is warmer by ∼0.5 K
in the analysis than observations. At these latitudes, the
‘analysis increments’ are acting to cool the analysis by
approximately 1 K below 700 hPa with respect to the
model first guess. Note that the dropsonde data below
700 hPa at 20◦N were not available to the assimilation
system.

The ITF is located between 15◦N and 16◦N in the
observations (Figure 4 and Figure 7(a)). In the analysis
(Figure 7(b)) this gradient is shifted northward by around
1 degree, and, as a consequence, the region between
15.5◦N and 17◦N is too cool. On the northern side of
the Sahara, the analysis is cooler also at 28◦N by 1 K,
with a similar penetration of cool air too far (southward)
into the desert.

The analysis has warmer temperatures than the two
southernmost dropsondes, in the monsoon layer close
to the surface. In fact, the differences between the
dropsonde observations and the analysis are larger than
the differences between observations and the short-range
forecast used as background or first guess in the analysis.
This implies that the analysis increments (analyses minus
short-range forecast) have warmed the analysis by 0.2 K
to 1.2 K at around 900 hPa with respect to the first
guess, when they should actually be cooling the analysis
in order to reduce the difference between observations
and analyses. On the other hand, above the observed
boundary layer the model first guess is too cold and

there the analysis increments are warming to reduce the
difference between analysis and observations. Thus, even
if all the observations are used in the analysis it is not
always the case that they will all have a strong influence
on the analysis, e.g. the observations at 900 hPa in
this case. This can occur particularly when other nearby
observations pull the analysis in the opposite direction,
e.g. observations above the boundary layer in this case.

Equivalent potential temperature (θe) fields highlight
the spatial coherence of the CBL and residual layer across
the transect (Figure 7(c)). The CBL is well mixed in θe,
with the contours oriented vertically, while the residual
layer shows horizontal layering of θe contours. In the
Saharan CBL between 19◦N and 24◦N, θe is lower in
the analysis than in the observations (Figure 7(c)–(d)),
and given the warmer temperatures in the analysis, this
anomaly is due to the lower humidity mixing ratio in
the analysis for that region. Between 15.5◦N and 17◦N
the cool temperatures in the analysis are accompanied
by high θe values relative to the observations, consistent
with the model advecting the monsoonal air too far north.
θe in the monsoon layer is lower in the analysis than
observations and has two peaks (Figure 7(d)), which are
also not observed (Figure 7(c)). Consistent with this, the
moist layer observed in the two southernmost dropsondes
below 900 hPa has a much lower humidity mixing ratio in
the analysis, with a difference of up to 8 g/kg (not shown).
The lower humidity and θe around 15◦N in the analysis
could be due to spurious drying by analysis increments,
caused by a well-known dry humidity bias associated with
radiosondes in the region (Bock et al., 2007; Nuret et al.,
2008). The θe gradient north of the Sahara is around
0.5 degrees further north in the analysis (Figure 7(d))
compared with the observations (Figure 7(c)).

Just above the CBL, there is a notable minimum in
θe in the lower part of the residual layer, right across
the Sahara (apparent in Figure 7(c), for example around
650 hPa at 22◦N and 700 hPa at 18◦N), and this layer
corresponds to the low humidity and low dust loading
already noted in section 4 (Figure 5(a)). The layer of low
θe is qualitatively captured by the analysis. However, the
analysis fails to capture the higher θe (around 540 hPa at
22◦N) at the top of the residual layer (Figure 7(c)–(d)),
due to the model being too dry. The high θe at the top of
the atmospheric boundary layer (the top of the residual
layer) corresponds to a layer close to saturation, at around
525 hPa (Figure 7(e)). The top of the boundary layer
is commonly a level of high relative humidity over the
Sahara, and is a preferred level for altocumulus clouds (as
discussed by Parker et al. (2005a)), which were observed
intermittently during the 17 July flight. The relative
humidity in this layer is underestimated in the analysis
and located a few tens of hPa lower. The reasons for the
observed humidity stratification of the residual layer, with
more humid, high-θe air overlying drier air, are not clear,
but the stratification could be related to the detrainment
in the upper residual layer of dry convective plumes over
the Sahara (Marsham et al., 2008a; Cuesta et al., 2009) or
deep moist convective plumes over the Saharan margins
(Parker et al., 2005a). It is quite possible that humidity
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Figure 7. Potential temperature (◦C), equivalent potential temperature (K) and relative humidity (%) computed from (a),(c),(e) the dropsondes
and (b),(d),(f) ECMWF analysis for 1500 UTC 17 July. The estimated CBL height is shown by the black stars. White triangles indicate location

