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[1] A method dedicated to the investigation of direct radiative forcing of the main
anthropogenic aerosol species (ammonium sulfate, black carbon, particulate organic
matter) is presented. We computed the direct radiative aerosol forcing at the top of
atmosphere (TOA), at the bottom of atmosphere (BOA), and into the atmospheric layer
(ATM). The methodology is based on chemical, photometric, and satellite measurements.
We first determined the optical properties of the main aerosol species and then
computed their direct radiative impact at local scale. The method was applied to a
periurban zone during the Expérience sur Site pour Contraindre les Modèles de Pollution
et de Transport d’Emission experiment. Optical computations indicate that the single
scattering albedo, for the total aerosol population in the external mixture, is equal to 0.83 ±
0.04 at 550 nm, indicative of a strong absorption of the solar radiation. At the same time
the mean asymmetry parameter is equal to 0.59 ± 0.04, and the mean aerosol optical
thickness is equal to 0.30 ± 0.02, at 550 nm. The anthropogenic urban aerosol
layer reduces significantly the daily surface illumination (�24 W m�2 > DFBOA

> �47.5 W m�2) by reflection to space (�6 W m�2 > DFTOA > �9 W m�2) and by
absorption of the solar radiation into the atmosphere (17 W m�2 < DFATM < 39 W m�2).
The available resulting energy in the atmospheric column heats the lowermost part of the
atmosphere from 1.1�K d�1 to 2.8�K d�1. Our study shows that the black carbon particles
have a large contribution to the BOA forcing (almost 50% of the total daily forcing),
whereas the ammonium sulfate particles contribute only to about 10%. Conversely, the
TOA daily forcing is mostly driven by the ammonium sulfate aerosol (around 50%).

Citation: Roger, J. C., M. Mallet, P. Dubuisson, H. Cachier, E. Vermote, O. Dubovik, and S. Despiau (2006), A synergetic approach

for estimating the local direct aerosol forcing: Application to an urban zone during the Expérience sur Site pour Contraindre les

Modèles de Pollution et de Transport d’Emission (ESCOMPTE) experiment, J. Geophys. Res., 111, D13208, doi:10.1029/

2005JD006361.

1. Introduction

[2] The aerosol direct radiative effect represents, at this
time, one of the largest sources of uncertainty in estimating
regional climate changes [Haywood and Boucher, 2000;
Intergovernmental Panel on Climate Change, 2001]. To

reduce these uncertainties, numerous experimental cam-
paigns were performed for different aerosol regimes.
Hignett et al. [1999] and Russell et al. [1999] reported
estimations of the direct forcing during TARFOX [Hobbs,
1999] for anthropogenic aerosols transported from the
United States eastern seaboard. Bush and Valero [2002],
Léon et al. [2002], Satheesh and Ramanathan [2000] and
Satheesh et al. [1999] estimated the direct forcing during
the Indian Ocean Experiment (INDOEX) [Ramanathan et
al., 2001], for anthropogenic aerosols transported from the
Indian continent. Markowicz et al. [2003] reported simu-
lations of the direct forcing exerted by the aerosol pollution
on the Mediterranean Sea during MINOS [Lelieveld et al.,
2002]. Finally, Markowicz et al. [2003], Bush and Valero
[2003], and Nakajima et al. [2003] simulated an estimation
of the aerosol direct radiative effect during the ACE-Asia
campaign [Huebert et al., 2003]. At the global scale, remote
sensing of aerosol optical characteristics has made consid-
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erable progress with the last generation of satellites (see
King et al. [1999] for an overview and Tanré et al. [1999] as
an example of MODIS) and can be useful for climate study
[Kaufman et al., 2002].
[3] The purpose of this work is to present a new meth-

odology allowing the determination of the direct aerosol
forcing at a local scale. This methodology relies on a
synergetic approach using in situ chemical and optical
measurements of the aerosol associated with integrated
measurements (Sun photometer, LIDAR, airborne and sat-
ellite measurements) and a radiative transfer code which
gives access to the direct forcing for the different aerosol
components [Dubuisson et al., 1996].
[4] Optical properties of the aerosol (extinction and

