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[1] Using two cases based on observations from the Geostationary Earth Radiation
Budget Intercomparison of Longwave and Shortwave Radiation field campaign, large
eddy model (LEM) simulations have been used to investigate the effects of surface flux
anomalies on the growth of the summertime Saharan convective boundary layer (CBL) into
the Saharan Residual Layer (SRL) above and transport from the CBL into the SRL. Hot
surface anomalies generated updrafts and convergence in the CBL that increased transport
from the CBL into the SRL. The induced subsidence in regions away from the anomalies
inhibited growth of the CBL there. If the domain-averaged surface fluxes were kept
constant, this led to a shallower, cooler CBL. If fluxes outside the anomalies were kept
constant so that stronger anomalies led to increased domain-averaged fluxes, this gave a
warmer, shallower CBL. These effects were larger for wider, stronger anomalies with low
winds. The low-level wind speed variations induced by the anomalies were also
shown to affect dust uplift rates. Previous observations have shown that the
summertime SRL, which often contains sublayers of varying humidity and dust
content, can persist until late in the afternoon. The LEM simulations presented show
that mesoscale variations in surface fluxes can contribute both to inhibiting the growth
of the Saharan CBL into the SRL and to generating layerings within the SRL.
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1. Introduction

[2] Mineral dust plays an important role in the climate
[Intergovernmental Panel on Climate Change, 2007] (avail-
able at http://www.ipcc.ch/ipccreports/ar4-wg1.htm), and
the Sahara Desert is the world’s largest source of mineral
dust [Tanaka and Chiba, 2006]. Dust is uplifted from the
desert surface into the Saharan boundary layer. It can then
be exported over the surrounding colder, shallower bound-
ary layers in a dry layer known as the Saharan Air Layer
(SAL). In the SAL, significant quantities of dust can avoid
rain-out over the Atlantic Ocean, and the dust can travel
thousands of kilometers, even affecting the biology of the
Amazon rain forest [e.g., Talbot et al., 1986].
[3] The very large surface sensible and very low latent

heat fluxes in the Sahara Desert lead to its unusually deep,

almost dry-adiabatic boundary layer, which often reaches
6 km [Gammo, 1996]. This is often observed to consist of a
shallow convective boundary layer (CBL) with a near-
neutral residual layer above (the Saharan Residual Layer,
or SRL). Multiple near-neutral layers are frequently ob-
served within the SRL or within the SAL [Parker et al.,
2005; Flamant et al., 2007; Marsham et al., 2008a, 2008b],
each with a different water vapor content and each separated
by a weak lid (e.g., Figure 1). A local maximum in not only
relative humidity, but also the water vapor mixing ratio
(WVMR) is often seen at the top of the SRL or SAL
[Flamant et al., 2007] (Figure 1, case 1), where a layer of
cumuliform clouds (broken or stratiform) is often observed
to form [Parker et al., 2005]. This structure suggests that in
some locations, at some times, convection from the surface
is mixing the full depth of the Saharan boundary layer, but
at most locations and times, this is not the case, and varying
horizontal advection leads to the multiple layering observed.
This process is not well evaluated or understood, however,
and until recently, there have been very few observations
available from this region. In particular, the frequency of
occurrence of the high WVMR layer at the top of the SRL is
not well quantified nor its mechanism of generation well
explained. The boundary layer schemes of global models
are generally not designed to represent such deep dry
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convection, and Vuolo et al. [2009] showed that multiple
dust layers in the Saharan boundary layer are more common
in satellite-borne lidar data than in their regional model.
[4] The Geostationary Earth Radiation Budget Intercom-

parison of Longwave and Shortwave Radiation (GERBILS)
field campaign took place in the western Sahara during June
2007 and aimed to understand the difference in outgoing
longwave radiation observed between a global model and
satellite data [Haywood et al., 2005]. The multilayered
structure of the SRL and SAL was frequently observed
during GERBILS, not only in buoyancy and WVMR, but
also in dust content [e.g., Marsham et al., 2008a, Figure 5;
Marsham et al., 2008b, Figure 3]. Using aircraft data from
GERBILS, Marsham et al. [2008a] showed that land
surface temperature (LST) anomalies with scales of 10 km
or more were observed to affect the buoyancy and winds in
the Saharan CBL, even on a day with significant winds (4 m
s�1 along the aircraft track and a wind speed of 10 m s�1).
At 1300 UTC on this day, a rocky area approximately 20 km
across, with an albedo of approximately 0.2, compared with
0.45 for the surrounding desert, was linked to a CBL
temperature increase of approximately 2 K. Since the SRL
is so weakly stratified, such variations may significantly
affect the vertical mixing of the SRL, but no observations
from the SRL were available in this case [Marsham et al.,
2008a].
[5] Although the authors are unaware of any other mod-

eling studies of the impacts of land surface heterogeneity on
the Saharan boundary layer, there is a large existing body of
literature about impacts of land surface variations on other

