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Study of the entrainment in the Saharan Boundary Layer based on

observations and Large Eddy Simulations

G. CanNur, F. CouvrREUX, M. LoTHON, D. PiNO, F. SAID

1. Introduction

In the presence of windshear, the entrainment
process is still not correctly represented in vari-
ous models. This article is devoted to the study
of the entrainment at the interface between the
moist and cold monsoon flow and the dry and
warm Saharan Air Layer (SAL) which gives very
specific conditions where the Planetary Boundary
Layer (PBL) grows within the monsoon flow and
rapidly reaches the bottom of the SAL (see Canut
et al. (2010)), leading to a large windshear and
large thermodynamical differences at the top.

We took advantage of a statistical study based
on the measurements made by the French ATR
aircraft during the AMMA (African Monsoon Mul-

tidisciplinary Analysis) experiment, which has shown

the presence of ‘dry tongues’ i.e intrusions of dry
air from the SAL into the PBL. Those are full part
of the entrainment process at the PBL top and
responsible for large moisture fluxes in the upper
PBL, due to the large difference in humidity be-
tween the SAL and the PBL. The study showed a
particularly thick entrainment zone in this region
during the observation period.

Observations and some numerical simulations
based on Large Eddy Simulation (LES) are used in
order to better understand the physical processes.

A first LES simulation was designed based on
the observations of the 5 June 2006, a case under
significant monsoon windspeed during the transi-
tion period from the dry season to the active mon-
soon months. This numerical model resolves the
large eddies contributing to the entrainment.

For this day, a complete set of observations

was obtained (Canut et al. (2010)) in the area of
Niamey (Niger, 13.5° N 2.1° E) with 4 radiosound-
ings, a wind profiler, ground stations and an air-
craft, which flew vertical soundings and several
stacked legs. This day of dry convection was cho-
sen because: a convective boundary layer devel-
oped without cloud development and the entrain-
ment process was important. The vertical profile
of the buoyancy and humidity fluxes were linear,
and allowed us to estimate the entrainment rate.
The humidity flux at the PBL top was important
(700 W m~2) whereas it was very small at the
ground.

In a second step, a set of 8 sensitivity tests
was made with a large range of thermo-dynamic
gradient and windshear between the PBL and the
free atmosphere in order to evaluate the effect of
the windshear on the entrainment processes and
to evaluate the different entrainment parameter-
izations in realistic conditions. In the literature,
the authors often use an approach with idealised
conditions.

A mixed-layer approach is finally used to fur-
ther understand the boundary layer characteris-
tics. Two types of mixed layer models have been
used. The main difference leans on the character-
ization of the entrainment zone depth (Fig. 1).
The most basic approach, first proposed by Lilly
(1968), represents the entrainment zone as a sharp
discontinuous inversion (0 = 0), namely, a zero-
order-jump model (ZOM). From the 1970s onward,
and with different degrees of complexity, this ap-
proach has been widely applied to study the CBL
over land (e.g. Tennekes (1973); Stull (1976)), the
stratocumulus-topped boundary layer, the forma-
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FiG. 1.  Vertical profiles of (a) the wvirtual poten-
tial temperature and (b) the buoyancy flur assumed
in (blue) zero-order-jump model (ZOM) and (red) a
first-order-jump model (FOM). (¢) The sign of the
buoyancy flux defines two surfaces B- and B+, ob-
tained by integrating the flux with the height.

tion of a coastal internal boundary layer, the ma-
rine boundary layer, and the impact of boundary
layer dynamics on the carbon dioxide concentra-
tion or on the atmospheric chemistry in the CBL.

The interface layer can also be described in
a more realistic way by the so-called first-order-
jump model (FOM). The entrainment region is
then assumed to have a finite thickness (6 > 0).
In this model (Betts (1974); Sullivan et al. (1998);
Van Zanten et al. (1999)), the estimation of the
thickness of the entrainment zone is a key param-
eter.

2. Numerical setup
a. The characteristics of the LES model

The model used in this study is the LES ver-
sion of the non-hydrostatic model Meso-NH, the
dynamical part of which was presented by Lafore
et al. (1998). The 3-D turbulence scheme is based
on that proposed by Redelsperger and Somme-
ria (1982) and was discussed in details by Cuxart
et al. (2000). It is based on a prognostic equation
for subgrid kinetic energy and it incorporates the
effect of thermal stratification on subgrid fluxes
through varying Prandtl and Schmidt numbers.
This model enables to analyse the structure and
the evolution of the boundary layer.