scattering coefficients, asymmetry factor) have been re-
trieved from particle size distribution and chemical charac-
terization in each class bin [Mallet et al., 2003]. The vertical
stratification of optical properties is resolved, provided
some hypothesis on the aerosol composition and using
aircraft particle profiles. Surface albebo is obtained from
satellite measurements [Vermote et al., 2002]. Important
constrains are provided at each step by sky and sun
photometry [Holben et al., 1998] and LIDAR measure-
ments. Finally, the atmospheric radiation fluxes are com-
puted at each altitude.
[5] This methodology is applied to an urban aerosol, for

which the climatic effect is not well known at the present
time. Indeed, among all the numerous sources of anthropo-
genic aerosol particles, the pollutant particles emitted in
large urban areas are now clearly recognized as one of the
most important and cities emerge as an important research
topic in atmospheric chemistry and effect on climate.
Particulate pollutants emitted in industrialized regions,
mainly consist of sulfate, nitrate, black carbon and partic-
ulate organic matter. The particles modify the albedo of the
surface-atmosphere system, leading to a modification of the

local or regional climate when pollutants are transported out
of the source regions.
[6] Results presented hereafter are focused on the local

daily direct radiative forcing exerted by anthropogenic
aerosols generated during strong pollution events occurring
during the Expérience sur Site pour Contraindre les Mod-
èles de Pollution et de Transport d’Emission (ESCOMPTE)
experiment [Cros et al., 2004; Cachier et al., 2005].

2. Methodology to Compute the Aerosol
Radiative Forcing

2.1. Experimental Campaign: Expérience sur Site pour
Contraindre les Modèles de Pollution et de Transport
d’Emission (ESCOMPTE)

[7] Between 4 June and 13 July 2001, the ESCOMPTE
program was devoted to producing a relevant set of data for
testing and evaluating regional pollution models [Cros et
al., 2004]. The field campaign took place, over an area of
100 km � 100 km, in a southeastern part of France
including the urban area of the city of Marseille (1.2 million
inhabitants), the Rhône valley and the large industrial
complex of Fos-Berre. Owing to urban and industrial
emissions, and the strong solar radiation, high and frequent
pollution events are regularly observed in this area (O3

peaks for example).
[8] The physical and chemical characterization of aerosol

particles [Cachier et al., 2005] was among the numerous
objectives of this experiment. Measurements were mainly
carried out during intensive observation periods (IOPs),
which correspond to meteorological conditions favorable
to pollution events, which can be summarized as follows:
(1) anticyclonic conditions; (2) coastal breeze; and (3)
strong solar radiation leading to high temperatures (25�–
30�C). From the data set, we use all days for which aerosol
optical and chemical measurements were available. Thus 5
days are selected to estimate the direct radiative effect of the
anthropogenic particles (POI 2b, 24–26 June, and POI 3,
2–3 July) based on a data set measured in the periurban
zone, called the ‘‘Vallon Dol’’ site, located 2 km north of
Marseille, and mainly polluted by the urban traffic.

2.2. Aerosol Optical Properties

[9] The aim of the present method is to combine chemical
and optical characterizations, as shown Figure 1. During
ESCOMPTE, the particles optical properties were deter-
mined using impactors. This determination was described in
detail by Mallet et al. [2003] and only the general principles
are given here. The work starts with the ionic chromatog-
raphy and the analysis of the carbon by a multistep thermal
method [Putaud et al., 2000] from which the mass size
distributions of aerosol species are determined (black car-
bon (BC), particulate organic matter (POM), ammonium
sulfate (AS), nitrate (N), sea salt (SS), and dust (D) are
selected as optical species (see Figure 2)). The size distri-
butions are represented by two different modes, i.e., the
accumulation mode (submicrometric) and the coarse mode
(supermicrometric) respectively indexed in the following by
‘‘a’’ and ‘‘c.’’ In practice, the two distributions are fitted
with a lognormal function, from which the standard devi-
ation s and the ‘‘mass’’ mode radius rg,m are retrieved, the
latter being transformed into ‘‘number’’ distribution param-