CBLs. These variations can arise from, for example, soil
moisture or vegetation [e.g., Beyrich et al., 2006] or albedo.
Soil thermal properties and soil moisture have been shown to
affect the partitioning between surface and sensible fluxes
from the land to the atmosphere, affecting boundary layer
properties and circulations (e.g., see Kang et al. [2007] for
the continental United States). Albedo variations affect the
net solar radiation warming the surface, and so the boundary
layer [e.g., Wendt et al., 2007], and even moving cloud–
induced variations in net solar radiation at the surface, have
been shown to generate mesoscale circulations [Marsham et
al., 2007a, 2007b]. To the south of the Sahara, in the Sahel,
the combination of initially dry soils, sparse vegetation, and
intense, localized precipitation can lead to significant soil
moisture–induced circulations [Taylor et al., 2003, 2007]. In
the central Sahara, the albedo is variable [Moody et al., 2005;
Houldcroft et al., 2009; Marsham et al., 2008a; Bierwirth et
al., 2009], but vegetation is minimal, and away from regions
affected by rare rain events, the soil moisture is very low.
Therefore, the impacts of variations in albedo (and orogra-
phy) are expected to dominate the impacts from soil moisture
and vegetation. This is consistent with the results of
Marsham et al. [2008a], who observed significant coherence
between albedos and radiometric land surface temperatures
on scales between 2.5 and 50 km. Albedos derived from
satellite data show that albedo variations occur across the
Sahara on a wide variety of scales [e.g., Marsham et al.,
2008a, Figure 3a].
[6] Mahrt [2000] provide a useful overview of the

impacts of surface heterogeneities on the vertical structure

Figure 1. Simulated profiles of virtual potential temperatures (qv) from 2-D runs with no surface flux
anomalies, initialized with dropsondes at (top) 1243 UTC (case 1) and (bottom) 1212 UTC (case 2). Bold
lines show the observed (initial model) profiles of (a, d) qv, (b, e) westerly (v-wind) wind, and (c, f) water
vapor mixing ratio (Q).
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of boundary layers, in particular highlighting the limitations
of the flux aggregation (tile or Mosaic approach) to param-
eterization of subgrid heterogeneity in models. The depen-
dence of boundary layer responses on the scale of surface
heterogeneity is complex and incompletely understood, but
the strongest effects on boundary layer properties typically
tend to occur on spatial scales of 2–20 km [Mahrt, 2000;
van Heerwaarden and de Arellano, 2008]. However, this is
expected to be larger for the Saharan CBL, which can be
among the deepest on Earth, since both Patton et al. [2005]
and Dalu et al. [1996] show that the effects scale with the
boundary layer depth (with Patton et al. [2005] showing
maximum impacts for 4–9 times the CBL depth). Avissar
and Schmidt [1998] discuss how impacts also depend non-
linearly on the mean heating rate as well as on the
background winds and anomaly scales, with greater effects
for lower heating rates, but this is poorly understood
[Mahrt, 2000]. In addition, Letzel and Raasch [2003] show
that larger anomalies (greater than 5 km in their case) can
generate temporal oscillations in the boundary layer. The
work of Patton et al. [2005] differs from the other studies
discussed in that the authors used a land surface model with
two-way coupling with a large eddy model (LEM), rather
than imposing surface fluxes or temperature variations at the
land surface in the LEM. They simulated a grass-covered
land surface with striped soil moisture patches and zero
mean initial wind. They showed that the circulations in-
duced by surface patches reduced the fluxes in the middle of
the patches compared with their edges since the induced
wind speeds were lower over the middle of the patches. For
scales of surface flux variations greater than approximately
18 times the CBL depth, this allowed flux gradients within
patches to overcome gradients between patches, allowing
the coexistence both of smaller cells within the patches and
larger-scale patch-induced variations.
[7] Dust uplift is a nonlinear function of wind speed

(generally parameterized as a function of wind speed cubed,
with a threshold wind speed [e.g., Cakmur et al., 2004;
Marticorena and Bergametti, 1997]), so fluctuations in
wind speed (in time or space) can significantly affect dust
uplift. As a result of this nonlinearity, some studies have
shown that boundary layer convection can make a signifi-
cant contribution to the winds that result in dust uplift in the
Sahara [e.g., Cakmur et al., 2004], and observations of
Marsham et al. [2008a] showed that the LST anomalies
affect the winds in the boundary layer. Therefore, such LST
anomalies are expected to affect dust uplift.
[8] The observations from the African Monsoon Multi-

disciplinary Analysis and other projects in Africa have led
to some overall understanding of the Saharan boundary
layer and its interactions with African weather and climate.
For example, in recent years, simulations have shown how
the Saharan Heat Low (SHL) acts as a control on the onset
of the West African Monsoon [Sultan and Janicot, 2003;
Drobinski et al., 2005; Ramel et al., 2006; Sijikumar et al.,
2006; Lavaysse et al., 2009]. However, the quality of model
representation of the thermodynamic processes over the
Sahara remains uncertain, and effects of spatial variations
in the heat flux over the desert surface on the boundary layer
energy and mass transport are still a subject of much interest.
[9] In this study, we use LEM simulations to investigate

the effect of surface heat flux anomalies on the Saharan

boundary layer (section 2). The authors are not aware of any
other LEM simulations of the boundary layer of the Sahara,
which exhibits the deepest dry convection on Earth
[Gammo, 1996], although Takemi et al. [2006] presents
LEM simulations of a 4 km deep boundary layer over the
Gobi Desert of China, using spatially uniform surface
fluxes. Our main focus is on the impacts of surface flux
anomalies on the mean profile of the Saharan boundary
layer (section 3.1) and on the vertical transport from the
CBL into the SRL (section 3.2). Section 3.3 briefly exam-
ines the effects of the anomalies on dust uplift from the land
surface under varying ambient wind conditions. Section 4
summarizes and discusses our findings.

