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Thermal Impact of Saharan Dust over Land. Part I: Simulation
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ABSTRACT

Simulations are carried out to verify a mesoscale model in order to perform sensitivity tests of satellfte
response to atmospheric dust content. The model chosen is the mesoscale model of Colorado State University
with a modified radiation parameterization in order to take atmospheric dust content into account. Downward
and upward longwave irradiances are estimated using a 25-interval model. The shortwave part of the spectrum
is processed by a very fast, highly parameterized, single-interval code. Tests using experimental data gathet:ed
during the Etude de la Couche Limite Atmosphérique Tropicale Séche (ECLATS) experiment performed during
the 1980 dry season near Niamey (Niger, West Africa) prove that dust content is satisfactorily handled. Three
24-h simulations performed under various meteorological and turbidity conditions show that ground surface
energy exchanges are satisfactorily described, so that surface temperature is predicted with a standard deviation
of about 1°C. Vertical profiles of computed air temperature and shortwave and longwave irradiances are also

realistic.

1. Introduction

Dust clouds originating from Saharan sources are a
prominent feature of the climate of the desert and its
bordering regions, such as Sahel. Because of their high
frequency of occurrence, their climatological influence
is significant for these areas. They modify the radiative
energy pattern in the atmosphere: observations of a
thermal impact have been reported by several authors
including Brinkman and McGregor (1983), Cerf
(1985), D’Almeida (1986), and Legrand et al. (1988).
Therefore, satellite remote sensing of dust may be pos-
sible provided that a relation between the upward
longwave irradiance at the top of the atmosphere and
the tropospheric aerosol characteristics is clearly and
unequivocally substantiated. Tanré and Legrand
(1991) described a method for the retrieval of the aero-
sol optical depth using IR satellite imagery. For the
development of such methods, however, it is necessary
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to first determine the effect and the relative importance
of the various factors that have an impact on the sat-
ellite response.

The mechanisms governing the thermal impact of
the dust in the earth-atmosphere system are hereafter
qualitatively described. The dust absorbs and scatters
both shortwave and longwave radiations, and it also
emits longwave radiation. These processes result in the
attenuation of the downward shortwave radiation,
chiefly by scattering, and in the increase of the down-
ward longwave radiation, by addition of the dust ther-
mal emission. The total downward irradiance incident
onto the ground is reduced during the daytime, because
the attenuation of the shortwave component overcom-
pensates the increase of the atmospheric irradiance.
On the other hand, the longwave irradiance is increased
during nighttime.

These modifications lead to a shift of the energy bal-
ance at ground, with a redistribution among the radia-
tive and nonradiative components, implying a change
of the turbulent energy transfer in the lower tropo-
sphere. As a consequence, the thermal impact is located
primarily at the ground surface. The presence of dust
induces a fall of the ground surface temperature during
daytime, and a rise during nighttime. Furthermore, the
temperature of the lower troposphere is modified be-
cause dust induces a spatial redistribution of the phys-
ical properties of the turbid medium and a modification
of the profiles of the radiative (longwave and short-
wave) and turbulent fluxes. It follows that the heating
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rates, originating from the divergence of the radiative
and turbulent fluxes, are also modified.

This qualitative and somewhat approximate de-
scription obviously shows the intricacy of the inter-
acting mechanisms. This complexity could lead to the
questioning of the general applicability of an IR method
of aerosol remote sensing. Conversely, if we can show
that all the important factors can be identified and their
effect controlled, such a method becomes possible.
Thus, we have to answer the following questions. What
are the parameters (radiative and nonradiative) that
have a significant impact on the satellite response, and
what is their sensitivity? How do the nonradiative pro-
cesses interact and what is their real impact? Two ways
are possible: either (i) the use of large sets of experi-
mental data (from ground surface, atmosphere, and
satellite) corresponding to diversified conditions for the
Sahelian and Saharan zones, or (ii) the attempt to
compensate the lack of experimental data by numerical
simulation. At present, experimental data are very
scarce; thus, we are in the second case. It is clear that
this study could be achieved only by using a sophisti-
cated model.

Earlier simulations of the radiative effects of the
aerosol and of its thermal consequences have been car-
ried out chiefly in order to obtain global aerosol climatic
impact estimates. A detailed review of such studies is
presented by Lenoble (1984 ). In this prospect, Joseph
(1977), and more recently Tanré et al. (1984) and
Coakley and Cess (1985), using general circulation
models, have reported results that suggest a significant
role of the desert aerosol in climatic change of the con-
cerned areas.

Part I of this paper deals with the study of the impact
of desert aerosol during the whole daily cycle, from the
simulations obtained using a mesoscale boundary-layer
model. In section 2 the model used is presented and
modifications, added for a careful processing of the
radiation parameterization, are described. Section 3 is
devoted to the checking of the modified model by
comparison of computed results with the experimental
dataset issued from the ECLATS experiment (Druilhet
and Tinga 1982) implemented in the Sahelian area
during the dry season (Niamey, Republic of Niger;
November—December 1980).

Part II (Legrand et al. 1992)is an application of Part
1, relating to the satellite remote sensing of dust over
Africa using the 10.2-12.5-um channel of Meteosat.
The aim is to determine the sensitivity of the satellite
response to various physical variables, in order to define
a relevant parameterization for the retrieval of the
aerosol optical depth using satellite imagery ( Tanré and
Legrand 1991).