of dropsonde releases.

errors in this layer could have a significant impact on the
radiative flux divergence profile – particularly if clouds
occur – and thereby on the diurnal evolution of the CBL;
this error is consistent with the analysis being warmer
than observations in this case.

The thermodynamics features observed by dropsondes
on the 17 July flight have been presented in this section
and in section 4. The winds observed during the flight can
be roughly described and illustrated by Figure 2(c)–(d),

that shows the flight track capturing mainly the north-
easterly flow from the Saharan heat-low western flank,
except for the south and north ends of the transect.
Indeed, between 14◦N and 17◦N, the flight captured
some of the westerly monsoon flow over the southeastern
Saharan heat-low flank. Figure 8 presents the zonal and
meridional winds from dropsondes released during the
research flight, and the ECMWF analysis (see section 2)
at 1500 UTC 17 July 2006, for comparison. At low levels,
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Figure 8. Meridional (a),(b) and zonal (c),(d) wind components (m s−1) from dropsondes (a), (c) and ECMWF analysis at 1500 UTC (b),(d) for
the FAAM flight of 17 July 2006. Circles on the bottom latitude scale mark the location of the dropsondes. ‘N, S, E, W’ mean respectively the
northerly, southerly, easterly and westerly component of a flow. ‘Sm’ means south-westerly monsoon flow. ‘Nh’ and ‘Eh’ mean respectively
the northerly and easterly components of the Harmattan wind. ‘Nw’ and ‘Ew’ mean respectively the northerly and easterly components of the
African Easterly Wave flow. In (a) the dashed line marks the main convergence line at the ITF. In (c) and (d), the dashed line indicates the axis

of the zonal wind-shear with ‘H’ the heat-low vortex at this time.

the southwesterly monsoon (‘Sm’ in Figure 8(a)), which
is just captured by the two southernmost dropsondes, is
not present in the analysis (Figure 8(b)). Instead the flow
is north-westerly at this time. The analysis increments
at 950 hPa weaken the northerly flow in the analysis
compared with the first guess by between 1 m s−1 and
2 m s−1 in the two southernmost dropsondes (not shown).

From Figure 2(b)–(c), the ITF is sharply resolved in
the dropsonde data, and lies between 15.2◦N and 15.36◦N
(around 16 km separation). The 925 hPa dropsonde winds
confirm this, with a southerly component of 2.4 m.s−1 at
15.2◦N meeting a northerly component of −4.5 m.s−1 at
15.36◦N. The southerly component of winds at 15.2◦N
extends in altitude to about 920 hPa. However, the flow
has a westerly component up to the level of around
800 hPa, and up to 17◦N. To the north of the ITF, there
is the northeasterly Harmattan flow (see Nh and Eh in
Figure 8(a)–(b); up to around 650 hPa from 18◦N to
23◦N – Nh and Eh are respectively the northerly and

easterly components of the Harmattan wind) the intensity
of which is slightly underestimated in the analysis.

At mid-levels there is northeasterly flow associated
with the western flank of an African Easterly Wave trough
(see ‘Nw’ and ‘Ew’ in Figure 8 – Nw and Ew are the
northerly and easterly components of the African Easterly
Wave flow, respectively). Both the northerly (‘Nw’) and
easterly winds (‘Ew’) are stronger in the observations
than in the analysis.