2. Case Studies, Model Setup, and Method

[10] The model used is the U.K. Met Office LEM [Gray
et al., 2001]. Two cases were simulated, each initialized
using a dropsonde profile from 24 June 2007, made during
the GERBILS field campaign. Case 1 was initialized with a
profile from 18�N, 8.7�W at 1243 UTC, and case 2 was
initialized with a dropsonde from 18�N, 5.7�Wat 1212 UTC.
These were therefore both from a similar region of the
southern Sahara, but the profiles differed due to different
effects from the monsoon and the baroclinic zone at the
western edge of the Sahara [Grams et al., 2009] in each case.
[11] Two-dimensional (y-z) simulations were performed

since a significant number of runs over extensive domains
were required (sensitivity tests using three dimensions and
smaller grid spacings than these standard runs were also
performed, as described later). The model domain was 8 km
deep, and the horizontal domain length was 200 km for case
1 runs and 100 km for case 2 runs (sensitivities to domain
size are discussed in section 3.1). A horizontal grid spacing
of 200 m was used, with a vertically stretched grid having a
minimum spacing of 50 m in the boundary layer and a
maximum of 150 m above 5 km. Periodic lateral boundary
conditions were used. To reduce the reflection of internal
gravity waves, a Newtonian damping layer was applied
above 5300 m (a sensitivity study in which this was
increased to 5700 m showed that this had negligible impact).
As is usual for LEM simulations, at the start of a run, random
perturbations (of ±0.2 K and 0.05 g kg�1) were added to
temperature and WVMR fields below 1000 m to allow
boundary layer convection to develop in the model [Gray
et al., 2001; Huang et al., 2009].
[12] The model surface heat flux was provided by the

Consortium for Small-Scale Modeling model [Doms and
Schättler, 2002] (available at http://www.cosmo-model.org)
from the Deutscher Wetterdienst, which was run operation-
ally during GERBILS and has been evaluated using aircraft
data from 24, 27, and 28 June [Grams et al., 2009;
Marsham et al., 2008a, 2008b]. These studies showed that
the model captured the main structures observed well, but
not the details of all the layerings observed in the SAL and
SRL.
[13] It is known that the effect of surface heat flux

anomalies on the CBL depends on both the spatial scales
of anomalies and background wind conditions [e.g.,Hadfield
et al., 1991]. However, this has not previously been inves-
tigated for the unusually deep boundary layer of the Sahara.
Therefore, in this study, a range of simulations with different
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spatial scales of heat flux anomalies under different ambient
winds have been performed. A small warm patch was located
in the middle of the model domain, with its width varying
from 20 to 60 km in case 1 and 5 to 40 km in case 2. Surface
heat flux anomalies of different magnitudes are applied
within this warm patch, under various ambient winds. Here
‘‘heat flux’’ refers to both the sensible and latent fluxes,
although owing to the high Bowen ratio in the Sahara, the
latter affects the results very little.
[14] Two 3-D simulations were run as sensitivity studies.

These were for case 2 and used a 100 � 10 km domain with
the surface flux anomaly applied over a 20 km wide strip
extending the full 10 km width of the domain in the third
dimension. In one run, no initial mean wind was applied in
the third dimension. In the other, the observedwind was used.
As discussed in section 3, the differences in both the mean
potential temperature profile and tracer transport between
results from these 3-D runs and the equivalent 2-D run were
small. This supports the idea that the results from the 2-D
simulations can be viewed as representing the effects of a
linear anomaly in a 3-D domain (similar to the rocky valley
and escarpment observed byMarsham et al. [2008a]). Three
higher-resolution runs were also performed as sensitivity
studies. The first two used a higher vertical resolution
(a minimum grid spacing of 0.7 m in the surface layer and a
maximum of 50 m above 5 km), with and without an
anomaly (M = 2.25, D = 20 km, where M and D are
introduced in equation (1)). The third used both this higher
vertical resolution and a higher horizontal resolution (a grid
spacing of 100 m), with an anomaly (M = 2.25, D = 20 km).
As discussed in section 3, the effects of changing the
resolution on the results presented were small.
[15] For the scales of land surface variations considered

in this article (widths of 5 km or more), there is essentially a
1-D energy balance at the land surface between the net solar
heating (controlled by the surface albedo) and the outgoing
longwave, sensible heat flux into the atmosphere, sensible
heat flux into the ground, and latent heat flux into the
atmosphere (which, in the dry Sahara, is small). Therefore,
surfaces of lower albedo result in an increased outgoing
longwave flux and sensible heat fluxes into the air and
ground. The precise magnitude of the increase of the
sensible heat flux into the atmosphere depends on the
two-way coupling between the land and the atmosphere,
but to first order, it can be represented by a uniform increase

in surface flux to represent a uniform albedo anomaly
[Patton et al., 2005]. This is most accurate for surface
variations with ‘‘wavelengths’’ less than approximately
18 times the CBL depth, for which variations in fluxes
between patches dominate those within the patch [Patton et
al., 2005]. The CBL depths in the simulations described in
this article vary between approximately 1 and 4 km. There-
fore, for this study, Patton et al. [2005] suggest that the two-
way coupling is significant for simulations with anomalies of
width greater than approximately 27 km (18 times a CBL
depth of 2.5 km, with the anomaly wavelength taken as
double the anomaly width). This includes the larger anoma-
lies used in this article. However, this is a second-order
effect, and Patton et al. [2005] show flux variations of only
around 2% within a wet or dry patch. The effects of two-way
coupling are also expected to be reduced in any simulations
with a mean wind, and furthermore, unlike a wet soil surface
that can dry in response to an induced low-level wind, in this
study, the land albedo cannot evolve in response to the
atmospheric circulations.
[16] Considering the 1-D energy balance arguments dis-