Figure 1. Methodology used.
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eters rg,n [Seinfeld and Pandis, 1998]. For each aerosol
component, the complex refractive index m was selected
based on previously published studies. These microphysical
properties are all reported (Table 1) for the major aerosol
species encountered during the ESCOMPTE experiment
(BC, AS, POMa and POMc). The dependence of the aerosol
properties with the relative humidity RH (mean daily values
are given in Table 2) is computed using the Hänel’s [1976]
relation. Then, assuming spherical particles, the spectral
optical properties are spectrally computed using the Mie
theory [Mie, 1908] to derive the extinction coefficient
Kext(l), the scattering coefficient Ksca(l), the absorption
coefficient Kabs(l) (with Kext(l) = Ksca(l) + Kabs(l)) and the
asymmetry factor g(l), where l is the wavelength. In the
following sections, we also use the single scattering albedo
wo(l) (=Ksca(l)/Kext(l)). These optical properties are
reported in Table 2 at 550 nm for the major aerosol species
given above.

2.3. Vertical Stratification

[10] The second step is to establish the stratification of the
aerosol optical properties for the vertical dimension. For
that purpose, we split the atmosphere into four major layers:
(1) surface to urban boundary layer (UBL) (low tropo-
sphere); (2) UBL to aircraft altitude (mean troposphere);
(3) aircraft altitude to tropopause (free troposphere); and (4)
tropopause to stratopause (stratosphere). The first layer
corresponds to the low troposphere (LT), between the
surface and the top of the UBL, which is around 1 km high
during ESCOMPTE. This layer was very stable during the
pollution events, and the mixing of the particles is assumed
homogeneous (this point has been confirmed by the mod-
eling group). The second atmospheric layer is the mean
troposphere (MT), between 1 and 3 km where LIDAR

measurements were performed. Finally, we distinguish the
free troposphere (FT) and the stratosphere (ST).
[11] Regarding thermodynamical parameters, vertical

soundings acquired from the French Airplane for Remote
Sensing and Atmospheric Research (ARAT) [van Dingenen
et al., 2002] are used for temperature, relative humidity,
ozone concentration, and particle number (from 0 to 3 km,
including the LT and MT layers) as shown Figure 3. We
complete the stratification for FT and ST with climatology
data (midlatitude summer).
[12] Following the scheme used in the radiative transfer

code Global Atmospheric Model (GAME) (section 2.4),
these four major layers are sliced into 33 levels. The aerosol
optical properties computed from the in situ measurements
are used for both for the layers LT and MT accounting for
the sedimentation of the aerosol coarse mode into MT. For
FT and ST, we use optical properties coming from the free
tropospheric and stratospheric aerosol models described by
Hess et al. [1998]. Moreover, according to Mallet et al.
[2004], there is no need to consider aerosols transported
from remote sources (such as desert aerosols) at Vallon Dol
during the studied POI. Thus each 33 levels are filled up
with the thermodynamical parameters (pressure, tempera-
ture), the number of each component Ni and the aerosol
optical properties (Kext(l), g(l), wo(l)).
[13] We start by adjusting the number of particles of the

LT layer (assumed homogenous). The constraint we used is
the spectral aerosol optical thicknesses da

AERONET(l) mea-
sured by the PHOTON/AERONET network [Holben et al.,
1998]. We assume that da

AERONET(l) should be equal to
da*(l) with

da* lð Þ ¼
X33
n¼1

X
i

Ni zð Þ
N zð Þ K

i
ext l; nð Þ

 !
Dz nð Þ: ð1Þ

[14] To complete the vertical stratification, we need the
surface albedo, which is a critical parameter in the estima-
tion of the top of atmosphere direct radiative forcing.
Indeed, according Bergström and Russell [1999], the aero-
sol forcing at the top of the atmosphere can be either
positive or negative depending of the surface albedo value
(with a critical rocking value around 0.3 at 550 nm). We
estimate the spectral surface albedo from the MODIS
surface reflectance product [Vermote et al., 2002] generated
from data collected by the TERRA platform (averaged over
a 3 km � 3 km area). In our case of a suburban environ-
ment, we find low values (Figure 4) far from the rocking
value.