2. The numerical model
a. The mesoscale model

We choose a two-dimensional (2D) version of the
Colorado State University (CSU) mesoscale model. A
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2D version is preferable whenever horizontal inhomo-
geneities are assumed to be small. This boundary-layer
model has been described in earlier papers (Mahrer
and Pielke 1978). Many authors used it for numerical
simulations of mesoscale phenomena in various regions
of the world. In West Africa, it was recently operated
to investigate the sea-breeze interaction with synoptic
circulation (Cautenet and Rosset 1989). It has been
used to describe the behavior of a heated planetary
boundary layer (PBL) in the Wangara experiment
(Pielke and Mahrer 1975) in a 2D version. As far as
we know, this model has not yet been tested under
Sahelian tropical conditions, where superadiabatic sit-
uations are frequently observed. In this model, hydro-
static and barotropic approximations are assumed. The
model calculates horizontal wind speed, potential tem-
perature, and specific humidity on an uneven grid step.
The growth of the planetary boundary layer is described
using Deardorfl’s prognostic equation (1974).

The orientation of the model is west—east for the x
axis, and south-north for the y axis [the intertropical
discontinuity (ITD) was located 200 km south of the
experimental site so that the wind hodograph recorded
during this period showed that the prevailing wind
(Harmattan) was in the eastern sector]. According to
the 2D assumptions, all the model variables are inde-
pendent of y. The vertical steps increase with the height:
2, 10, 100, 300, 700, 1200, 2000, 3000, 4000, 5000,
and 6000 m. The horizontal extent of the model con-
sists of 21 grid steps equally spaced (a horizontal grid
step is 20 km). A soil description is included to allow
an estimate of the surface temperature, which leads to
an estimate of the surface energy budget through an
iterative process. In order to account for the large tem-
perature gradients that are likely to exist just below the
ground surface in dry Sahelian regions, we have slightly
modified the soil grid, allowing an exponential expan-
sion: the first step is 1 cm, and the last one is 30 cm.
The lowest level is about 1 m deep. The surface energy
budget is described completely. The model results at
the center of the domain are displayed in order to be
compared with the experimental data: wind speed,
temperature and humidity profiles, upward and down-
ward shortwave and longwave irradiance profiles.
Symbols for irradiances are F;} (up) and Fd (down)
in the shortwave spectrum, F4 and Fy{ in the longwave
spectrum. A large set of additional surface data is also
available: ground surface temperature Ty, turbulent
sensible and latent heat flux densities H and LE, surface
downward and upward longwave and shortwave irra-
diances, ground-conduction heat flux density G. No
vegetation is taken into account. Horizontal homo-
geneity of surface and atmospheric properties is as-
sumed.

Shortwave and longwave radiation computation
schemes, in the initial model, do not account for the
aerosol effects; thus, the main modification brought to
the model deals with radiative transfer as described in
the next section.
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b. Modifications in radiation parameterization

The initial model includes a quite efficient radiation
parameterization, but it is not adapted to our purpose
because it does not take dust effect into account. It has
been replaced by shortwave and longwave codes de-
veloped by the Laboratoire d’Optique Atmosphérique,
Lille, France (LOA). The atmosphere is divided into
20 layers according to the vertical coordinate. Layers
1-11 correspond to the vertical distribution in the me-
soscale model. Temperature, humidity, and pressure
profiles used as input of the radiation subroutines are
computed by the mesoscale model from ground level
tolevel 11 (6000 m). They are held constant over 6000
m. Aerosol concentration and size are held constant
throughout the day. The horizontal homogeneity of
the aerosol properties is assumed.

The infrared code divides the spectrum into 25 in-
tervals ranging from 4.5 to 250 um. It was initially
developed by Fravalo et al. (1981) and was adapted in
order to describe the radiation interaction with clouds.
Such a medium presents a large optical thickness so
that scattering was resolved with the Eddington scheme.
Fouquart et al. (1987b) developed a version allowing
the use of the two-stream scheme in order to describe
the aerosol effect (optical thickness close to unity). This
model can simulate various cases of aerosol properties.
The aerosol may be considered as gray, and the scat-
tering may be neglected. This is the case in this paper
for the comparison of computed results with the
ECLATS experiment data, as aerosol studied during
ECLATS could be considered as gray and nonscattering
(Fouquart et al. 1987b). However, a nongray scattering
aerosol can be taken into account by our codes. This
is done in Part II, where the ECLATS effects are com-
pared with a coarse-grained nongray scattering aerosol.
The accuracy of this code was tested by comparing its
results with issues of a narrow-band model (365 inter-
vals): the underestimation in irradiance F;} at ground
level by the 25-interval model is about 15 W m™2 for
a clear atmosphere with nonscattering dust. This bias
is due to the lesser spectral resolution and the error
introduced by the transmittance calculation method.
Moreover, using Eclats data of 26 November, the 25-
interval model showed that neglecting aerosol scattering
resulted in a very weak underestimation in F;{ at
ground level of about 1 W m™2 and had a negligible
effect on radiative cooling. Thus, aerosol scattering may
be disregarded in the ECLATS experiment: only ab-
sorption is considered, which saves computer time to
some extent. Aerosol absorption itself is rather weak:
the longwave optical thickness is typically 0.10 times
the shortwave one (Fouquart et al. 1987b). So, it can
be simply stated that the ECLATS aerosol is gray. Pos-
sible discrepancy arising from this assumption is ob-
viously negligible when compared with the other errors,
particularly with the effect of the width of the spectral
intervals. Aerosol longwave absorption may thus be
represented by a mean gray absorption coefficient per
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particle o;. In summary, using the 25-interval model
with the two-stream approximation, added to the hy-
pothesis of a gray aerosol without scattering, involves
a total error of about 15 W m™~2, which is quite ac-
ceptable for the purpose of sensitivity tests. The bias is
smaller on the computed upward irradiance F;4 at
ground level.