A 10 km x 10 km x 5 km domain was used,
centred over Niamey. The setup of the simulation
was very similar to that of Couvreux et al. (2005)
for an THOP case. The horizontal resolution was
100 m and we considered a flat domain which char-
acterizes the region. The same vertical profile was
used as initialisation on the whole horizontal do-
main. A vertical stretched grid of 60 levels was
used with resolution thinner than 50 m up to 1000
m, and 100 m higher up. The lateral conditions
were cyclic and the duration of the simulation was
12 h. At the surface, the heat fluxes were pre-
scribed. At the domain top, in order to avoid the
reflection of gravity waves, an absorbant layer of
1 km was added, where the fields were nudged to-
wards the mean profiles. Large-scale advections of



heat and moisture have been taken into account,
since observations indicated that they were not
negligible during the observing period.

b. The initial conditions

Several sensitivity tests on the initial condi-
tions allowed us to define the final configuration
for the simulation of 5 June 2006. In this sim-
ulation, different forcings have been introduced
to obtain a simulation with a vertical structure
close to the observations. Initial profiles and large
scale advections (prescribed every 3 hours) were
deduced from the ECMWF reanalyses (Agusti-
Panareda et al. (2010)). No advection was pre-
scribed above the PBL top. The surface sensible
heat flux varied during the day with a maximum
at midday of 400 W m~2 consistent with obser-
vations from the Atmospheric Radiation Measure-
ment (ARM) mobile facility. During the pre-onset
period that is a moistening period before the most
active phase of the monsoon, the surface latent
heat flux was very small and we chose to neglect
it.

c. Validation of the simulation

The validation of the LES has been possible
thanks to the numerous observations made during
this day. Figure 2 shows the water vapour mix-
ing ratio (r,), potential temperature (¢) and zonal
wind component (U) vertical profiles by the LES
and observations at midday. For €, r, and U the
different jumps at the PBL top are well predicted
(4 K,5¢gke !'and 9 m st respectively). The
variability found with the observations is also re-
produced in the LES. For the meridian wind com-
ponent (V) differences between observations and
LES are observed (figure 2d).

The evolution of the PBL top is a crucial pa-
rameter because the determination of the entrain-
ment processes greatly depends on it. Figure 3
compares 4 different methods to obtain the PBL
depth by using LES against the observations (wind
profiler and soundings). In those 4 methods the
PBL top is defined as: (i) the height of the mini-
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wind component. The dashed lines represent the vari-
ability in the model domain.
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Fia. 3. Temporal evolution of the PBL height ob-
tained on 5 June 2006 with (blue dots) the radiosound-
ings of the ARM station, (red dots) the aircraft obser-
vations and (blue line) the wind profiler observations
at Niamey every 15 minutes. In the LES the PBL
height was obtained with (red line) the top of the mized
layer method, (black line) the buoyancy fluz method,
(dark grey lines) the method of the mazimum of gra-
dient, (dashed grey line) variability with the gradient
method .

mum buoyancy flux (LES), (ii) the height of max-
imum gradient of potential temperature (LES),
(iii) the top of the mixed layer (flight observa-
tions, radiosoundings and LES), (iv) the height
of maximum radar refectivity (wind profiler). As
expected the mixed layer top is found below the
maximum gradient of the potential temperature
(Sullivan et al. (1998)).

When the same mixed layer method is used,
PBL top obtained by LES fits well the observa-
tions. The wind profiler data allow us to confirm
the rapid evolution of the PBL between 10 and 15
h. Considering all the available data, we estimated
the PBL growth rate around 10 cm s 1.

In this work, we used the level of the mixed
layer top in the LES to compare with the obser-
vations while the most frequently for LES estima-
tions is the level of minimun buoyancy flux.