cussed earlier, to compare model results with observations,
it makes sense simply to increase surface heat fluxes over
the warm patch, as a representation of the low-albedo
features which influenced the CBL during the GERBILS
campaign (described by Marsham et al. [2008a]). However,
when considering the consequences of an unresolved spa-
tially varying heat flux for a global model, as well as from a
theoretical perspective, it is useful to separate the effects of
the total increase in heating from the effects of a localization
of the heating. Therefore, for the majority of simulations, to
keep the total heat flux into the modeled atmosphere a
constant, a ‘‘balanced’’ surface heat flux approach is used,
with reduced heating away from the warm patch. Therefore,
if the surface heat flux over the domain without an anomaly
is F, we define a nondimensional parameter M so that the
heat flux (sensible and latent) over the warm patch is MF
and the heat flux outside the warm patch is mF. For the
balanced heat flux approach, m can determined by

m ¼ L�MD

L� D
; ð1Þ

where L and D are the model domain size and the anomaly
width, respectively. M and m are the fractional increases and
decreases of the surface heat flux over the warm patch and
outside of the warm patch, respectively. Initial wind speeds
were also varied from 0 to 5 times the observed value, and
the wind speed at a height of 1 km is referred to as U. About
125 runs with different M, D, and U were performed in each
case, and their control parameters are summarized in Table 1.
All these runs used the balanced heat flux approach, unless
stated otherwise. To investigate the effects of the surface heat
flux anomalies on the transport from the CBL into the SRL, a
passive tracer with a constant value of 100 was added at all
levels below the 200 m model level in all simulations.

3. Model Results

3.1. Effects on the Boundary Layer

[17] Modeled horizontal-mean virtual potential tempera-
ture (qv) profiles from cases 1 and 2 are shown in Figures 1a

Table 1. Parameters Varied for Cases 1 and 2 for Simulations

Using Different Magnitudes of Surface Flux Anomaly (M), Scales

of Surface Anomaly (D), and Ambient Wind Speeds at the Height

of 1 km (U)

Case Anomalies M Scale D (km) Wind Speeds U (m s�1)

Case 1 1.25 20 2.0
1.75 30 5.0
2.25 40 10.0
2.5 50 15.0
3.0 60 20.0

Case 2 1.25 5 2.3
1.75 10 4.5
2.25 20 9.0
2.5 30 13.5
3.0 40 22.5
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and 1d. In both cases, the well-mixed CBL warms and
deepens throughout the simulated time period (6 hours from
1243 UTC or 1212 UTC, respectively), and above this,
there is a weakly stratified residual layer (the SRL), which
extends up to approximately 5.0 km. In the SRL, layers with
different WVMRs can be seen, often separated by weak
inversions. The CBL is much shallower and cooler in case 2
than case 1, and this gives a quite different time develop-
ment, with the CBL height reaching approximately 3.5 km
for case 1 but only 1.8 km for case 2.
[18] The two 3-D simulations, initialized with 2-D and

3-D wind, respectively, gave very similar evolutions of the
horizontal mean virtual potential temperatures as the
equivalent 2-D simulation (not shown). This supports the
use of 2-D simulations throughout the remainder of this
study. There were small differences between the 2-D runs
with decreased grid spacings and the equivalent lower-
resolution 2-D run (not shown). Both higher-resolution
runs gave slightly less entrainment, with CBLs that were
approximately 150 m shallower than the 4 km deep CBL
in the standard run. These differences suggest that the

conclusions drawn from the large number of standard-
resolution runs would be unaffected if it was possible to
use the higher resolution for all runs.
[19] To investigate the effects of surface flux anomalies

on the CBL, simulations were performed using the observed
background wind speeds and constant anomaly size (40 km
in case 1 and 20 km in case 2), but with varying strengths of
the surface anomaly (M). Figure 2 shows potential temper-
ature (q, black lines), WVMR (Q, red lines), and horizontal
wind speed (blue lines) at 344 m above ground level for
runs initialized with the observed wind, 2 hours after the
start of the simulation (1443 UTC for case 1 and 1412 UTC
for case 2). This is from a similar altitude to the aircraft data
shown in the work of Marsham et al. [2008a, Figure 4]. For
both cases 1 and 2, as the anomaly strength is increased
(fromM = 1 toM = 3), the maximum q in the CBL increases
by approximately 1.5 K for case 1 and 2.1 K for case 2. The
potential temperature increase is larger in case 2 because the
perturbed fluxes converge within a shallower CBL in this
case. Although neither case 1 nor case 2 is directly based on
the observations of Marsham et al. [2008a] (where an