The shortwave part of the spectrum, that is, from
0.25 up to 4 um, is described by a single interval model
(Fouquart and Bonnel 1980). It accounts for gas ab-
sorption (water vapor, carbon dioxide, ozone) using
spectrally averaged transmission functions in each at-
mospheric layer. The transfer equation in a scattering
medium is resolved with an approximate method based
upon a delta-Eddington scheme, sufficiently accurate
when only irradiances are interesting. Aerosol prop-
erties are described merely with the help of three spec-
trally averaged parameters: the extinction coefficient
g (or the optical thickness §; = No,, with N being the
number of particles per surface unit in a vertical col-
umn), the single-scattering albedo w, and the asym-
metry factor g. This code is very fast. Its accuracy has
been tested against various reference models (Fouquart
et al. 1990). Comparison tests between both models
indicate a departure (overestimation) of 7 W m~2 or
less, which proves the adequacy of the single interval
model.

Finally, the presence of high clouds was obvious from
surface pyrheliometric observations, but no measure-
ment of the cloud cover was available. For this reason,
we have considered two additional parameters: the
shortwave and longwave optical thicknesses 6, and 6,°
associated with clouds introduced at the 7000-m level.
Because of a lack of direct measurement, both have
been determined by tuning (see section 3).

In summary, both radiation codes require profiles
of air temperature and humidity, atmospheric pressure,
and aerosol concentration (size distribution is inde-
pendent of altitude in agreement with the results of
the ECLATS experiment): all of them, except for the
last one, are provided by the model itself at each time
step. Moreover, longwave calculations require the gray
absorption coeflicient per particle o, and the longwave
cloud optical thicknesses 8,°, whereas the shortwave
code requires the aerosol parameters 6, (or o), w, and
g, and the cloud parameter §;°. Solar irradiance S at
the top of the atmosphere is calculated according to
the date. For each level, irradiances divergence (short-
wave and longwave) is derived from the above radiation
calculations.

3. Results

a. Description of the experimental dataset

The ECLATS experiment took place in 1980 during
the dry season in the Republic of Niger (West Africa)
near Niamey (14°N, 2°E), in the Sahelian area. It was
carried out jointly by French and African laboratories.
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Its main purpose was the investigation of radiation ef-
fects on the boundary-layer dynamics. The period un-
der study (November and December) is commonly
associated with strong variations in atmospheric tur-
bidity due to dust outbreaks. The experimental area is
covered with dry savanna, scarce shrubby vegetation,
and a few cultivated surfaces. The soil is almost flat
with altitudes ranging from 200 to 250 m. This exper-
iment has been thoroughly described in various papers
(Druilhet and Tinga 1982; Druilhet and Durand 1984;
Fouquart et al. 1987a). We shall give only a brief de-
scription of the ground and airborne data used in the
present study. The ECLATS dataset contains no sat-
ellite data (Meteosat-1 had a failure and Meteosat-2
had not yet been launched).

1) SURFACE DATA

The site latitude and altitude are 14°N and 220 m,
respectively. A surface station at the Niamey airport
continuously recorded the soil surface temperature T,
the surface heat flux density G, the wind speed (cup
anemometers) and the air temperature at two levels
(0.75 and 2.25 m), the downward shortwave Fi}, the
longwave F;{, and net F, irradiances. The data were
averaged over 20-min intervals. A two-level aerody-
namic method (Itier 1980) provided the sensible heat
flux H. The latent heat flux LE was derived from the
surface energy budget equation: H + LE + G = F,.
Two multiwavelength radiometers measured the op-
tical thicknesses and the water vapor content. A cascade
impactor was used to monitor aerosol concentration
and size. Additional data were provided by the ob-
servation station of ASECNA (the Agence pour la
Securité de la Navigation Aérienne, an office concen-
trating the meteorological services of most of the fran-
cophone African countries) at the Niamey airport:
surface turbidity observations from horizontal visibil-
ity, hourly wind at 10 m, soil temperature at depths
10, 20, 50, and 100 cm at 0600, 1200, and 1800 LST.

2) AIRCRAFT AND BALLOON MEASUREMENTS

The wind, temperature, humidity, and aerosol size
and concentration profiles were measured using an in-
strumented aircraft (HD-34 INAG-EDF). During the
flights, the profiles of the irradiances (upward and
downward, shortwave and longwave) were recorded.
Moreover, ASECNA balloon soundings of temperature
and humidity were available.

b. Comparison of model results with experiment
1) CHOICE OF TYPICAL CASES
In order to test the model under different conditions,

we have selected data from three representative and
well-documented days. The criteria were:
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(i) cloudless sky (but thin high clouds could not be
avoided and were taken into account in a somewhat
rough way);

(i1) constancy in atmospheric dust content over the
24-h period (daily cycle from 0600 to 0600 LST the
next day). This condition is naturally of prime necessity
as our model deals with constant aerosol profiles only.
This constancy was assumed from surface visibility
observations, as visibility and optical thickness are
closely related (Legrand et al. 1988);

(iii) aerosol concentrations as different as possible;

(iv) surface meteorological conditions (wind, tem-
perature) as different as possible.

The three selected days are 21 and 26 November
(days 7 and 12) and 8 December (day 24). Day 24
presents a weak turbidity: the spectral average of the
shortwave optical thickness §; is 0.22. Day 12 is the
most turbid with §; equal to 0.86. Day 7, with &, equal
to 0.34, presents an intermediate value (Fouquart et
al. 1987b).

As may be seen, this experiment provides as much
data as we need for qualifying a model, but they are
in no way sufficient to carry out a direct investigation
without model.