Figure 2. Example of mass size distribution used
(acquired on 24 May).

Table 1. Mean Microphysical (Radius rg,n, Variance s, and Dry Refractive Index m) and Optical (Extinction

Coefficient Kext, Single Scattering Albedo wo, and Asymmetry Factor g) Properties at 550 nm for the Most

Important Speciesa

All Species BC POMab POMcb AS

rg,n 0.028 ± 0.010 0.034 ± 0.010 0.364 ± 0.120 0.050 ± 0.10
S 1.94 ± 0.14 1.86 ± 0.16 1.95 ± 0.19 1.74 ± 0.07
m (dry) 1.87 � 0.569i 1.55 � 0.005i 1.55 � 0.005i 1.53 � 0.006i
Kext 0.012 ± 0.004 0.009 ± 0.004 0.002 ± 0.001 0.026 ± 0.010
Wo 0.85 ± 0.03 0.33 ± 0.03 0.98 ± 0.01 0.94 ± 0.01 0.97 ± 0.01
G 0.59 ± 0.02 0.43 ± 0.04 0.59 ± 0.06 0.74 ± 0.01 0.58 ± 0.01

aSee Mallet et al. [2003].
bPOMa is the accumulation mode; POMc is the coarse mode.
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2.4. Radiative Transfer Computations and
Conventions Used

[15] The direct aerosol radiative forcing at bottom of
atmosphere (BOA), at top of atmosphere (TOA), and into
the atmospheric layer (ATM) are computed using the
radiative transfer model GAME [Dubuisson et al., 1996],
which accounts for the scattering and absorption processes
by particles and gases. In this model, the absorption
includes the absorbers in the short-wave region and is based
on the results of a line by line code [Scott, 1974]. Multiple
scattering effects are treated using the discrete ordinates
method (DOM) [Stamnes et al., 1988] following the plane-
parallel approximation. This method allows accurate treat-
ment of scattering and absorption by aerosols, clouds and
molecules. The DOM employs a Legendre polynomial
decomposition for the phase function and the radiance.
Interactions between multiple scattering and gaseous ab-
sorption are accurately treated using the correlated-k method
[Lacis and Oinas, 1991].
[16] Upward and downward net radiative fluxes F are

computed over the spectral solar range (integrated from
0.3 mm to 3.0 mm) for each of the 33 levels of the
atmosphere. From these fluxes, the daily direct forcing at

the bottom of the atmosphere, DFBOA, and at the top of the
atmosphere, DFTOA, are defined by

DFBOA ¼ Fw
BOA � Fo

BOA DFTOA ¼ � Fw
TOA � Fo

TOA

� �
; ð2Þ

respectively, where Fw and Fo are the net fluxes with and
without aerosols, respectively. With this convention, a
negative sign of the daily DF implies an aerosol cooling
effect.
[17] Through absorption and scattering, the aerosols de-

crease the energy reaching the surface (FBOA
w < FBOA

o ). At
the top of the atmosphere, the aerosols increase the reflec-
tivity of the atmosphere (FTOA

w > FTOA
o ). Thus more energy

is ‘‘reflected’’ by the Earth-atmosphere system, and less
energy is available for the Earth-atmosphere system, induc-
ing in a cooling at TOA
[18] The direct atmospheric forcing, DFATM, is defined as

DFATM ¼ DFTOA � DFBOA: ð3Þ

In the case of pure scattering aerosol (wo = 1), DFATM is
equal to zero. The presence of aerosols contributes to a loss
of energy at the surface level, this lost energy being
scattered upward to space. In a case of an absorbing aerosol
(wo < 1), a part of this loss at the surface level is absorbed
into the atmospheric layer. The increase in energy in the
atmospheric layers leads to a heating of these layers.
[19] To get an idea of the importance of the impact, we

computed the vertical profile of the heating rate given at an
atmospheric altitude z as by

@T

@t
¼ � 1

rCP

@F zð Þ
@z

; ð4Þ

where T is the radiative temperature of the air, r is the air
density, CP is the specific heat of the air, and F(z) is the net
flux at the altitude z.