At around 500 hPa, the flight passed over the centre
of the anticyclone, centred around 19◦N over Mauritania,
residing at the top of the warm Saharan boundary layer
(e.g. Rácz and Smith, 1999; Spengler and Smith, 2008).
The change in the wind direction within the anticyclonic
centre (southeast to northwest in Figure 8(a) and (c)) is
well represented in the analysis (Figure 8(b) and (d)). To
the north – between 25◦N and 28◦N – the flow becomes
southerly as part of the eastern side of the high-pressure
system over Algeria and Morocco.

Copyright c© 2009 Royal Meteorological Society Q. J. R. Meteorol. Soc. 136(s1): 107–124 (2010)



120 C. MESSAGER ET AL.

6. Discussion and conclusions

This paper makes use of the measurements collected
during the AMMA-SOP 2006 campaign and uses several
sources of data to document the Saharan atmospheric
boundary layer and Saharan heat-low. Radiosoundings,
satellite images (MSG/SEVIRI and CALIPSO/CALIOP)
and airborne measurements performed with both Doppler
lidar and dropsondes have been exploited to give a
description of the Saharan heat-low on 14 and 17
July 2006, immediately following the monsoon onset
date specified by Janicot et al. (2008). Although the
instrumentation of the two flights was not the same, the
combination of a morning (14 July) and afternoon (17
July) flight gives us observations at two important times
in the diurnal cycle of the Saharan heat-low, with which
to evaluate the diurnal cycle in ECMWF analyses. As
far as the authors are aware, the airborne measurements
during this AMMA campaign give the first complete
north–south transects of the Saharan heat-low structures
and the planetary boundary layer over the Sahara.

The diurnal cycle of the Saharan atmospheric boundary
layer has been highlighted by the radiosonde data, and
its signature is seen in the vertical structure of the
dropsonde profiles. The widespread separation of the
Saharan atmospheric boundary layer into an active CBL
and a more laminar residual layer has been described,

and has been shown to be a structure occurring more
than 25% of the time at 1200 UTC during July 2006. The
CBL in the morning behaves as an internal layer growing
by entrainment of air from a residual layer above, and
the process is sufficiently slow that the residual layer
persisted until mid-afternoon at all locations on the
transect of 17 July. This has been confirmed by analysing
the July 2006 radiosonde data recorded four times per day
at Tamanrasset; in 1200 UTC observations a split profile
is common, and sometimes the residual layer persists to
1800 UTC. CALIPSO/CALIOP images have confirmed
also the stratification characteristics of the Saharan heat-
low system, with a persistent residual layer. In short, the
deep, well-mixed Saharan atmospheric boundary layer
becomes dominant only in the afternoon, and on some
days does not occur at all. The representation of this
process in models is profoundly important for the correct
representation of humidity and aerosol transport, each of
great importance to the regional and global climate.

Figure 9 gives a schematic south–north vertical section
through the CBL and residual layer, together forming
the Saharan Atmospheric Boundary Layer (SABL). This
figure should be seen as a northward, Saharan extension
of the schematic developed by Parker et al. (2005a) for
the West African monsoon. As in the former paper, the
bold, solid lines indicate the boundaries of ‘Saharan’ air,

Figure 9. A schematic south–north vertical section of the structure and mixing processes of the Convective Boundary Layer (CBL) beneath the
Saharan Residual Layer (SRL), together forming the daytime Saharan Atmospheric Boundary Layer (SABL). Bold solid lines mark the extent
of air which is thermodynamically connected to the Sahara through common isentropes (see text). The grey dashed line is the top of the daytime
CBL and �θ is the potential temperature difference across the weak stable later separating the CBL and residual layer. The bold dashed line
shows the shape of a typical daytime potential temperature profile over the desert. In the SRL, the flow is much less turbulent and more nearly
laminar, with distinct layering of atmospheric constituents such as water vapour and dust. The African Easterly Jet (AEJ) is mainly confined to

