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Abstract

This paper is an assessment of radiative forcing caused by atmospheric aero-
sols in an urban city in West Africa. It is carried out in Ouagadougou in Bur-
kina Faso and is an illustration of the radiative impact in most of the large
Sahelian urban cities which are under the same climatic influences and whose
populations present similarities in their socio-economic aspects. Using the
GAME code, the radiative forcing was calculated at the top of the atmos-
phere, in the atmospheric layer and at the earth’s surface. The results showed
overall a cooling effect at the top of the atmosphere due to the backscattering
in space of the incident radiation, a heating in the atmospheric layer due to
the absorption effect and a surface cooling justified by the attenuation of rad-
iation crossing the atmosphere. Using monthly average values of optical
properties, vertical temperature and humidity profiles, daily temperatures
and surface albedo, the simulation yielded forcing values ranging from —6.77
W/m? to —2.56 W/m? at the top of the atmosphere, from 15.8 W/m?* to 34.7
W/m? in the atmospheric layer and from —41.00 W/m? to —21.68 W/m” at the
earth’s surface. In addition, the warming was simulated in the first atmos-
pheric layer (in contact with the surface), and the results show values ranging
from 0.8°C to 1.8°C. The study of the annual variability of the results showed
a strong correlation between the radiative forcing and the seasonal succession
characteristic of the climate in West Africa with the extreme values in the
month of March (characteristic of the dry and hot season) and in the month
of August (characteristic of the rainy season).
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1. Introduction

Atmospheric aerosols are known to have significant impacts on health, the en-
vironment and the climate. We attribute to aerosols, an important part of cli-
mate change whose harmful effects sow the misfortune of many populations in
various parts of the world. At the climatic level, the effects of aerosols are cate-
gorized into three: direct impacts, semi-direct impacts and indirect impacts. The
direct impact of aerosols results in the direct attenuation or intensification of
solar or terrestrial radiation resulting from scattering [1] [2] or absorption [3].
The semi-direct impacts are due to certain aerosols which cause the warming of
the troposphere with the consequence of modifying the temperature and humid-
ity profile thus impacting the vertical balance of the atmosphere. This warming
effect can inhibit the process of cloud formation or promote their evaporation
[4]. The indirect effect is manifested in the presence of aerosols in the clouds,
and they modify the optical properties, size and number of water droplets they
contain. They thus lead to a modification of the entire hydrological cycle [5].
These effects are fully described by the “Twomey effect” [6] [7] [8] and the “A/-
brecht effect”[9] [10].

It clearly appears that the radiative forcing caused by aerosols plays an impor-
tant role in the climatic effects described above. This work aims to evaluate the
radiative forcing caused by the aerosol population of the city of Ouagadougou
using a version of the GAME code [11] modified by [12]. This city is the capital
of Burkina Faso and located at the gateway to the Sahel in West Africa. Due to
its geographical position, it is strongly impacted by the combined effect of Saha-
ran desert dust and urban pollution linked to human activity [13]. We assess this
radiative impact at three levels of the atmospheric column, namely the top of the

atmosphere, the atmospheric layer and the earth’s surface.

2. The Radiative Transfer Equation

Consider a radiation brush which crosses a surface element do at an angle of in-
cidence Jand confined in an elementary solid angle dw (Figure 1).

The amount of energy dE, transported through this surface during the time
dt in a frequency interval between vand v + dvis given by the following equa-
tion:

dE, =1, cos 9dvdawdt (1

where 7, denotes in this expression, the intensity of the radiation in the specified

frequency band
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Figure 1. Illustration of incident radiation on a surface element.

The radiative transfer equation relates the intensity of a source radiation that
encounters a particle or passes through a medium with the absorption, diffusion
and possibly the emission that characterizes it.

- The absorption component.

The attenuation undergone by the radiation brush when crossing a medium is
expressed by:

dl, =—K, pl ds (2)

where K, defines the mass absorption coefficient for a radiation of frequency v, p

the density of the medium. The corresponding energy loss is written:
K, pds-I,cos9dvdodew =K, I dndvdw, (3)

dm denoting the mass element, dv and dw are respectively the element of fre-
quency and the elementary solid angle (Figure 1).