3. Daily Direct Forcing due to Anthropogenic
Particles

[20] One advantage of the present method is that it
provides the daily direct aerosol forcing at each altitude

Table 2. Mean Aerosol Optical Properties Computed at 550 nm

and Daily Direct Radiative Forcing for the Total Aerosol

Population During POI 2 and 3

24 Jun 25 Jun 26 Jun 2 Jul 3 Jul

daa 0.31 0.41 0.25 0.28 0.21
Wo 0.86 0.82 0.81 0.84 0.85
G 0.60 0.62 0.60 0.57 0.58
Relative humidity, % 61.4 61.0 45.0 45.0 55.0

Daily Direct Radiative Forcing DF (W m�2)
BOA �35.5 �47.6 �31.1 �33.3 �23.9
TOA �9.1 �8.5 �6.1 �8.2 �6.5
ATM 26.4 39.1 25.0 25.1 17.4

aVariable da represents the aerosol optical thickness over the atmospheric
column at 550 nm.

Figure 3. Example of vertical profiles used for the number
of particles and the temperature (acquired on 24 May).

Figure 4. Surface albedo over the site ‘‘Vallon Dol’’ from
EOS/MODIS data.
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for the aerosol mixing and for each of its components. In a
previous study at the Vallon Dol site [Mallet et al., 2004],
we have shown that the mixing state of aerosols during the
experiment could be considered as externally based on the
values of the single scattering albedo retrieved by PHO-
TON/AERONET photometers measurements [Dubovik et
al., 2002].
[21] Results of the daily direct solar spectrum forcing due

to anthropogenic particles during ESCOMPTE are pre-
sented in Table 2. At surface (BOA), we find negative
fluxes, which imply a cooling effect. The daily direct
forcing ranges from �24.0 W m�2 to �47.5 W m�2 for
an aerosol optical thickness da ranging from about 0.2 to 0.4
at 550 nm (see Table 2). The daily surface forcing efficiency
(defined here by the daily surface forcing divided by da at
500 nm) is DFe = �107.5 W m�2 at 500 nm (Figure 5),
which is on the higher end of the range of values reported in
the literature. Indeed, for the INDOEX experiment, several
authors [Satheesh et al., 1999; Satheesh and Ramanathan,
2000; Ramanathan et al., 2001; Léon et al., 2002; Bush and
Valero, 2002] have found a value of DFe equal to about
�75 W m�2. This value is almost the same as those found
during TARFOX [Hobbs, 1999; Russell et al., 1999; Hignett
et al., 1999] and ACE-ASIA [Bush and Valero, 2003;
Nakajima et al., 2003] (�70 W m2 to �75 W m2). This
high value of the daily forcing efficiency can be explained
by the fact that the urban aerosols observed during
ESCOMPTE exert a greater absorption in the atmosphere

and a lower backscattering to space mainly due to a high
black carbon concentration [Cachier et al., 2005; Mallet et
al., 2003]. The aerosol single scattering during ESCOMPTE
was about 0.85 at 550 nm, instead of 0.90 and 0.93
respectively during INDOEX and TARFOX.
[22] The large absorption by the atmosphere is also

observed with the fractional daily forcing (defined by Bush
and Valero [2003] as being the BOA forcing divided by the
TOA flux). We find an efficiency FDFe of �21.5% at
500 nm (Figure 6), meaning a high capability for the
atmosphere to force the incident solar radiation (Bush and
Valero [2003] reported �18% and �16.8% respectively for
ACE-Asia and INDOEX). These fractional forcings are
directly associated here with a strong positive daily atmo-
spheric forcingDFATM (from +17.5Wm�2 to +39.0Wm�2),
leading to a heating rate reaching 2.5�K d�1 and 1�K d�1 at
surface for the heaviest and lightest condition of pollution,
respectively. Finally, the forcing DFTOA at the top of the
atmosphere corresponds (Table 2) to a cooling, but with an
order of magnitude four times less than at the surface (from
�6.0 W m�2 to �9.0 W m�2). This result again indicates an
important amount of energy absorbed into the atmosphere.
[23] As an example, the aerosol radiative impact pro-