2) MODEL INITIALIZATION

Simulations over 24 h begin at sunrise (0600 LST).
The initial temperature, humidity, and aerosol profiles
come from the aircraft sounding, whereas the wind
profiles are derived from the 0500 LST pilot balloon
soundings. The temperature profiles are likely to
change only in the boundary layer, and very few vari-
ations are observed over 2000 m, so that the three initial
profiles are similar above this level. The air humidity
is almost constant over the day, and its effect on the
energy exchanges is moderate. The total water vapor
contents are only 1.49, 1.91, and 1.65 g cm™2. The soil
temperature profile is derived from the 0600 LST ob-
servations. The exact initial value of T is rather insig-
nificant, as shown by the numerical tests: the calculated
surface temperature converges toward the same values
after a short simulated time. The aerosol profiles are
derived from the inflight measurements and they are
held constant over the day. The aerosol properties are
derived from Fouquart et al. (1987a,b) and are sum-
marized in Table 1. At the top of the domain, the wind
vector, temperature, humidity, and aerosol are held
constant over the whole 24-h run.

Surface constants listed in Table 2 were adjusted,
using all available data. As most of these constants were
not systematically measured, we have determined them
by a tuning procedure, based upon a general agreement
of model calculations with experimental data, provided
that all the constants are realistic.

(i) Thermal ground properties (thermal diffusivity
«, density p, and specific heat C) have not been mea-
sured during ECLATS. A previous study (Cautenet et
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TABLE 1. Values of the main constants describing the aerosol during
the three test days: é; is the shortwave optical thickness, w the single-
scattering albedo, g the asymmetry factor, &, and §,°, respectively,
the shortwave and longwave optical thicknesses associated to cloud
cover, o; the gray longwave absorption coefficient per particle, and
S the solar flux at the top of the atmosphere.

Day 7 Day 12 Day 24
(21 November (26 November (8 December
1980) 1980) 1980)
s 0.34 0.86 0.22
w 0.948 0.958 0.952
g 0.666 0.657 0.650
o/ (cm™) 5.80 X 1072 4.80 X 1072 1.80 X 1072
o 0.55 0.50 0.60
05" 0.25 0.22 0.26
S(Wm™) 1387 1390 1395

al. 1986) allowed to ascribe a value of 1000 J
K~ m=2s7"/2 for the thermal inertia I = pC «'/%, a
parameter that governs soil surface temperature, re-
gardless of the values of p, C, and «. After reaching a
good agreement in surface temperature, we tuned pC
and « until the inner computed temperatures agreed
with the respective experimental values, whenever it
was possible to compare (three times per day for
ASECNA measurements). For all the days, the same
values of pC and «, and therefore of I, were adopted:
this is physically justified as no rainfall occurred during
this period, which could have modified the thermal
properties. The same can be said for all the surface
properties.

(ii) The soil surface moisture m was not measured
during ECLATS. In the model, this parameter is the
relative humidity of the upper soil layers. The experi-
mental values of latent heat flux were weak (diurnal
values are generally under 30 W m~2). A value of about
0.01 for m provides a good agreement of the model
results with the experiment.

(iii) A value of 0.1 cm for the roughness length z,
was selected. It may seem weak, but it should be re-
minded that vegetation was scarce in the area.

(iv) The radiative ground properties, surface albedo
A and emissivity ¢ (both parameters averaged over all
wavelengths and space directions ), were equal to 0.26
and 0.90, respectively, and were also held constant.
The albedo was determined from upward and down-

TABLE 2. Values of the main surface constants: « is the diffusivity,
pC the volumetric heat, I the thermal inertia, A and ¢, respectively,
the albedo and the emissivity, m the soil moisture, and z, the
roughness length.

K (m?s™) 2% 107
pCU K1m™) 2.24 X 10¢
IJK!'m2s'?) 1000

A (global) 0.26

¢ (global) 0.90
m 0.01
2o (cm) 0.10
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ward shortwave irradiance measurements during flights
at 100 ft above the ground. As the effect of the emis-
sivity was not critical, a value usually reported in the
literature has been ascribed.

An experimental determination of some ground
properties of the experimental site was performed by
Druilhet (1983) at the beginning of the rainy season
following ECLATS (May 1981). The volumetric heat
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(c)day 7.
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pC agrees with our value (2.17 10 J K™! m™3). The
values of moisture m (about 0.02) and of thermal in-
ertia 7 (1280 J K™! m™2 s7!/2) are somewhat higher.

3) RESULTS AND DISCUSSION

Hourly results from 24-h runs are displayed in order
to compare the model simulations with the observa-
tions.

(1) Shortwave solar radiation

As mentioned above, the presence of an absorbing
layer representing the high clouds has been assumed.
The adjustment was performed by tuning the optical
thickness §,°, so that the daily values of the downward
shortwave irradiance F, computed and measured at
ground level were equal. It may be noticed that in-

Height (km)

600
Downward shortwave irradiance (¥ m 2)

b Day 12

Height (km)

1000
Downward shortwave irradiance (W m~2)

FG. 2. Experimental (center of the horizontal bars) and computed
(solid line) profiles of downward shortwave irradiance. Horizontal
bars represent experimental scattering of measurements (and not an

experimental error): (a) 1520 LST, day 24 and (b) 1100 LST, day
12.
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FIG. 3. Profiles of experimental (solid line) and computed (dashed
line) air temperature: (a) 1520 LST, day 24; (b) 1100 LST, day 12.