the latitudes south of the ITF. See text for further explanation.
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comprising the whole boundary layer over the desert, and
the Saharan air layer (SAL) as it rises over the monsoon
layer to the south. Parker et al. (2005a) noted how the
height of the daytime CBL increases with latitude, in the
opposite sense to the monsoon-layer depth. The present
study has confirmed that the CBL depth is not generally
equal to the full depth of the Saharan boundary layer,
even during the day. The deepest diurnal convective
mixing is located mainly over the Saharan heat-low; in
the schematic, the turbulent CBL extends up to roughly
650–700 hPa, and this is a typical daytime altitude, but
on many afternoons, dry turbulent convection will fill
the SABL, up to around 550–500 hPa. In the residual
layer, the flow is much less turbulent and more nearly
laminar, with distinct layering of atmospheric constituents
such as water vapour and dust seen in the observations
(e.g. Figure 4, Figure 7(c), or the observations of Flamant
et al. (2007)). The African Easterly Jet is confined mainly
to the latitudes south of the ITF (see Figures 3(c) and 8(c))
and, in contrast to the case-study of Parker et al. (2005a),
there is significant easterly wind shear within the SAL
both on 14 and 17 July (Figures 3(c) and 8(c)).

Parker et al. (2005a) proposed that due to the low static
stability of the Saharan air, the bounds of the SAL (the
bold solid lines in Figure 9) can be defined by chosen
isentropes. For their case, Parker et al. (2005a) used
313 K to define the top of the monsoon layer and 319 K
to define the top of the SAL over West Africa, noting
that different temperatures would probably be needed for
different cases or times in the season. In the case studied
here, over a large latitude range from 17◦N to 24◦N, it
seems that the isentrope of virtual potential temperature,
θv = 320 K (close to potential temperature, θ = 319 K)
is a reasonable approximation for the top of the CBL,
while θv = 322 K (θ ∼ 321 K) approximates the top of
the residual layer (see Figure 4).

The split boundary-layer structure, involving a rather
persistent residual layer overlying a daytime CBL, has
significance in the study of the poleward moisture trans-
port in the West African monsoon, in longer-range trans-
port into and out of the Sahara, and in representation of
the Saharan boundary layer in global climate models, for
which boundary-layer mixing processes have some levels
of uncertainty. Notably, the transport of aerosols in the
Saharan atmospheric boundary layer will depend sensi-
tively on the depth of the CBL during the day. Given the
weak inversion separating the CBL and residual layer,
the rate of growth of the CBL may be very sensitive in
models to a number of parametrized processes, includ-
ing surface energy balance, atmospheric composition,
cloud, turbulence and entrainment. Further investigation
is required now in order to quantify model performance
over the diurnal cycle more systematically than has been
possible in this paper, to take into account the effects
of aerosol and humidity radiative effects, and thereby to
improve model performance for the North African region.

Figure 9 is complementary also to the schematic
presented by Cuesta et al. (2009), who provide evidence
for a set of mechanisms whereby air from the CBL may
be transported into the residual layer. Exchange between

the residual layer and CBL will change the large-scale
transport characteristics of atmospheric constituents – for
instance, air entering the residual layer through a hot
plume from the CBL may be transported large horizontal
distances from its source in the more laminar flow at
these higher levels. The observation of stratification in
the residual layer, with humid, dusty air overlying a drier,
less dusty layer (Figures 4 and 5(a)), is consistent with the
observations of Flamant et al. (2007). The stratification
may be the result of hot, humid and dusty plumes of
air penetrating into the residual layer from the CBL at
some remote locations, and passing straight to the top
of the residual layer due to the low static stability. As
explained by Cuesta et al. (2009), there are a number of
candidate processes which can lead to such injection of
CBL air into the residual layer. In order to predict the
thermodynamics and composition of this region, it will
be necessary to evaluate the exchanges which cause this
stratification.