duced by each major atmospheric layer is reported in
Figure 7 for 25 June. For upwelling and downwelling
fluxes, the aerosol impact takes place under the urban
boundary layer; the rest of the atmosphere only contributes
for about 5%. This repartition is normal given the fact that
most of the aerosols were located under the UBL [Mallet
et al., 2003]. Consequently, the heating of the atmosphere
due to aerosols is located to the lowermost part of the
atmosphere (under the UBL), as shown in Figure 8 for two
extreme conditions of pollution.

4. Contribution of Each Aerosol Species to the
Direct Forcing

[24] Tables 3, 4, and 5 present, for each aerosol species,
respectively the daily direct radiative forcing at the surface
level DFBOA, at the top of the atmosphere DFTOA, and into
the atmosphere DFATM. We present the main aerosol com-
ponents (black carbon, ammonium sulfate and particulate
organic matter).
[25] At the surface, about 90% of DFBOA (Table 3) is due

to anthropogenic aerosols. Simulations indicate the crucial
role of black carbon particles, which contribute for 50% to

Figure 5. Bottom of atmosphere (BOA) daily aerosol
forcing versus the aerosol optical thickness at 500 nm and
daily forcing efficiency DFe.

Figure 6. Same as Figure 5, but for the fractional daily
forcing and fractional daily forcing efficiency FDFe.

Figure 7. Contribution of each atmospheric layer to the
daily aerosol direct impact (downward and upward):
example of 25 June.
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DFBOA. The daily direct radiative forcing at surface of the
black carbon is about twice as large as the one exerted by
the ammonium sulfate. This result totally agrees
with observations made during INDOEX by Satheesh and
Ramanathan [2000], which indicates that black carbon is
the main contributor to the light attenuation at surface. A
second interesting point is the fact that the black carbon
scattering drives the forcing at surface in a higher order of
magnitude than the ammonium sulfate (Figure 9), while the
black carbon absorption directly infers the atmospheric
forcing (Figure 10). Finally, the contribution of the partic-
ulate organic matter (a little less than 15%) needs to be
considered, mainly due to the accumulation mode which is
optically more efficient in scattering and absorbing light in
the visible range than the coarse mode [Mallet et al., 2003].
[26] At the top of the atmosphere (Table 4), the ammo-

nium sulfate and the particulate organic matter aerosols

exert a cooling effect by reflecting the solar fluxes back to
space. Ammonium sulfate is the major contributor and leads
to a DFTOA forcing twice as large as the particulate organic
matter (in agreement with Ramanathan et al. [2001]). It
should be again noticed that about 90% of the particulate
organic matter forcing is due to the accumulation mode.
Results also indicate that the black carbon aerosol is the
only chemical species inducing a positive forcing. This
forcing is due to black carbon’s high capability to absorb
the solar radiation into the atmosphere.
[27] Concerning the contribution of the different aerosol

species to DFATM, all the anthropogenic particles contribute
to a positive DFATM (Table 5). DFATM is mainly due to the
absorbing black carbon aerosols (about 75% while AS
represents 15%). These percentages are almost identical
for the heating rate (80 and 10%, respectively). In the worst
polluted case (25 June), the black carbon particles produce a
heating rate of 2.1�K d�1 at the surface. Furthermore, a
weak contribution of the particulate organic matter is
observed (about 8% for DFATM and for the heating rate).