Introducing the phase function p(cosd) in the above expression, the rate of
energy scattered in a direction making an angle 6 with the incident beam

through a solid angle d«' is given by the relation:
K,I,p(cos Q)i—wdmdvda) (4)
T

The rate of energy lost by diffusion in all directions is then obtained by the

integral:
do'
K, I ,dmdvd 0)—
1, dmdv cojp(cos )475

- The emission component.
The emission coefficient makes it possible to define the fraction of electro-
magnetic energy with a frequency between vand v+ dvemitted by a mass dm in

directions confined in an elementary solid angle dw during the time d¢by:
J,dmdvdedt (5)

This energy emitted by the material takes into account the fraction emitted by
scattering of an incident radiation which can be expressed as a function of the
angles (& ¢) and (9, ¢') which respectively characterize the directions of the in-
cident and scattered radiation and given by the expression:
sin $'d$'de’

K, dmdvdop(9,0,9,¢')1,(,¢") 4
T

The contribution of the diffusion to the emission coefficient noted j(‘y) be-

4

ing:
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n2n

J(8.0)=K. ] [ p(8.0.0.0)1,(9.0)sn #4800 (©)
00

For an essentially diffusing atmosphere, we have an equality between j and

i,

In the case of an atmosphere in local thermodynamic equilibrium, at the local
temperature 7, the emission coefficient is given by Kirchhoff’s law according to
the equation:

2m7 1

— (7)
2GR

J, =K,B, (T), avec B, (T) =
c

B,(T) is the Planck’s function, & the Boltzmann’s constant and 4 the Planck’s
constant.
- The source function.

The source function is defined by the ratio of the emission coefficient to that
of absorption. According to the definitions of these coefficients formulated in
Equations (2) and (6), we obtain for a diffusing atmosphere:

1 m2n

=[] p(9.0.8.9')1,(9.¢')sin 9'dFdg’ 8
3, 4n££p ,0,.9.0')1,(9,¢')sin @ (8)

In the case of a local equilibrium of the atmosphere we have: 3, =B, (T )
- The radiative transfer equation for parallel plane atmospheres.

This fundamental equation is the expression of the variation in intensity of a
radiation when passing through a medium characterized by an absorption coef-
ficient K, and an emission coefficient j,. It is an integrodifferential equation
which takes into account the losses and gains of energy that occur during the

crossing and can be written:

dr
v =—K p-I +j 9
s oL +j.p 9

From which we get:

dr7
-——r =] -3, (10)
K, pds

The radiative transfer equation can have different expressions that are more
or less complex depending on the type of atmosphere, the symmetry of the
problem and the coordinate system used.

For example, in the case of parallel plane atmospheres, the transfer equation
can be expressed as a function of the normal optical thickness 7 = IK pdz and

&

takes the following standard form:

d/ (7, u,
u(’””)

P (7, 1,0) - 3(7, 11, 9) (11)

where u=cosf.
In the case of semi-finished parallel plane atmospheres (Figure 2), we intro-

duce the functions relating to diffuse reflection $and transmission 7 such as:
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Figure 2. Illustration of diffusion and transmission in the case of a parallel atmosphere.

F
I(O,,u,(a):4—5(11,;1,(/),/,10,%) (12)
U
F
I(Tl’_:u’q)):ET(Tl’ﬂ’go’ﬂorq)o)’ OSIL‘SI (13)
The fundamental transfer equation can then be written [14]:
dI(T,_IU,gﬂ)
" dr
1 127
= I(T:ﬂ’(p)_EI I p(,u,(p,,u’,(p')l(T,,u',¢)')d,u'd¢’ (14)

-10

|
_ZFe /”Op(,u,(p,—,uo,goo)

3. The Game Code

The GAME code “Global Atmospheric Model” is a model inspired by the work
of Dubuisson et al. [11], and has been adapted in a treatment chain to compute
the aerosol radiative forcing [12]. This model takes into account the absorption
and diffusion processes by gases (molecules) and particles in atmosphere, ac-
cording to the approximation of an atmosphere cut into 33 planar parallel layers.
In accordance with the description formulated by Roger et al [12] the absorption
takes into account the absorbers of the short wave band of the electromagnetic
spectrum and is based on the results of an execution code constructed according to
the line by line method [15], while the problems of multiple scattering are treated
by the discrete ordinate method by which the entire solar spectrum is covered
with a step of 100 cm™, which gives in wavelength a variable step defined by A1
= A%/100. In this method, the phase functions and the radiance are decomposed
into Legendre polynomials, the interactions between the multiple diffusions and
the gas absorption are treated by the use of the correlated k-method [16].