3. Impact of entrainment of dry air on the
PBL structure

In order to study the entrainment process we
used the fluctuations measured by aircraft and cal-

culated by LES. For example, the vertical velocity
can be written:

w=w+w (1)

where w is the measured vertical velocity, w is the
mean during a given period and w’ is the fluctua-
tion. The same equation is used for potential tem-
perature (6), virtual potential temperature (6,)
and water vapour mixing ratio (r,).

LES and aircraft observations provide informa-
tion about the structure of the PBL, and the role
of the dry tongues. During this period, due to
the almost quasi-zero latent heat fluxes, the main
source of the humidity variability in the PBL is the
entrained dry air from the free troposphere into
the PBL. Analysis of the fluctuations in poten-
tial temperature, water vapour mixing ratio and
vertical velocity, both with the observations and
LES, highlights the presence of dry intrusions at
the PBL top which penetrate down to the middle
of the PBL, and even lower (Lohou et al. (2010)).
Dry tongues participate to the vertical redistribu-
tion of the water vapour and other scalars. Close
to the PBL top, they have a typical width of 500
m and a distance between them of 2 km (Canut
et al. (2010)).

Variances and fluxes result from the impact of
these dry tongues. Figures 4 and 5 show the vari-
ances and the flux vertical profiles for the obser-
vations and the LES.

For this day, we observed an overestimation of
the surface buoyancy heat flux by the LES. For
the humidity flux the large value at the PBL top
was well represented by the LES. This large value
is due to negative fluctuations of vertical velocity
and water vapour mixing ratio at the top which
correspond to the exchanges between dry SAL and
moist PBL.

The vertical profiles of water vapour mixing ra-
tio and buoyancy fluxes observed this day are close
to linear in the PBL. This allows us to estimate
the entrainment rate defined as:

w’9;|0 .

B = (2)



where w'0/,|; and w'6 |, are the buoyancy fluxes at
the PBL top and at the surface respectively.
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Fi1c. 4. Temporal evolution of the simulated vertical
profiles of (a) the buoyancy fluz and (b) the moisture
flux (hourly averaged in all the domain). x represent
the observed flux obtained (red) after filtering the data
with a 5 km cut off wavelength and (black) with no
filtering. Z, represents the height normalized by the
PBL top.

We found an entrainment rate close to 0.3 with
the observations around 13h30, larger than the
typical 0.2 value found for purely convective PBL
(Garratt (1992)). With the LES, the entrainment
rate increased during the day but remained smaller
than 0.2. Figure 5 shows the variances of €, r, and
w. In the entrainment zone retrieved by the LES,
the maxima of the potential temperature and of
the water vapour mixing ratio variance were very
large. The few observed points in this layer do
not allow a complete comparison with the LES
data. Note that Turner et al. (2010) observed the
same order of magnitude with Raman lidar. These
profiles are due to strong exchanges between the
PBL and the free troposphere characteristic for a
convective boundary layer. At the surface, both
the simulation and the observations show small
values in the water vapour mixing ratio variance.
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F1G. 5. Vertical profiles of the (line) simulated and
(dots) observed variance of (a) vertical velocity, (b)

water vapour mizing ratio and (c) potential tempera-
ture for 5 June 2006.

The water vapour mixing ratio fluctuations within
the PBL are only generated in the entrainment
zone. On contrary the potential temperature fluc-
tuations are generated both at the surface and at
the entrainment zone. As a consequence, the po-
tential temperature variance is important at the
surface for the simulation and for the observa-



tions but it is over-estimated by the simulation.
LES also overestimates the vertical velocity vari-
ance in the middle of the PBL. The observations
show a similar profile with a maximum at 600 m
(0.3 Z;) but the variance is 2 times larger in the
simulation. This presently remains unexplained
and implies that the w - r, correlation coefficients
are underestimated by the LES since the moisture
fluxes are similar.

In order to estimate the contribution of dry
tongues to the variances and fluxes relative to the
contribution of thermals, a conditional analysis on
the fluctuations w’, ¢ and r! (Grossman and Ni-
mal (1995)) is used. We defined three classes:
thermals with w’ > 0 and 6" > 0, dry tongues
with w’ < 0, 7/ < 0 and ¢ > 0, and the remaining
population in the third class.