Figure 2. Potential temperatures (black), water vapor mixing ratio (Q, red), and wind speed (blue) at
344 m above ground level at 1443 UTC from (a) the standard run and the runs with M = (b) 1.25,
(c) 1.75, (d) 2.25, (e) 2.5, and (f) 3.0, with 40 km wide surface anomalies in case 1; at 1412 UTC
from (g) the standard run and the runs with M = (h) 1.25, (i) 1.75, (j) 2.25, (k) 2.5, and (l) 3.0, with
20 km wide surface anomalies in case 2. The mean CBL wind directions are represented by the
arrows in Figures 2a and 2g.
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observed profile was not available), the magnitude of the
effects of the surface anomaly on the CBL in Figures 2i and 2j
is broadly consistent with the aircraft observations of
Marsham et al. [2008a]. Both the LEM and the aircraft
observations show an increase of approximately 2 K over
thewidth of the anomaly, for a similar-sized anomaly in similar
conditions (along-track winds of approximately 4 m s�1, a
CBL depth of around 1 km, an anomaly width of 20 km, and
withM = 1.75 or 2.25 in the LEM, and the albedo halved over
the anomaly in the observations).
[20] There is convergence toward the high values of q in

the CBL. Initial wind speeds in the CBL are stronger for
case 1 than case 2 (�10m s�1 at 1 kmcomparedwith 4.5m s�1;
see Figure 1), and so for case 1, the maximum values of q
(and associated convergence) are more clearly on the
downwind (western, negative y) side of the surface anom-
aly (as shown byMarsham et al. [2008a]). The width of the
high q values is greater than the anomaly width in case 2 and
more than twice the anomaly width in case 1, which is again
consistent with the stronger CBLwinds in case 1. The warm
atmospheric anomalies tend to be dry, which must be from
increased entrainment of dry air from above since the small
latent heat fluxes are increased over the anomaly (consistent
with the aircraft observations ofMarsham et al. [2008a]). An
enhancement of wind speed over the warm patch is also
expected, from the downward transport of higher momentum
by stronger convection over the warm patch.
[21] To further understand these modeled impacts of the

surface flux anomalies, it is instructive to examine the 2-D

model fields. Figure 3 shows winds and the passive tracer
(which was initialized below 200 m). There is a strong
updraft on the downwind (negative y) side of the anomalies,
where maximum convergence occurs. This is coincident
with a plume of tracer reaching higher altitudes than
elsewhere in the domain: Remote from the plume, the tracer
is contained in a much shallower CBL. For strong anoma-
lies (Figures 3b and 3d), the tracer can be seen to have
spread out laterally within the SRL. This has left a layer
with lower tracer concentrations at altitudes between this
detrained plume and the shallow CBL below (e.g., a layer of
relatively low tracer concentration around 1.4 km altitude in
Figure 3b). Similar plots of WVMRs (not shown) show that
the anomalies also increase the entrainment of warm, dry air
from the free troposphere into the SRL and also lead to
greater specific humidities over the anomaly at all levels in
the CBL. This second effect has the potential to enhance
cloud formation, as discussed by van Heerwaarden and de
Arellano [2008], but we have not investigated this process
in detail. Away from the location of the anomaly (large
positive and negative y), the stronger anomalies give a
shallower CBL: As discussed in more detail later, this is
due to a combination of the subsidence induced by the
warm plume, the reduced surface fluxes in these regions
(due to the balanced heat flux approach), the direct transport
of air heated by the warm surface anomaly into the SRL,
and the enhanced entrainment from the free troposphere into
the SRL as a result of this. ‘‘Ogive curves,’’ calculated using
a running integral [Friehe et al., 1991; Brooks and Rogers,

Figure 3. Instantaneous tracer and wind fields at 1813 UTC from case 1 runs with (a) M = 1.75 and
(b) M = 3.0, with 0.2 times the observed wind, and at 1742 UTC from case 2 runs with (c) M = 1.75
and (d) M = 3.0, with 0.5 times the observed wind. Bold lines show the location of the warm surface
anomaly.
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2000], were used to show the cumulative contribution to the
fluxes from all wave numbers for runs with and without an
anomaly (not shown). These confirmed that an anomaly of
width 40 km and M = 1.75, with no initial wind, signifi-
cantly increased the contribution of scales greater than
25 km to the fluxes at a height of 506 m in the convective
boundary layer.
[22] To quantify the changes in CBL depth due to the

warm surface flux anomaly, several simulations with differ-
ent M, D, and U for cases 1 and 2 were performed. Figure 4
shows the horizontal-mean vertical profiles of potential
temperature at the end of the simulations (1813 UTC for
case 1 and 1742 UTC for case 2). Figures 4a and 4d show
that for both cases, using balanced surface fluxes (thin
lines), increasing M from 1.0 to 3.0 (while keeping D
and ambient U fixed), leads to a shallower, cooler CBL
(approximately 0.3 K cooler and 2 km shallower in case 1
and 0.9 K cooler and 1 km shallower in case 2). As already
noted, this is due to a combination of increased subsidence
and reduced surface fluxes away from the warm anomaly
and direct transport of air warmed by the anomaly into the
SRL. For unbalanced surface flux runs (Figure 5), for which
the total heat flux into the modeled atmosphere is not a
constant, the strong anomalies can still transport air from the
CBL into the SRL and induce subsidence elsewhere. This