The modified GAME code incorporates the combined effects of:
- Absorption by gases, H,0, O,, CO,, O,,
- Rayleigh scattering by molecules,
- Absorption by aerosols through the simple diffusion albedo,

- Diffusion due to aerosols by the asymmetry factor,
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- The surface albedo.

The modified GAME code gives the output of the simulation, the values of the
upward and downward radiative fluxes from which the radiative forcings at the
top of the atmosphere, within the atmosphere, and at the surface are obtained, as
well as the rate of heating.

Direct radiative forcing to the earth’s surface is obtained from the net surface
flux taking into account the aerosol layer Fj,, and the net surface flux calcu-
lated without the effect of aerosols Fj,,,. This direct radiative forcing AF,,, is
then:

AFyo, :F;OA_FE?OA (15)

Likewise, the direct radiative forcing at the top of the atmosphere is obtained
by:

Ao, :FTuOA _FTOOA (16)

Atmospheric radiative forcing AF,; is a simple difference between radia-
tive forcing at the top of the atmosphere and at the earth’s surface according to

the relationship:

AF .y = AFTOA _AFBOA (17)

The vertical profile of the determined heating rate is calculated from the fol-

lowing thermodynamic relationship [12]:

6_T_ 1 aF(z)

18
ot pC, 0z (18)

where: 7'denotes the air temperature, and ¢the time,

p is the density of the atmosphere,

G, is the specific heat of the air,

H2) is the net flux at altitude z

To obtain the results mentioned above, you need several data sets as input to
the modified GAME code. These include:

- Optical properties: optical thicknesses, asymmetry parameter, single scatter-
ing albedo and Angstréom exponent were used as input to the simulation. In
this study, we used the monthly averages of AERONET (Aerosol Robotic
Network) level 2 measurement and inversion data from 1999 to 2006 [17]
(18],

- The vertical temperature and humidity profiles were obtained by radiosonde
measurements from the earth’s surface to an altitude of more than 25000
meters,

- The daily evolution of ambient temperature obtained by synoptic measure-
ments averaged per month,

- The Earth’s surface albedo estimated for the entire solar spectrum from the
MODIS (Moderate-resolution Imaging Spectroradiometer) sensor,

- The solar angle, for the daily representation.
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4. Results

The monthly average values of the modified GAME code input data were used to
simulate the radiative impact of aerosols at the top of the atmosphere, in the at-
mospheric layer and on the earth’s surface, month by month. The results are
presented in Table 1.

These results show an overall cooling effect at the top of the atmosphere due
to the backscattering in space of solar radiation, a warming in the atmospheric
column which is explained by the absorption of radiation by anthropogenic pol-
lutants and again a cooling at the earth’s surface resulting from the attenuation
of radiation as it passes through the aerosol layer. These effects are shown by
negative values of radiative forcing at the top of the atmosphere ranging from
—6.77 W/m? to —2.56 W/m? and at the surface (from —41.00 W/m? to —21.68
W/m?), as well as positive values of the forcing in the atmosphere. This situation
reflects a decrease in the net flux received at the ground and at the top, and an
increase in the flux of the atmosphere.

In accordance with what one might expect from the analysis of optical proper-
ties in connection with climate dynamics, the radiative forcing at the surface is
greater in the month of March-April when the calculation gives the lowest values
between the months of August-September and November-December.

At the top of the atmosphere, the results are more subject to the uncertainties
of the assumptions adopted. However, we note that the simulations indicate the
lowest impacts in the period December-January-February and the highest in the
period March-April-June as well as in October. The dynamics of the local cli-
mate cannot only justify this distribution of values. We see through these values
the effect of large-scale dynamics and the combined impact of the seasonal suc-
cession in the North (winter, summer ...) and in the South (hot, rainy season ...).