stantaneous agreement is also very satisfactory when
the cloud cover is constant (day 24, Fig. 1a). Fluctu-
ations around average value may also occur, as illus-
trated by Fig. 1b (day 12) and Fig. 1c(day 7), obviously
because of cloud cover inhomogeneities. We may ob-
serve a systematic standard deviation (departure of
model results from experimental data) ranging from
2% (day 24) to 5% (day 12) of the daily amplitude.
This justifies the assumption of a constant daily cloud
cover, but we must keep in mind that instantaneous
discrepancies may be more important. Two examples
of vertical profiles of shortwave downward irradiance
F,\| are presented in Fig. 2a (day 24, 1520 LST) and
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in Fig. 2b (day 12, 1100 LST). In the second case, the 6 T
calculations are slightly overestimated, chiefly between --- ::nputeg |
levels 1000 and 3000 m. The observed inverted vertical . asure :
gradient of irradiance suggests that there could be a a Day 24 B
thicker cloud or a local dustiness increase in the in- -
vestigated area. In fact, the examination of the surface  § 4t ;
global radiation (Fig. 1b) shows that the cloudiness
was variable during the flight. The agreement seems 4§
more satisfactory on day 24. We may conclude that 3 3t
the calculations agree with the experimental aircraft =
data only when atmospheric inhomogeneities do not X
occur. As the model assumes that dustiness and cloud 2 F
cover are uniform, of course, it cannot account for an
irregular cloud or dust distribution.
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o Two examples are displayed: day 24 (lowest turbid-
0

ity) and day 12 (highest turbidity). On day 24, Figs.

5‘3‘2’ 3a, 4a, and 5a are relative to temperature and longwave

Downward longwave irradiance (W ™ ) jrradiance profiles (downward and upward) at 1520
FIG. 4. Profiles of experimental (solid line) and computed (dashed

LST; air temperature at 2 m above ground is presented
line) downward longwave irradiance: (a) 1520 LST, day 24 and (b)  in Fig. 6a. Figures 3b, 4b, 5b (profiles at 1100 LST),
1100 LST, day 2.

and 6b present the same parameters for day 12. The
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cycles of air temperature at 2 m above ground: (a) day 24 and (b)
day 12,

air temperature is generally satisfactory from 0 to 1500
m. Departures between experimental and calculated
values range from 0 to 1°C between the surface layer
and the top of the boundary layer (except on day 7
where they reach 2°C). Near the ground, where local
influences may predominate, calculated temperatures
are underestimated during daytime and overestimated
during nighttime. We may observe a phase lag and an
attenuation in amplitude of the calculated temperature
diurnal variations.

Above the boundary layer (i.e., broadly speaking,
above 1500-2000 m), departures are greater, particu-
larly on day 12 around 3000 m, where an inversion
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layer of some 100 m is not captured by the model. This
might be explained by synoptic movements such as
large-scale ascent or subsidence, which are not taken
into account because they are neither monitored by
the model nor experimentally recorded. This discrep-
ancy might also originate partly from some inaccuracy
in the model heat fluxes. However, continuous exper-
imental flux profiles are not available, so that no direct
comparison can be performed. The aforementioned
large-scale atmospheric motions are related to the in-
tertropical convergence zone (ITCZ) movements.
Nevertheless, these discrepancies are of minor impor-
tance, as the application, that is, the satellite response
study, is thought to depend chiefly on surface ex-
changes. As a rule, model results (temperatures or ir-
radiances) are smoother than experimental results.
The model estimates of upward longwave irradiance
Fi} agree well with those of the measured fluxes, in
spite of experimental fluctuations in the first 500 m
not encountered in the model on day 24. These fluc-
tuations are not explained and could result from in-
homogeneities in the soil surface characteristics. They
are not observed on the other days. In downward long-
wave irradiance F}, an average underestimation of
about 20 W m™2 exists on day 12 between 0 and 2000
m, which is of the same order of magnitude as the
model error (discussed in section 2b). Such an error
is not observed on day 24. It must be noted that ex-
perimental longwave flux measurement (especially
airborne) uncertainties could be invoked to explain
the observed discrepancies (Brogniez et al. 1986; see
also the report WCP-93, 1984). In fact, some of these
errors are clearly cut off by tuning §,°. Hence, the tuned
values of ¢,° probably have to be considered as widely
different from the real cloud infrared optical depth.

(iit) Surface temperature and conduction flux

The amplitude and phase of the calculated ground
surface temperature satisfactorily agree with the ex-
perimental data (Figs. 7a-7c). The standard deviation
ranges from 0.8° to 1.3°C, that is, 3%-6% of the daily
amplitude. In our procedure based upon a partial tun-
ing, we have looked for a fairly general agreement with
the whole available ECLATS dataset, rather than a
particularly close agreement with the exclusive ground
surface temperature. Model temperatures are slightly
underestimated, which could be explained by the fol-
lowing mechanism, invoked earlier by Cautenet et al.
(1986). The ground thermal inertia and conductivity
are strongly influenced by the liquid water content. As
the ground water is held constant in the model, the
aforementioned properties do not vary during the
24-h cycle. Physically, however, the thermal inertia
could vary as a diurnal cycle of the ground water is
expected to exist. During daytime, evaporation reduces
the soil wetness near the surface, which is restored dur-
ing nighttime by capillarity processes from the inner
layers. In agreement with this hypothesis, Druilhet’s
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data (1983) showed that under 20 cm, humidity was
about six times larger than at the ground surface.
Hence, it could be hypothesized that actual daytime
values of the thermal inertia are somewhat inferior to
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nighttime values. Thus, the former could be overesti-
mated and the latter underestimated by the model.
Now, sensitivity runs confirm that an increase in ther-
mal inertia induces a nocturnal increase, and con-
versely a diurnal decrease of surface temperature. So,
observed model underestimates of surface temperature
could originate from the assumed constancy of the
thermal inertia.

It can be noted that such a diurnal change could
also affect noticeably the surface emissivity, as this pa-
rameter is also sensitive to the soil surface wetness.