With this conditional sampling (Fig. 6), the
simulation fits very well aircraft observations. The
conditional sampling of the fluctuations revealed
that the dry tongues are not necessarily the most
numerous turbulent structures, but that they con-
tribute 40% to the variance of water vapour mix-
ing ratio in the upper part of the PBL. In the
middle of the PBL, they participate to between
20 and 40% to the variance of the potential tem-
perature. Close to half of the most intense fluc-
tuations in vertical velocity (< —oy/) at the PBL
top are associated with positive fluctuations of po-
tential temperature and negative fluctuations of
water vapour mixing ratio. The dry tongues gen-
erate intense fluctuations, consistently with obser-
vations by Couvreux et al. (2007) and Canut et al.
(2010).

The analysis of the distributions has been car-
ried out (not shown). In the middle of the PBL,
LES represented correctly the distributions ob-
served for the 3 variables. At the interfaces sur-

face/PBL and PBL/free atmosphere, we found more

differences between observations and LES, simi-

lary to the previous comparison of variances. Again,

we impute it to a sampling problem and cannot
conclude in any overestimation by the LES.
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F1G. 6. Contribution of the different classes at 14h to
(a) humidity variance, (b) potential temperature vari-
ance. (c) Distribution of data points over the differ-
ent classes according to (solid line) LES and (crosses)
aircraft observations for 5 June 2006.

4. Test of some parameterisations of en-
trainment with a sensitivity study

To improve our understanding of the entrain-



ment processes within the Sahelian boundary layer
and in particular during the gradually moisten-
ing period before the full monsoon, several tests
of sensitivity (table 1) are made with a reference
simulation which corresponds to the case of 5 June
2006 previously described .

nom | Z; | adv 0o % % WSmaz
run02 | 500 | #0 | 303.0 | 11.9 | -5.4 | 12.0
run03 | 500 | 0 | 303.0 | 11.9 | -54 | 12.0
testd4 | 0 0 | 3045 5.0 | -3.2 | 12.0
testd8 | 0 0 [299.0| 7.7 | -55 | 12.0
test49 | 300 | O | 303.2|26.1 |-16.7 | 12.0
test45 | 500 | 0 | 303.0 [ 11.9 | -5.4 7.0
test46 | 500 | 0 | 303.0 | 11.9 | -54 6.0
testd7 | 500 | 0 | 303.0 | 11.9 | -54 3.0
TABLE 1. Initial conditions at 6h: Z; [m]: height

of the PBL; adv: large scale advection; 0y [K]: 0 at
the surface; g—z [1073K.m~1]: in the entrainment zone
or in the PBL in the cases without PBL developped;
% [1073g kg~ m™1Y]: in the entrainment zone or in
the PBL in the cases without developped PBL; wsmaz
[m.s~1] represents the mazimum of windshear. The
test called run02 represents the simulation on 5 June
2006 and the test called run03 is the reference test

without advection.

For the different tests no large scale advec-
tion is prescribed and an homogeneous surface flux
with a maximum of 400 W m~2 is used. Only the
initial vertical profiles of potential temperature,
water vapour mixing ratio and wind, vary over a
range covering the conditions observed during the
pre-onset period.

Figure 7 shows the different initial profiles used
which correspond to realistic but simplified pro-
files observed during the pre-onset period. The
tests 44, 48 and 49 correspond to different profiles
of potential temperature and water vapour mix-
ing ratio and the tests 45, 46 and 47 correspond
to different profiles of wind. When the profiles
of potential temperature and water vapour mix-
ing ratio were modified, the wind profiles of the
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components.



reference simulation were used.

These 6 tests of sensitivity constitute, with the
simulation of 5 June 2006, with and without ad-
vection, our set of sensitivity tests. They allow us
to study the role of small scale processes within a
typical Sahelian boundary layer.