The differences between the values of the impacts at the top of the atmosphere
and at the surface logically induce a significant impact from the aerosols in the

atmospheric layer (Figure 3).

Table 1. Simulation of the radiative impact at the surface (BOA), in the atmospheric layer
(ATM), at the top of the atmosphere (TOA) and warming (AT) of the first layer.

BOA_IMPACT ATM_IMPACT TOA_IMPACT  AT_1st_layer

January -34.3 317 -2.5 1.7
February -30.9 27.2 -3.6 1.5
March —41.0 34.7 —-6.2 1.8
April -35.8 313 -4.5 1.7
May -33.6 27.5 -6.0 1.5
June -32.9 26.1 -6.7 1.4
July -28.6 254 -3.2 1.4
August -21.6 15.3 -6.3 0.8
September -24.6 20.5 -4.1 1.2
October -27.0 20.2 -6.8 1.1
November -23.4 18.7 -4.6 1.0
December -24.9 223 -25 1.3
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RADIATIVE FORCING IN ATMOSPHERIC LAYER
(W/m?)
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Figure 3. Simulation of the radiative impact in the atmospheric layer.

Figure 3 clearly shows a maximum impact in March-April, a period when the
obtained values are greater than 30 W/m® (34.74 W/m* in March and 31.30
W/m? in April) and a minimum impact in August estimated at 15.38 W/m’. A
connection can be made with the characteristic seasonal succession of the cli-
mate in West Africa and the Sahel. In fact, the month of August is in the rainy
season, characterized by the preponderance of humid monsoon winds from the
South. It is during this period that the suspension of particles is the least due to
the frequency of the rains responsible for the leaching of mineral dust. The ob-
tained values reflect the importance of pollution aerosols and their contribution,
which constitutes the bulk of the forcing calculated in August, but also the con-
tribution of dust of local and Saharan origin. It is this impact that is shown in a
difference of up to nearly 20 W/m® between the values calculated in March and
in August. As shown in Figure 3, the atmospheric impact decreases from Mars
to a minimum in August before increasing from September to February. It is at
this time that the rainy season ends, the end of which is marked by the gradual
installation of harmattan winds from the North and charged with dust from the
Sahara desert.

The atmospheric impact can be reflected by a change in temperature. The si-
mulation indicates a warming of the first layer of the atmosphere (this is the
layer in contact with the earth) whose temperature variation is relatively large

and ranges from 0.83°C in August to about 1.8°C in Mars as shown in Figure 4.

5. Discussion

Radiative forcing due to aerosols is poorly characterized in climate models [19].
In particular, the calculation of radiative impact in the West African region, spe-
cifically at the scale of an urban area, is very poorly documented in literature.
Numerous studies carried out generally give an average indication of the radia-

tive impact in the entire region, which does not allow us to distinguish the
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¢C) WARMING IN THE FIRST LAYER
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Figure 4. Evolution of the average monthly warming in the first layer.

particular contribution of an urban site. Some studies conducted at the scale of
an urban area have been carried out but in places geographically distant and
climatically different from our study site. We can cite certain studies such as
ESCOMPTE [12] [20] carried out in the city of Marseille, MINOS in the island
of Crete in Greece.

In West Africa, simulation work of the radiative impact of mineral dust as
well as its effect on the variability of precipitation during the monsoon period
has been carried out [21]. This simulation made of a coupling of meteorological
model and the aerosol/chemistry model (WRF-Chem) gave results summarized
in Figure 5 for short (SW) and long (LW) wavelengths as well as for the entire
spectrum (Net) at top of the atmosphere ((a), (b), (c)), at the surface ((g), (h),
(1)) and within the atmospheric layer ((d), (e), (f)).