Although an underestimation and a phase lag may
be observed, the ground-conduction heat flux density
G (Figs. 8a-8c) is, as a whole, correctly calculated. The
departures between simulation and experiment may
originate from the model, which approximates the
ground-conduction heat flux density G = —\(37/3z),
by G = —X(Ts— T,)/z, (\is the ground conductivity
equal to kpC, and T, the temperature at the first level
z, under ground surface).

(iv) Surface sensible and latent heat fluxes

Owing to the soil surface dryness, the turbulent sen-
sible heat flux H is much more important than the
latent flux, which is not shown here. The calculated
latent heat flux is about 10%-30% of the sensible flux,
that is, it has the same order of magnitude as the ex-
perimental data. The experimental value of H is weak
during nighttime (Figs. 9a-9c). It grows with surface
temperature but, in the early afternoon, it decreases
(collapses) rather quickly so that an asymmetry ap-
pears. On days 12 and 24, the calculated and experi-
mental curves are in good agreement from sunset to
noon. In the afternoon, the calculated curves do not
present any collapse, so that the model overestimation
prevails. On day 7, another phenomenon may be ob-
served: the morning calculated value of H is weaker
than the experimental value, and the experimental col-
lapse occurs earlier than on the other days. At 0930
LST, the surface temperature already exceeds 43°C (on
day 12, at the same time, it reaches 37°C, and 38°C
on day 24). The Richardson number is as low as -3
and the air temperature gradient, between 75 and 225
cm, has its maximum value, say —0.9°C. At 1030 LST
the H curve collapses and its value decreases from 240
to 140 W m™2 at 1100 LST. The absolute values of
Richardson number and temperature gradient also de-
crease. The same occurrences may be observed on the
two other days, with some differences: the collapse oc-
curs around noon and its amplitude is fairly weaker,
chiefly on day 12.

The collapse of the experimental curves seems to be
a general feature during the ECLATS experiment, but
it is particularly marked for days 7 and 24. In order to
give a rough estimate of its importance, we have cal-
culated the linear regression H = aF, + b between H
and the surface net irradiance F,. Before the collapse,
the linear dependency is strong for the three days, with

Unauthenticated | Downloaded 02/03/21 06:18 AM UTC



FEBRUARY 1992 CAUTENET ET AL. 175

- D
N 200 | a Day 24
153
= -
/ - ~-- Computed
; 100 [ Measured
b
-
o
g o]
=
©
<2 ¥ A (R
3
2
¢ =100
T T T T T T T
6 12 18 0 6
Time (LST)
. b Day 12
b 200 2 nay
g
= | ~~-~ Computed
~ —— Measured
L]
2 100
G
-
o
L
= o
<
3
|4
© -100 |
T T T T T T T
6 12 18 0 6
Time (LST)
- D
& 200 | ¢ Day 7
]
> ~ -~ -Computed
= Measured
% 100 —
-
[
-
g
¥ o r
°
=1
3
g
s -100 ~
T T ] T 1 i T
6 12 18 0 6
Time (LST)

F1G. 8. Experimental (solid line) and computed (dashed line) daily
cycles of ground surface conduction heat flux density: (a) day 24,
(b) day 12, and (c) day 7.

a correlation coefficient r of about 0.96 or 0.97. After
the collapse, r decreases: for instance, it is 0.97 before
the collapse and 0.72 after on day 7. The corresponding
values are 0.96 and 0.80 for day 24. On day 12, where

the phenomenon is not strongly marked, the decrease
of r is small (from 0.97 to 0.95). In every case, we
observe a decrease of the coefficient a and an increase

‘\,‘A
g 300
= i a Day 24
5 200- ’\\ ----Computed
o v Measured
‘é I
2 100+
(]
p—t <
)
- /
g 04
]
@
]
Q
& )
Y _100 1 T v T T T T
u:‘; 6 12 18 0 6
Time (LST)
300
b Day 12
200 f”\ -— - - Computed

Measured

1001

Surface sensible heat flux (W m'2)

=100 —™T T T T T T T
6 12 18 o] 6
Time (LST)
300
c Day 7
2001 /"N -=--Computed

Measured

1007

-100 T T T T T T T

6 12 18 0 6
Time (LST)

-2
surface sensible heat flux (W m )

F1G. 9. Experimental (solid line) and computed {dashed line) daily
cycles of surface sensible heat flux density: (a) day 24, (b) day 12,
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of the intercept b, which changes from negative to pos-
itive. Using the morning regression, we can simulate
roughly the shape of H that would exist if the collapse
was not observed, so that the area of the collapse could
be calculated. This area represents about 30% of the
daily sensible energy on day 7, 1%-2% on day 12, and
7% on day 24. This last case corresponds roughly to
the average value of the whole ECLATS period. The
case of day 7 is exceptional.

What is the physical nature of this collapse? One
may put forward two hypotheses. First, this phenom-
enon could be partly an artifact (Druilhet and Durand
1984) originating from the free convection conditions
near the ground suggested by the large negative values
of the Richardson number Ri. There is very scarce ex-
perimental information about the phenomenon of free
convection in the atmosphere, but when wind is weak,
the cup anemometers are likely to fail because their
response is strongly influenced by local whirlwinds.
Under these conditions, it can be hypothesized that the
measured average vertical wind gradient overestimates
the true value, so that the experimental value of H
could be somewhat underestimated.