a. Entrainment velocity analysis: ZOM vs FOM ap-
proximation

Aircraft observations in the area of study (Canut

et al. 2010, Said et al. 2010) have often shown
during this season values of 3 larger than the typ-
ical value of 0.2.
To quantify the growth of the PBL (aazti), the
entrainment velocity is used:
Zi
We = aat — wp, (3)
where wy, is the large-scale vertical velocity. wy, is
usually small or has the same magnitude as w,. w,
quantifies the engulfment of air from the free tro-
posphere within the PBL. In the ZOM approach,
it can be estimated by the ratio between the flux
of a scalar quantity at the inversion and the jump
in the scalar (0, r, or concentration of another
trace gas) concentration (Lilly 1968, Faloona et al.
2005, Lenschow et al. (1999)):
We = A_S (4)
where ‘s’ can be any scalar quantity, s= 6, ry, .. ..
The entrainment velocity, w., was estimated
from observations by using equations 2 and 3. Two
soundings made at two different hours were used
to obtain the boundary layer growth and w, (equa-
tion 3, neglicting wy,) and aircraft observations
provided the entrainment buoyancy fluxes in equa-
tion (4). By comparing these two estimations of
w,, we obtained smaller entrainment velocity when
using the entrainment flux estimation by the ZOM.
The main reason is that the ZOM model (equa-
tion 4) does not take into account the depth of
the entrainment layer. The vertical structure ob-
served should be better approximated by a first-
order model in this region.
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Fi1Gc. 8. Comparison between AAZ;' and we calculated

with the potential temperature, based on (a) a ZOM
model and (b) a FOM model. (c) and (d) compare w,
calculated with two different scalars (the virtual po-
tential temperature and the vapour mizing ratio) re-
spectively with a ZOM model and a FOM model.

In the LES as in observations, the entrain-
ment thickness zone is large, so the zero-order ap-
proximation is not correct. First Sullivan et al.



(1998), then Pino and Vila-Guerau de Arellano
(2008) used a parametrization of the entrainment
velocity deduced from the FOM model. With this

parametrization,

L 0Zi | whli 0 90, Wi & O,
Ye="or T A8, A6, Ot

(5)
Thus, a connection term is added which takes ac-
count of the entrainment depth, and depends on
the time evolution of the scalar. A much better
comparison between w.y, , We,, and % is obtained
with equation 5 as shown in figure 8(a,b).

Figure 8 (c¢,d) shows the comparison between
Wer, and weg, obtained with the zero and the first
order model. The correcting term from ZOM to
FOM is smaller for w,,, than for w.y,, because the
profile of the water vapour mixing ratio is more
similar to a zero-order jump model. However the
FOM parameterization still improves the compar-
ison.

The same parametrization for w, was also used
for all the studied flights despite the difficulty to
determine %. For all the cases the first-order
approximation improved the relation between AAZti
and w, (not shown).

As a conclusion, the FOM, by considering ¢
and the time evolution of the scalar parameters,
seems to give a better framework for the estimates
of the entrainment velocity. This result shows
that the thickness of the entrainment layer and
the temporal evolution of the scalar in the PBL
are important parameters in the analysis of the
entrainment processes.

b. Role of the entrainment

With the LES data and aircraft observations,
we found the correlation between [ and windshear
in the entrainment zone, previously mentioned in
several studies (Fedorovich and Conzemius (2008)).
The windshear was calculated with

WS = (AU? + AV?)2

Ar, Ar, Ot

where AU and AV are the jump in zonal and
meridian wind accross the entrainment zone. The
entrainment rate increases (see figure 9) when the
windshear increases. During the last hour of the
simulation, (8 is poorly defined because the buoy-
ancy flux at both PBL top and at surface are too
small.
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Figure 10 represents the correlation between
the entrainment velocity and the negative fluctu-
ation in water vapour mixing ratio and in vertical
velocity observed within the dry tongues. Large
entrainment velocities are associated with large
fluctuations of r, and w. The minimum of w’ is
located in the middle of the PBL and the mini-
mum of r; is located at the PBL top. The surface
of the negative buoyancy flux, noted B— in figure
1 is also an estimate of the engulfment of dry air
into the PBL (Pino et al. (2006)). Figure 11 com-
pares this area with the minimum of w’ in the dry
tongues. The most intense negative fluctuations
of w yield large surface of the negative buoyancy
flux.

c. Tests of parameterization

The complexity of the entrainment process makes
it difficult to parameterize even in models which
allow to resolve the characteristics of the bound-
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Comparison between the entrainement ve-

mum of w' in the dry intrusions

ary layer and its interfaces. Pino et al. (2003) de-
termined in a zero order model case, one parame-
terization of [ depending on the windshear. Then
Kim et al. (2003) and Pino et al. (2006) considered
a first order model to improve the entrainment pa-
rameterization. In our case, it is very important
to consider a first order model and consequently
to include the entrainment zone in the process of
the entrainment because the entrainment zone in
this region is relatively thick. We evaluated the
parameterizations of the rate of entrainment, of
the entrainment velocity and of the entrainment
zone thickness for a first order model.