still results in a shallower CBL, but this CBL is then warmer
because away from the anomaly, the same surface fluxes are
now heating a shallower CBL. In Figures 4 and 5, it can be
seen that the mean CBL profile gets more stable as the
anomalies are increased (this could also be seen in local
profiles far from the anomaly and so is not merely an effect
of the horizontal averaging). This is a similar result to that
observed and modeled by Kuwagata and Kimura [1997]
and Bitencourt and Acevedo [2008] for valley circulations
(with and without a river), which they attributed to the
subsidence that formed over the valley in their cases. As
expected, increasing the width of the surface flux anomaly,
while keeping its magnitude and ambient winds fixed
(Figures 4b and 4e), has a similar effect as increasing M;
wider anomalies give a shallower and cooler CBL (using the
balanced heat flux approach).
[23] Because of the periodic lateral boundary condition of

the LEM, simulations are essentially simulating an infinite
series of similar anomalies, but for a small anomaly in a
large domain, this is very close to simulating a completely
isolated surface flux anomaly. The sensitivity to the domain
size was investigated using case 2 for anomaly widths
between 5 and 40 km. These were rerun using a 200 km
domain instead of a 100 km domain. The comparison of
horizontal potential temperatures in the CBL (at 238 m

Figure 4. Vertical potential temperature profiles from runs using (a, d) different anomaly magnitudes
(M), (b, e) different anomaly widths (D), and (c, f) different ambient wind speeds (U, illustrated by the
wind speeds at the height of 1000 m). Results are from 1813 UTC for case 1 and 1742 UTC for case 2.
All runs used balanced surface fluxes.
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altitude) between 100 km and 200 km domain runs is shown
in Table 2. For a fixed anomaly size, the larger domain
reduces the effect of subsidence and increases the surface
fluxes away from the anomaly (equation (1)). Both effects
are expected to increase for an increasing anomaly size.
This is confirmed by the LEM results, which show that for
the larger domain, the mean temperatures in the CBL are
approximately 0.5 K warmer for D = 40 km, 0.2 K warmer
for D = 30 km, and 0.1 K warmer for D = 20 km, and effects
are almost undetectable for D = 5 and 10 km. This is a two-
thirds reduction in the effect of the anomaly on CBL
temperatures for D = 40 km, and half for D = 20 km.
[24] Figures 4c and 4f show the effects of different

ambient winds, with fixed D and M (D = 40 km for case
1 and 20 km for case 2, and M = 2.5 for case 1 and 1.75 for
case 2). Stronger winds give a deeper, warmer CBL in both
cases (600 m deeper and 0.1 K warmer, with U increasing
from 10 m s�1 to 20 m s�1, in case 1; 300 m deeper and 0.4 K
warmer, with U increasing from 4.5 m s�1 to 22.5 m s�1, in
case 2); that is, strong winds decrease the impact of the
warm anomaly on the surrounding CBL. Unlike the study of
Avissar and Schmidt [1998], which showed no heterogene-
ity effects for wind speeds exceeding 5 m s�1, the anomaly
effects could be seen for all wind speeds. The strong winds
decrease the time taken for the CBL air to be advected
across the anomaly, and the stronger shear associated with
the stronger winds is expected to increase mixing. Both
effects give a less coherent plume above the surface flux
anomaly, with more of the plume being mixed into the CBL,
increasing the CBL temperature and decreasing the subsi-
dence effects of the warm plume.

3.2. Effects on Transport Between the Convective
Boundary Layer and Saharan Residual Layer

[25] Effects of surface flux anomalies have been shown to
be greater for larger M or D. Figure 6 shows vertical
distributions of the horizontally averaged passive tracer
concentrations at different values of MD for runs with no
ambient wind (note that the runs with D of 40 km in case 2
are eliminated in Figure 6 because of the large effects of the
model lateral boundaries in those cases). Within 2 hours
(Figures 6a and 6g), the tracer is essentially well mixed
within the CBL (up to 2.1 km in case 1 and up to 900 m in
case 2). This depth decreases with increasing MD as wider,
warmer anomalies give a shallower CBL (section 3.1).
More tracer is transported to higher maximum levels within

the SRL with stronger anomalies (larger MD). For suffi-
ciently large values of MD, this gives a clear vertical
separation between the high tracer concentrations in the
CBL and those from the detrained plume from the warm
anomaly (e.g., for case 1 at 1813 UTC and MD = 160 km,
the CBL tracer layer is 800 m deep and the detrainment
layer is between 1.0 and 4.5 km, while for case 2 at
1742 UTC and MD = 90 km, the CBL tracer layer is 100 m
deep and the detrainment layer is between 1 and 4 km). The
altitude of the detrained plume increases with MD since the
warmer, wider plumes can penetrate further into the SRL.
Replotting Figure 6 for a single value ofM (not shown) gave a
smooth variation of the anomaly impacts with diameter. This
and other results did not indicate any preferred anomaly size,
which was shown by, for example, Patton et al. [2005].
[26] Vertical distributions of the horizontally averaged

passive tracer concentrations at different values of MD/U
(not shown) show that the effects of surface flux anomalies
are greater for smallerU (we expect the effects of the anomaly
generally to increase with increasing MD/U). The tracer
does not reach as high as in Figure 6, owing to the effects of
the wind. For both cases, for a given value of U, the amount
of tracer that reached the upper levels of the SRL was found
to increase approximately linearly with MD, but the rela-
tionship with MD/U was more complex (not shown). Again,
differences between the 2-D simulation and 3-D simulation
of case 2 (using M = 1.75 and D = 20 km) were small. The
boundary layer tracer concentrations at the end of the
simulations were approximately 10% greater in the 3-D
run since the 3-D run gave a boundary layer that was
approximately 10% shallower, and the two runs gave very
similar transport of tracer to the free troposphere (not
shown).