5. Error Budget

[28] The code GAME used in this study has participated
to an intercomparison exercise [Halthore et al., 2005]. The
results of this exercise indicated that GAME is accurate to a
few units of watt (1–3) for a flux reaching 1000 W m�2.
The impact of this uncertainty on the forcing estimate
should be reduced because we work with relative fluxes
integrated over all the day.
[29] The second source of uncertainties comes from the

chemical and physicochemical parameters (i.e., mass, den-
sity, mean radius in mass, refractive index, etc.) which serve
as the basis for our scheme. For each of these parameters,
we define an uncertainty based on the observed variability.
Thus we apply ±25% on the density, ±10% on the Lognor-
mal size distribution parameters (i.e., the mean radius in
mass and the standard deviation), ±5% on the real refractive
index and a range from 0.45 to 0.70 on the imaginary

Figure 8. Vertical heating rate computed for two atmo-
spheric situations.

Table 3. Aerosol Daily Direct Surface Forcing DFBOA for the

Main Aerosol Pollutantsa

BC POMab POMcb AS

24 Jun �15.5 �3.0 �0.5 �10.0
25 Jun �24.0 �4.0 �1.0 �10.0
26 Jun �15.0 �3.5 �1.0 �6.0
2 Jul �14.0 �3.0 �1.0 �9.0
3 Jul �9.5 �2.5 �0.5 �6.5

aUnits are W m�2.
bPOMa is the accumulation mode; POMc is the coarse mode.

Table 4. Aerosol Daily Direct Top of Atmosphere Forcing DFTOA

for the Main Aerosol Pollutantsa

BC POMab POMcb AS

24 Jun +2.5 �2.0 �0.5 �6.5
25 Jun +3.5 �2.5 �0.5 �5.0
26 Jun +2.0 �2.0 �0.5 �3.0
2 Jul +2.0 �2.0 �0.5 �5.0
3 Jul +1.0 �1.5 �0.5 �3.5

aUnits are W m�2.
bPOMa is the accumulation mode; POMc is the coarse mode.

Table 5. Aerosol Daily Direct Atmospheric Forcing DFATM for

the Main Aerosol Pollutantsa

BC POMab POMcb AS

24 Jun +18.0 +1.0 +0.5 +3.5
25 Jun +27.5 +1.5 +0.5 +5.0
26 Jun +17.0 +1.5 +0.5 +3.0
2 Jul +16.0 +1.0 +0.5 +4.0
3 Jul +10.5 +1.0 +0.5 +3.0

aUnits are W m�2.
bPOMa is the accumulation mode; POMc is the coarse mode.
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refractive index of the black carbon. For the mass, we use
different percentage according to the methodology used: (1)
for aerosol component derived from ionic chromatography
(e.g., sulfates), we used ±30% (10% for the sampling on
filters and 20% for chemical analyses); (2) for carbonaceous

components, we used 10% for the sampling on filters and
40% for the chemical analyses, i.e., 50%, with 30% more
for POM due to the OC/POM conversion factor in order to
account for other atoms than carbon in the organic species.
Thus we used ±50% for BC and ±80% for POM. The last
source of error is the accuracy of the estimated surface
albedo, which mostly impacts the TOA and ATM fluxes.
We used satellite data set from EOS/MODIS to estimate this
parameter, and we apply a ±30% error on the spectral
surface albedo.
[30] Results of induced uncertainties are given in percent-

age in Table 6. At the end, the overall interpretation of all
these uncertainties needs to account for the linked errors and
counterbalancing effects. Indeed, if, as an example, we
increase the density of BC, then we also have to increase
its value of the real refractive index, and according to the
sign of the two errors, we need to counterbalance them.
Consequently, we can reasonably consider that the daily
radiative impacts of aerosols are defined with an accuracy of
12–20% with a better one for BOA in regard of ATM and
TOA. These values should be reduced in the future by
improving the experimental scheme. Indeed, most of the
BOA uncertainties are coming from the physicochemical
parameters, but it should be possible to reduce them by
applying constrains on the optical ground-based measure-
ments (with aethalometer, nephelometer).

6. Comparison to Ground-Based Measurements
and Discussions

[31] As part of the initial validation of this methodology
we compared the computed downward fluxes and those
measured at the surface. Figure 11 shows an example for 25
June. The agreement between measurements and computa-
tions is within 5%.
[32] We then estimated the daily forcing efficiency (at

500 nm) from the measured fluxes at surface (Figure 12).
We found a value of �102.9 ± 10.0 W m�2, which is in
good agreement with the one derived from the computed
daily values, �111.3 ± 8.0 W m�2 (Figure 13) and the
one directly derived from the aerosol forcing, �107.5 ±
5.0 W m�2 (Figure 5). These comparisons confirm the
validity of the methodology and the error budget.