A comparison between observations and ECMWF
analyses showed that the analyses produced a monsoon
layer (cool, moist southwesterly air) and ITF extending
too far north (by 0.5◦ to 1◦). Moreover, the monsoon
layer in the analysis is not moist enough (possibly due
to a radiosonde dry bias) and is too deep. In addition,
the region of maximum boundary-layer temperature over
the desert seems to be too far north and too broad in the
analysis. θe is a critical field in the tropical atmosphere,
particularly through its control of convective available
potential energy and convective inhibition (Williams and
Renno, 1993), which influence the occurrence of deep
convection (Emanuel, 1994). These results have indicated
that for the 17 July case, the analysed θe in the Saharan
CBL was lower than observed, while monsoonal air with
high θe value was carrying too far northwards into that
CBL. Tompkins et al. (2005a, 2005b) showed also that
the ECMWF operational model for 2000 had a systematic
tendency to move the ITF too far north, although this was
improved by new aerosol representation. The residual
layer humidity stratification on 17 July, with a near-
saturated layer at the top of the Saharan atmospheric
boundary layer, was underestimated also in the analysis,
in horizontal extent and altitude, and this error is likely
to feed back on the radiative fluxes in the model.

From the afternoon dropsondes of 17 July, it has been
shown that the ECMWF analysis captured the locations
of the main wind features accurately, though the strengths
of both the southwesterly monsoon flow below 900 hPa
and the northeasterly Harmattan winds below 650 hPa
were underestimated. Like the afternoon dropsonde data,
the lidar data from the morning flight of 14 July showed
that the ITF in the model was around 1 degree further
north than observed. The lidar winds, which in contrast
to the dropsondes were not assimilated by the model,
showed that the analysis represented the main airflows
accurately, apart from the zone to the southeast of a mid-
level trough, for which the southerly component of winds
was underestimated by some 8 m s−1.

One of the objectives of the 2006 AMMA flights was
to explore the impact of land-surface heterogeneity on
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Figure 10. Patterns of Meteosat-derived land-surface temperature anomaly, LSTA (according to Taylor et al. (2007), shaded), Modis fPAR
(fractional photosynthetically active radiation – solid line); dropsonde-derived measures of the meridional wind component at 925 hPa (grey

circles); and MODIS albedo for the period (dotted line). Squares are pressure at CBL top.

the boundary layer. Although our observational sample
of dropsondes is not large enough to test a hypothesis of
mesoscale surface control of the CBL in the Sahara rig-
orously, there are some intriguing coincidences between
atmospheric and surface state which are worthy of further
investigation. In the CBL, between 17◦N and 24◦N, there
is considerable horizontal variability in the θe field, which
could be due to mesoscale surface control on the CBL
thermodynamics (e.g. Taylor et al., 2003, 2007 for the
Sahel) or due to the random sampling of CBL convective
eddies with different θe values (Weckwerth (2000) has
noted the θe differences between updraughts and down-
draughts in this context). It is intriguing to note that
the land-surface conditions along the transect are char-
acterised by a dark surface with low albedo around 18◦N
to 18.4◦N (Figure 10), close to the rather narrow peak
in CBL θ , and some local variability in winds. Further
south, several dropsondes were released over the ITF
area (see Table I) to sample the atmosphere over the
surface heterogeneity observed also between 15◦N and
16◦N. In Figure 10 it can be seen that the ITF at the
time of the flight was coincident with a marked gradient
in land-surface temperature anomaly and vegetation. It is
intriguing to question this coincidence: is the land-surface
state constraining the ITF to remain at this location, and
is the monsoon flux contributing to the maintenance of
a vegetation gradient locally? High resolution numeri-
cal modelling needs to be carried out to test whether
the observed coincidences between land-surface patterns
and CBL thermodynamics is statistically coherent over
time, and whether they may play a part in the larger-scale
dynamics, as proposed by Ramel et al. (2006).
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