However, this phenomenon is certainly not com-
pletely artificial. Durand (1983) reports that in a few
cases (4 in 15 flights) the airborne measured sensible
heat flux increases with the height; among them, we
find days 7 and 24. Under strongly superadiabatic con-
ditions, a local free convection regime may occur near
the ground with a lesser efficiency in the heat turbulent
transfer, which could partly explain the collapsed shape
of the curve. There must therefore be some compen-
satory mechanism that explains the PBL deepening. It
can be hypothesized that this supply is of radiative na-
ture. Intensity of the radiative supply in the longwave
domain has been estimated using a spectral high-res-
olution model (Durand et al. 1988; Pagés et al. 1988):
under superadiabatic conditions, the incoming long-
wave irradiance divergence typically amounts to 30
W m~2 in the 0-10-m layer and 60 W m~? in the 0-
100-m layer. However, direct measurement of sensible
heat flux divergence in the surface layer is extremely
difficult and has never been satisfactorily achieved. The
consequence is that the surface universal functions used
in modeling are not designed for these extreme con-
ditions: as a matter of fact, as stated by Pagés et al.
(1988), if energy supply is likely to exist in this layer,
the classical universal functions based upon an absence
of divergence in surface layer fluxes are, strictly speak-
ing, no longer consistent. Moreover, the radiative sup-
ply depends upon superadiabatism AT and altitude z,
whereas the universal functions depend on z/L (L is
the Monin-Obukhov length). The extension to very
unstable conditions of the surface-layer parameteriza-
tion using stability functions is not completely satis-
factory, so that the model is expected to be less efficient.
In fact, it is just what we observed above. Fortunately,
a statistical study of the daily Richardson number Ri
shows that values as low as those observed on day 7
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are exceptional: Ri decreases under —1 in four cases
only between 18 November and 8 December, and for
very short periods (except in the case of day 7). The
more frequent daily values range from —0.1 to —0.3.
The probability for Ri to become inferior to —().5 is
only 10%.

It can be concluded that comparison of model values
of H with experimental data is not easy during the
early afternoon period, where we notice obvious dlis-
crepancies, rather difficult to explain thoroughly.
However, the model issues seem globally realistic be-
cause these discrepancies are likely to be severe only
in a few cases.

(v) Boundary-layer height

As the sensible heat flux is a part (along with the
radiative fluxes) of the source of the boundary-layer
growth, one may wonder how the observed departures
influence the PBL deepening. We can compare the cal-
culated PBL height with the experimental one at time
of the flight. In the model, the PBL height #4; is cal-
culated following the prognostic Deardorff’s (1974)
formula and it represents the level at which the sensible
heat flux is minimum. This theoretical formula is in-
cluded in the model under the following hypotheses:
horizontal homogeneity, no advection, no entrain-
ment, and no synoptic-scale vertical movements (as-
cent or subsidence). On the other hand, the experi-
mental values of A; coincide with the determination
by aircraft of the base of the first temperature inversion
layer. As pointed out by Durand (1983 ), this definition
is more convenient on an experimental basis, as the
level of the minimum sensible flux is not easy to de-
termine. Statistically, both definitions are equivalent.
Experimental and calculated values may be fairly dif-
ferent because spatial inhomogeneities, local entrain-
ment zones, and large-scale movements may modify
this level rather strongly. However, this procedure is
the only one we can use. Model results corresponding
to time of the flight are 1500 m (day 7), 1000 m (day
12), and 1400 m (day 24), whereas respective exper-
imental values (Durand 1983) are 2000, 900, and 1300
m. The model issue for day 7 is underestimated, which
is related to the abovementioned remarks, whereas days
12 and 24 are in better agreement (slight overestima-
tion).

(vi) Surface net irradiance

The net irradiance F, (SW + LW ) from the model
is more regular than the experimental one but agrees
well with it (Figs. 10a-10c). Rapid fluctuations are
observed in Fig. 10b (and Fig. 10c also), indicating
that the cloud cover is not perfectly homogeneous, the
term of the downward shortwave irradiance being re-
sponsible of the fast variations, as may be seen when
compared with the curves of Fig. 1a and Fig. 1b. The
slight model overestimation partly results from the
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aforementioned underestimate in surface temperature.
The standard deviation ranges from 14 to 18 W m™?,
while the temperature underestimate contributes for
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5-8 W m™2. When compared with the typical daily
amplitude of 450-500 W m™2, the relative value of
this deviation is weak as it does not exceed 3%—4%.

It is noteworthy that during daytime the contribution
of the turbulent heat fluxes amounts to half of the net
irradiance, and about 30%-40% of the surface upward
longwave irradiance (not shown here). The surface
conduction heat flux ranges from 30% to 50% of the
net irradiance. During the stable nocturnal period, a
weak, negative (in the ground) sensible flux exists, but
the main feature is a quasi balance between net radia-
tion and ground-conductive heat flux. These experi-
mental features are corroborated by model calculations.

Owing to the great relative weight of the turbulent
and conduction fluxes in the surface energy budget, it
is obviously necessary to take them into account to
perform any realistic simulation of the radiative pro-
cesses, and particularly of the infrared emission setting
at the ground surface.

(vii) Humidity

In the three cases under study, the variations of this
parameter are very weak over the 24-h period, in the
experiment as well as in the model. At a level of 2 m,
these variations range from 10% to 15% of the average
value, and at upper levels variations are still weaker.
This may be explained by the absence of water vapor
advection (it may be noted that this quasi constancy
during the day exists at a larger time scale: the water
vapor contents are not very different in the three cases;
see section 3b.2). Due to this quasi constancy and to
the inaccuracy in humidity measurements, it would
not be realistic to compare model issues with experi-
mental data.