Figure 5 shows that in the West Africa region South of the Sahara, the direct
impact of aerosols results in cooling at the top of the atmosphere and on the
earth’s surface, followed by warming in the atmosphere layer for short wave-
lengths and for the whole spectrum. For long wavelengths, the opposite effect is
observed. The simulation indicates for short wavelengths radiative forcing values
ranging from -3 W/m’ to —10 W/m” at the top of the atmosphere. In the at-
mospheric layer, warming results in a positive radiative forcing of between 10
W/m? and 30 W/m?> At the earth’s surface, we see that the region covered by our
study presents a radiative forcing of between —15 W/m?* and —30 W/m’. These
values show a very good agreement with the results of our simulation which gave
for the same spectral band, the monthly mean values of the radiative forcing very
similar. Our calculations for every month of the year gave values between —2.5
and —6.77 W/m” at the top of the atmosphere, between —21 and —41 W/m?” at the
surface and between 15.38 and 34.74 W/m” in the atmospheric layer. The values
of the forcing at the top of the atmosphere presented by our simulation are con-
sistent with the global mean value of the direct effect of aerosols in the absence
of clouds, obtained from satellite observations and estimated at —5.5 + 0.2 W/m’
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ATM

BOT

RADIATIVE DUST FORCING [W/m?]

Figure 5. WRF-Chem simulations of radiative dust forcing in Africa for short wave-
lengths (SW), long wavelengths (LW) and for the short + long (Net), at the top of the at-
mosphere (TOA: (a), (b), (c)), in the atmosphere (ATM: (d), (e), (f)) and at the surface
(BOA: (g), (h), (i))—Extract from C. Zhao et al, 2011 [21].

above oceans and 4.9 + 0.7 W/m? above land [1] [22]. Likewise, using an estima-
tion method based on CERES and MODIS observations, [23], estimates the av-
erage value of the global direct impact of aerosols at the top of the atmosphere at
-3.1 £ 1.0 W/m” in cloudy sky conditions compared to 7.3 + 1.6 W/m® in clear
sky conditions.

The results are also in good agreement with those of a simulation of the radia-
tive effects of dust carried out in Africa as part of the AMMA program, following
the SOP plane measurement campaign over Benin and Niger on the 13th and
June 14, 2006. This simulation which used the STREAMER radiative calculation
model estimated these radiative effects by a warming whose maximum is be-
tween the daily values of 1.5 K/day and 3 K/day [24] while our calculation esti-
mates this magnitude between 0.83°C and 1.78°C. As part of the same program,
various simulations of the direct radiative impact of aerosols in the period De-
cember 2005 to February 2006 were carried out during the DABEX campaign.
They gave for the short and long wavelength group, in the Sahelian band, the
results presented in Table 2 [25].

According to other radiative forcing calculations such as those carried out by
Mallet et al. [26] direct radiative forcing values at the surface and the top of the
atmosphere of respectively —57.9 W/m*/AOT550 nm and —17.5 W/m*/AOT550
nm in Djougou in the period from January 17 to 24, 2006 have been reported.
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Table 2. Radiative forcing over the Sahel (W/m?).

Sahel: (5°N; 13°N) (10°W; 20°E)

SRFE ATM TOA

REF -28.27 244 -3.87
DUSTex —5.58 2.61 -2.97
BCOCex -23.04 21.99 -1.06

The REF simulation takes into account all the aerosols, the DUSTex simulation concerns only mineral dust
and the BCOCex simulation, carbonaceous aerosols [25].

The set of radiative forcing values carried out according to different ap-
proaches in the region clearly shows that the order of magnitude of the radiative
impacts that we have found is appreciable even if it should be noted that the
context, the period or the methodology used are the origin of some differences

that we have seen.

6. Conclusion

This work is a simulation exercise which follows a climatological study of the
optical properties of aerosols in Ouagadougou. This study made it possible to
characterize the optical and microphysical properties and showed the strong
correlation with the seasonal succession of the local climate [27]. Similarly, the
results of the radiative forcing calculation logically showed the influence of the
dynamics of the Harmattan and monsoon winds that alternate in West Africa.
At the top of the atmosphere, in the atmospheric layer as well as on the surface,
the extreme values were observed in March and August. It should be noted that
the month of March is in the midst of the dry season and represents the period
of large desert aerosol emissions carried by the harmattan winds and the month
of August corresponds to the wettest month of the rainy season which runs from
June to October. We can see in these results the persistent effect of anthropo-
genic emissions linked to human activity but also the marked seasonal effect of
dust from the Sahara which, although recognized to be mainly diffusing, contri-
butes significantly to the radiation balance of Sahelian cities such as Ouagadou-

gou.
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