To resolve the entrainment equations in a first
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order model, the thickness of the entrainment zone
must be calculated. Several authors parameter-
ized the entrainment zone with the Richardson
number:

— =0 6
o= b+ (6)
where R; = %AHU% and v? = w2+4u2+0.1(AU?+
AV?), u, is the surface friction velocity and w,

. \1/3
(% Zw'0!) |0> is the convective velocity.

Figure 12 compares the parameterized entrain-
ment zone thickness with o calculated directly with
the LES flux profile. By using the same constants
as in Pino et al. (2006), a=1.12 and b=0.08, we
obtained a satisfying correlation.

We remind here that under free convection con-
ditions the most common way of estimating the
buoyancy flux at Z; is to consider that it is 20%
of the buoyancy flux at the surface.

This estimation of flux at the PBL top is dis-
cussed in numerous studies (Moeng and Sullivan
(1994); Sullivan et al. (1998); Pino et al. (2003)
and many others), which agree to say that this
fraction of the surface flux can vary according to
time and boundary layer characteristics. Our ex-
perimental and numerical studies confirm this re-
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sult.

We tested the parameterization of § as well as
that of w.. We used the equations proposed by
Pino et al. (2006), Kim et al. (2006) and Sun and
Xu (2009) based on the vertically integrated tur-
bulent kinetic energy budget in the sheared CBL:

1 Uy 3 1)
=[A Ay | — Ag————
Brom ( 17 %4- 2(11*) + 517, + 20
W2 AU N 0,AU? y
wi g7 +0) (B0, — 0570)

-1

0,AU?

{1 - 2g (A, — 0.5749) (Z; + 0) A3] (7)

0Z;

weFOM -

5 - (2h + 6)6FOJVI
h(2A0, 01 — 79)

U/QHO

(8)
This parameterization takes into account the wind-
shear across the inversion layer (by using AU and

|FOM =

ot
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v,) and the shear in the surface layer (by using w.
and v,). We tested the values provided by Pino
et al. (2006), since A; = 0.2 is consistent with
the classical closure value for a CBL with negligi-
ble shear, and Ay = 0.26 agrees with the argument
that most of the TKE produced at the surface dis-
sipates locally. Kim et al. (2006) and Pino et al.
(2006) used A3z = 1.44 in this parameterization
of entrainment heat flux. This value implies that
about 70% of the inversion layer shear produced
TKE is available for the enhancement of entrain-
ment. The study from Conzemius and Fedorovich
(2006) and Sun and Yuan (2008) suggests that the
coefficient A3 needs to be ajusted.

Figure 13 compares, for w, and (3, the param-
eterized values in the LES to the direct values
derived respectively from the growth of the PBL
% or the flux profile. The largest entrainment
velocity values as well as most flux ratio values
are over-estimated by the parameterization which
shows that parameterizations still need to be re-
fined. Figure 14 shows the same comparison as in
figure 13(b), but using A;=1. With this value the
parameterization seems to give a better results.

5. Conclusions

The sensivity tests based on the observations
made on 5 June 2006 allowed us to study the role
of some key variables in the entrainment processes.
The tests presented a large range of conditions
with a wind jump between the PBL and the free
troposphere varying between 0 and 13 m s~!. The
numerical study confirms the importance to con-
sider a first order model to estimate the entrain-
ment processes for the studied cases. Nevertheless
this study shows the limitation of this model for
large entrainment values(w, > 10ms™1).

The tests enable us to evaluate the parame-
terizations used in the literature in more realistic
conditions, i.e. comparing with observations. The
parameterization of the entrainment zone depth
fits well the simulated values with the Richardson
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number method. However, the parameterization
of the entrainment velocity and rate proposed by
Pino et al. (2006) is not really satisfying for our
set of data, but improved with A3 = 1. This shows
that the existing parametrizations are not univer-
sal and still need more confrontation with the ob-
servations.
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