Figure 5. Same as Figures 4a and 4d, except all runs use unbalanced fluxes.

Table 2. Horizontal Mean Potential Temperature for Case 2 at

238 m Altitude With Different Scales of Surface Anomaly (D) and

4.5 m s�1 Ambient Wind Speed at the Height of 1 km at 1742 UTC

for Standard Domain Size (L) of 100 km and Increased Size (L) of

200 km Runs

q(K)

D (km)

5 10 20 30 40

L = 100 km 317.78 317.75 317.63 317.42 317.04
L = 200 km 317.79 317.76 317.71 317.64 317.54
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[27] These results show that not only do stronger surface
flux anomalies with lighter winds tend to decrease the CBL
depth (using balanced or unbalanced surface fluxes), but
they also enhance the vertical transport from the CBL into
the SRL. Warm plumes located above the surface anomalies
enhance transport from the CBL into the SRL and induce
subsidence in the surrounding areas, inhibiting the CBL
growth there. If an anomaly was sufficiently strong (or the
lid between the CBL and SRL sufficiently weak), this could
detrain air that was warmer than the SRL at the top of the
SRL, stabilizing the SRL. This process would also enhance
entrainment from the free troposphere into the SRL, which
would further stabilize the SRL.

3.3. Effects on Dust Uplift From the Land Surface

[28] It is known that dust uplift occurs only for wind
velocities higher than a threshold [Gillette, 1978], which is
typically around 8–10 m s�1 in the Sahara [Chomette et al.,
1999] and is normally parameterized as a function of the
friction velocity (u*) cubed, with a threshold friction veloc-

ity [Marticorena and Bergametti, 1997; Gillette, 1978].
This nonlinear dependence of dust uplift on wind speed
means that surface heat flux anomalies, which cause con-
vergence in the boundary layer and affect the rate of
downward mixing of momentum from above, might be
expected to affect uplift rates.
[29] There is no dust model within the LEM, but in this

section, we investigate the impacts of the surface anomalies
on low-level winds to investigate their impacts on dust
uplift. In the LEM,

u* ¼ k � u1=ðlogðz=z0Þ � yÞ; ð2Þ

where u1 is the wind velocity at the lowest model level, z0 is
the roughness length of the surface, k is the von Karman
constant, and y accounts for stability. Therefore, for a
constant surface roughness, if variations in y are neglected,
u* is proportional to u1. A calculation of u* with and without

Figure 6. Horizontally averaged tracer as a function of height for different values ofMD from runs using
zero model ambient wind. Results are shown for case 1 at (a) 1443 UTC, (b) 1543 UTC, (c) 1643 UTC,
(d) 1713 UTC, (e) 1743 UTC, and (f) 1813 UTC and for case 2 at (g) 1412 UTC, (h) 1512 UTC,
(i) 1612 UTC, (j) 1642 UTC, (k) 1712 UTC, and (l) 1742 UTC, respectively. Dashed lines indicate the
convective boundary layer depths.
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variations in y showed that variations in u* were dominated
by variation in u1 (consistent with the work of Marsham et
al. [2008a]). We therefore use variations in u1 to investigate
the impacts of the anomalies on dust uplift. We use Cakmur
et al.’s [2004, equation (1)], which relates variations in dust
uplift rate (F) to variations in low-level wind speed:

F/u2ðu� uT Þ; ð3Þ

for u � uT, where u is the surface wind speed at 10 m and uT
is the threshold wind speed for uplift (as also used by
Marsham et al. [2008a] for evaluating the effects of
boundary layer convection within the LEM on dust uplift).
[30] In the LEM, we use the wind speed at the lowest

model level (26 m) to calculate the dust uplift since our aim
is only to investigate the sensitivity of uplift (i.e., averaged
values of u2(u � uT)) to the anomalies, rather than model
actual dust uplift rates (sensitivity tests using the higher-
resolution 2-D runs showed that our results were robust to
the vertical resolution used).
[31] Figure 7 shows the dependence of ‘‘uplift rates’’ (i.e.,

domain-averaged values of u2(u � uT)) for both cases, with
varying anomaly strengths and ambient winds. Anomalies
tend to increase dust uplift for low wind speeds both in cases
1 and 2, and especially in case 1, with wind speeds less than
15 m s�1. For example, for case 1 with a mean wind of 10 m
s�1, an MD of 100 km increases uplift from approximately
0.3 to 0.6 m2 s�3. This occurs since the anomalies lead to
locally increased wind speeds (see Figure 2) and uplift is a
nonlinear function of wind speed cubed. Effects at higher
wind speeds are reduced since the effect of the anomaly on
CBL winds is then reduced.
[32] In reality, dust uplift rates depend on soil properties,

moisture, and vegetation. As a sensitivity study, uplift rates
were recalculated with dust only uplifted from outside the
warm anomaly (since less dust uplift might be expected
from a dark, rocky surface). This made the results more
complex since the uplift was then sensitive to the location of
the increased wind speeds with respect to the anomaly. In
both cases 1 and 2, the effects were much less clear than in
Figure 7, but there was perhaps a decrease in overall uplift
rate for increasing anomaly strength (not shown), which

must be a result of enhanced wind speeds over the anomaly
and reduced wind speeds elsewhere (see Figure 2).