Figure 9. Relationship between the BOA daily aerosol
forcing and the scattering coefficient of the black carbon
and ammonium sulfate particles.

Figure 10. Relationship between the atmospheric (ATM)
daily aerosol forcing and the absorption coefficient of the
black carbon.

Table 6. Error Budget on the Determination of the Aerosol Daily

Forcing Including Physicochemical Parameters of Aerosolsa

BOA, % TOA, % ATM, %

Black carbon
Refractive index (±5%, j ± 25%) �4.0 ±4.0 ±4.0
Mass determination (±50%) �10.0 ±15.0 ±10.0
Density (±25%) ±8.0 �10.0 �7.0
Size distribution determination (±10%) ±7.5 �10.0 �10.0

Sulfate
Refractive index (±5%) ±5.0 �11.0 �7.0
Mass determination (±30%) ±3.0 �4.0 �3.0
Size distribution determination (±10%) �8.0 ±3.0 ±10.0

POM
Refractive index (±5%) ±1.5 �2.0 �0.5
Mass determination (±80%) ±5.0 �8.0 �4.0
Size distribution determination (±10%) �2.0 ±0.5 ±2.0

Radiative transfer code <±0.5 <±0.5 <±0.5
Surface albedo (±30%) ±1.0 ±15.0 ±4.5
Total 12 20 16

aIn parentheses the error is considered as input.
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[33] We also investigated the case of an internal mixing
state. Indeed, numerous studies indicated that the different
aerosol species are often found in an external mixture close
to the pollution source [Hasegawa and Ohta, 2002; van
Dingenen et al., 2002]. As already shown by Mallet et al.
[2004], the mixture in this data set is close to an external
mixing.
[34] In a internal mixture scenario, the asymmetry factor

is unchanged, but wo(l) is reduced by 15%, increasing the
absorption processes. Compared to the external mixture, the
surface illumination should be reduced by 25% (due to an
increase of 50% of the energy absorbed into the aerosol
layer) which will give us a value outside of our error bars
and refutes the hypothesis of the pure internal mixing.

7. Conclusion

[35] The purpose of this work is to present a new
methodology allowing the determination of the direct aero-
sol forcing at a local scale. This methodology is based on in
situ physical, chemical and optical measurements of the
aerosol, associated with integrated measurements and a
radiative transfer code which allows the computation of
the aerosol direct forcing.
[36] This methodology was applied to an urban aerosol,

for which the climatic effect is not still well known at the
present time. At the surface, our results showed a decrease

of fluxes (negative values of DFBOA) meaning a cooling,
ranging between �24 W m�2 to �47.5 W m�2 (with about
12% of accuracy). At the top of the atmosphere, the forcing
DFTOA was shown to be 4 times lower (from �6 W m�2 to
�9 W m�2 with 20% of accuracy), indicating an important
amount of energy absorbed into the atmosphere and then a
strong positive daily direct atmospheric forcing DFATM
(from +17.5 W m�2 to +39 W m�2 with 16% of accuracy).
[37] The study of the contribution of each aerosol species

to the direct forcing indicates the crucial role of black
carbon particles, which contribute from 50% to DFBOA,
twice as large as the one exerted by the ammonium sulfate.
At the top of the atmosphere, the ammonium sulfate and the
particulate organic matter aerosols exert a cooling effect by
reflecting the solar fluxes back to space. Ammonium sulfate
is the major contributor and leads to a DFTOA forcing twice
as large as the particulate organic matter. Also, the results
indicate that the black carbon aerosol is the only chemical
species inducing a positive DFTOA. Concerning the contri-
bution of the different aerosol species to DFATM, our study
indicates that DFATM is mainly driven by the absorbing
black carbon aerosols (about 75% while AS represents
15%).
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