(viii) Wind

The wind is obviously the least satisfactory parameter
of the model issues. We limit our discussion to the
surface wind, since the wind profile, unlike the tem-
perature profile, has no direct influence on the surface
energy fluxes. Figures 1la-11c describe the surface
wind speed as measured by the ground station at a
level of 2.25 m (solid line) and the ASECNA station
at a level of 10 m (dashed line with dots), and calcu-
lated by the model at 2 m (dashed line). Both exper-
imental curves show large fluctuations. The zero values
from the ASECNA station are due to the technique of
wind recording: instantaneous values are read every
hour so that a zero wind speed may appear. Moreover,
the ASECNA anemometer is located 10 m above the
ground, whereas the ground-station anemometer is lo-
cated at the 2.25-m level, which explains that the
ASECNA values are greater. Thus, we compare the
2.25-m measurements with model issues at 2 m. The
phase behavior of the calculated wind is rather realistic:
on day 7 (Fig. 11c), the slow increase from sunrise to
1700 LST on experimental record may also be observed
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on the calculated curve. The decrease at sunset also
appears in experimental and calculated winds, but the
nighttime calm between midnight and 0200 LST does
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not exist in the model. On the other two days (Figs.
11a and 11b), the experimental curves are somewhat
different from those of day 7, as the morning wind
increase is very fast now. The model results agree with
the general shape of the experimental wind. Neverthe-
less, it is obvious that calculated and experimental data
are fairly different. The calculated amplitudes are far
smoother than the recorded ones. As stated by Pielke
and Mahrer (1975), the inability of the model to per-
form an exact prediction of the wind results frorn ne-
glecting factors such as advection and other distur-
bances, about which little information was available.
Large-scale variations are governed in the model by a
constant wind vector at the domain top and the vertical
exchanges induced by the slow movement of the sun.

Near the ground surface, the thermal stratification
issued from the model is not very realistic, as may be
seen in the temperature curves. These differences in
thermal stratification might be connected to the
smoother shape of the calculated wind. As a matter of
fact, we cannot expect to retrieve a complete descrip-
tion of the wind. We have already noted that the wind
flow near the ground is strongly marked by whirlwinds
around noon, so the cup anemometer’s response could
be somewhat erroneous. Rapid fluctuations originating
from free convection could hardly be described by this
model because, as stated above, it is not intended for
a description of such a phenomenon, which would in-
volve a special parameterization. The vertical scales,
such as the free convective velocity scale w*, are more
likely to play a prominent role than the horizontal
scales such as the friction velocity u*.

In the morning, the increase in surface wind is
somewhat greater in the experiment than in the model:
the simulated low-level jet (LLJ) is smoothed. Al-
though this phenomenon has little effect on the surface
fluxes, it must be explained that LLJ simulation should
need another model version. Following current theory,
LLJ consists of an inertial oscillation of the extrageo-
strophic wind component near the ground, and is
strongly influenced by such factors as baroclinity or
vertical shear and variations in time of the geostrophic
wind (see, for instance, Wipperman 1973 or Zeman
1979). In our model, the barotropy is assumed and
the geostrophic wind shear within the PBL is not taken
into account. Moreover, hourly measurements of the
synoptic pressure field should be available to ensure a
good simulation of the LLJ.

There remains the fact that the smooth shape of the
model wind is probably not very realistic. Fortunately,
it is commonly acknowledged that the surface fluxes
are not very sensitive to the wind accuracy. For in-
stance, under similar meteorological conditions (Nia-
mey, dry season), a surface energy exchange model
showed that a variation of £25% in the wind speed led
to an opposite variation inferior to 1°C in the surface
temperature maximum, no variation in the minimum,
and average energy fluxes almost unmodified (Cautenet
1987). It must be noted, however, that such a model

Unauthenticated | Downloaded 02/03/21 06:18 AM UTC



FEBRUARY 1992

does not provide a completely realistic scheme as feed-
backs are not accounted for: in a surface model, the
surface wind is an external forcing factor, as well as
the air temperature, humidity, and surface incoming
radiation. The variation of the forcing factors is by no
means influenced by the surface fluxes. Conversely, in
our present model, such feedbacks are considered,
which could a priori change the results. So it was nec-
essary to verify this assumption. It seems that we have
actually a rather weak dependence of the fluxes on the
surface wind. For this reason, the observed discrep-
ancies are not really prejudicial to the accuracy of the
other issues, explaining that a general agreement exists
between the model and the experiment.

4. Conclusion

The aim of Part I is to verify a model able to describe
the aerosol effect in Sahelian conditions. This model
will achieve sensitivity tests of infrared satellite response
to atmospheric dust content, since the lack of experi-
mental data precludes any direct study. The most im-
portant parameter for the satellite response is the
ground surface temperature; therefore, the model has
to estimate this temperature as accurately as possible.
Numerical tests are performed for periods not longer
than 24 h, in order to minimize the effect of large-scale
slow variations. Tested situations are well documented
and describe various meteorological conditions, in-
cluding large differences in dust content. In fact, the
tests showed that the calculated surface temperatures
are closely similar to the experimental data, with a
standard error of about 1°C. The surface fluxes, which
are strongly dependent on the surface temperature, are
also satisfactorily retrieved, except for discrepancies
observed on the sensible heat flux. This sensible heat
flux amounts to about half of the net irradiance and
30%-40% of the upward surface irradiance, both in the
model and the experiment. The conduction heat flux
is also far from being negligible. The profiles of irra-
diances are realistic. On the other hand, the wind is
poorly estimated by the model; only the general shape
of the surface wind speed has been reproduced. For-
tunately, the wind influence upon the surface temper-
ature is rather small, which affirms that a number of
the model issues are satisfactorily calculated. These re-
sults prove that a simulation of radiative processes ab-
solutely requires that nonradiative processes be taken
into account.

We may conclude that the present model is a sat-
isfactory tool to supply for the lack of experimental
data and is suitable to the providing of numerical ex-
periments, as will be carried out in Part II.
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