4. Summary and Discussion

[33] LEM simulations have been used to investigate the
effects of surface flux anomalies on the growth of the
Saharan CBL into the SRL and transport from the CBL
into the SRL. Sensitivities to the scales and strengths of the
anomalies (widths of 5–60 km and fluxes of 1–3 times the
unperturbed values) as well as the ambient winds (0–5 times
that observed) have been investigated. This work was
motivated by the observational results of Marsham et al.
[2008a], who showed that low albedo anomalies in the
Sahara (on scales of 10 km or more) can lead to observable
increases in land surface and CBL temperatures and to
convergence in the CBL. However, Marsham et al.
[2008a] could not evaluate the effects on the transport into
the SRL since data were only available from within the
CBL. The LEM simulations described in this article allow
us to conclude that surface flux anomalies enhance modeled
transport from the CBL into the SRL and inhibit the growth
of the Saharan CBL.
[34] Two sets of LEM simulations were performed, each

initialized with a dropsonde profile from the Saharan
boundary layer, made during the GERBILS field campaign.
A balanced surface flux approach was used, in which, as the
anomaly strength increased, surface fluxes outside of the
anomaly decreased to keep the domain-averaged flux con-
stant. The effects of unbalanced fluxes (where the strength
of the anomaly was simply varied) were also investigated. It
would be interesting to extend this work by coupling a land
model to the LEM to allow two-way coupling effects, which
can be significant [Patton et al., 2005]. However, we do not
expect these two-way effects to significantly alter the
conclusions from this article, and the balanced anomaly
method used allows an idealization of the problem, main-
taining a constant heat flux into the domain for all runs.
[35] Wider, stronger anomalies, with lighter winds, gave a

shallower CBL away from the anomaly and enhanced
transport of a tracer from the original CBL into the SRL
above. This gave a cooler CBL with balanced surface fluxes
but a warmer CBL with unbalanced fluxes. The results were

Figure 7. Mean ‘‘uplift rate’’ per meter (see text for details) as a function of the wind at 1 km (v-wind)
and anomaly strength (MD). (a) Case 1 with D = 40 km at 1543 UTC and (b) case 2 with D = 20 km at
1512 UTC.
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a consequence of the warm updraft over the surface flux
anomaly, allowing air from the CBL to enter the SRL but
generating subsidence elsewhere, which inhibited CBL
growth. Stronger boundary layer winds gave a less coherent
updraft over the surface anomaly and reduced these effects.
A simulation of a 20 km strip (in the x direction) with an
anomalous surface heat flux in a 3-D domain gave very
similar results to the equivalent 2-D simulation. We can
conclude that if it had been possible to use three dimensions
for all runs, then this would not have significantly affected
our results.
[36] These idealized modeling simulations provide valu-

able insights into observations from the Saharan boundary
layer. Aircraft, dropsonde, and lidar profiles often show
layering of dust and water vapor within the SRL [e.g.,
Marsham et al., 2008a, 2008b], often with a maximum in
WVMR at the top of the SRL [Flamant et al., 2007]. Vuolo
et al. [2009] showed that their regional model tends to
underestimate the occurrence of multiple dust layers. The
LEM simulations show that an anomaly in surface fluxes
can generate such layering in the SRL (as shown toward the
right-hand side of Figure 6). For a sufficiently strong
anomaly, or weak inversion between the CBL and SRL,
the simulations show how an anomaly could result in a
plume that injects humid CBL air directly from the CBL
into the top of the SRL (where it is stopped by the strong
inversion between the SRL and the free troposphere). This
would result in a WVMR maximum at the top of the CBL,
as observed in some of the profiles of Flamant et al. [2007],
and, by warming the top of the SRL, would further inhibit
the growth of the CBL into the SRL.
[37] The CBL growth in the Sahara is known to be slow,

with observations showing the SRL persisting until late in
the afternoon. This persistence has important implications
for the meteorology of the region and for dust transport. The
LEM results show that surface flux anomalies suppress
CBL growth away from the anomalies, contributing to the
persistence of the SRL. Mountains in the Sahara (the
Hoggar, Tibesti, etc.), which not only tend to be darker
than the surrounding desert, but also provide an elevated
heat source [e.g., Tian and Parker, 2003], are expected to
generate stronger effects than simple surface flux anomalies.
[38] Although dust is not a prognostic variable in the

LEM, the sensitivity of dust uplift from the land surface to
anomalies was investigated by calculating an uplift rate as a
cubic function of the low-level wind speed, with a threshold
applied (as used by Cakmur et al. [2004] and Marsham et
al. [2008a]). This showed that if the whole LEM domain
had equal potential for dust uplift, then anomalies tended to
increase uplift. This is a result of local variations in wind
speed induced by the anomalies and the nonlinear nature of
the uplift process. If the uplift could only occur outside of
the anomaly, there was perhaps a decrease in overall uplift
rate for increasing anomaly strength, but the results were
much less clear. It would be interesting to add a full
prognostic dust variable coupled to a radiation scheme in
the LEM, allowing the dust radiative effects to feed back
onto the boundary layer dynamics, but this was beyond the
scope of this study.
[39] To capture these mesoscale processes, models must

resolve them and use accurate albedos, or they must be
parameterized. Failing to do this may have significant

implications for the representation of the growth of the
Saharan CBL into the SRL, the layering within the SRL,
modeled meteorology, and dust transport.
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