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Abstract. This paper aims at presenting a model-to-dataaerosols is a much more challenging issue. Aerosol physi-
comparison of the Aerosol Optical Thickness (AOT) and of cal processes and direct or indirect effects on the atmosphere
a few sparse data for Single Scattering Albedo (SSA) overare still an open research field and then roughly described
Europe for one year. The main contribution of this paper isin the models. The third and fourth reports of the Intergov-
the sensitivity study to a large number of parameters, includ-ernmental Panel on Climate Change (IPE©ughton et al.

ing physical and numerical parameters of the aerosol mode2001andForster et al.2007) declare that for all these fac-
itself. The optical parameters are computed from a sizetors, there is no precise estimate of the radiative forcing by
resolved aerosol model embedded in tltmmPPHEMUS Sys-  anthropogenic aerosols. Current estimates give a cooling of
tem. The methodology is first described, showing that severathe earth’s surface, a warming of the atmosphere, and a neg-
hypothesis can be made for micro-physical aerosol properative budget at the top of atmosphere which is estimated to
ties. The simulation is made over one year (2001); statisticcompensate part of the warming due to greenhouse gases. As
and monthly time series for the simulation and AERONET aerosol direct effects on radiative budget are due to the par-
data are used to evaluate the ability of the model to reproducécles in the whole vertical column, it has been pointed out
AOT and vertically averaged SSA fields and their variabil- that the aerosol global models should validate and improve
ity. The relation with the uncertainties of measurements istheir vertical distribution. To access to this vertical informa-
discussed. Then a sensitivity study with respect to the mixtion, comparisons between observed and simulated Aerosol
ing state of the particle, the way to take into account wa-Optical Depth or Thickness (AOD / AOT) have been pub-
ter uptake, numerical parameters and physical parameterizdished for global models compared to satellite measurements
tions of the model is carried out. The results indicate that theor/and ground-based stations measurements (€gung
mixing state of particles has an influence on optical param-et al, 2005 Chin et al, 2002 Penner et al.2002 Kinne
eters, as well as the computation of the wet diameter. Bugt al, 2006 Yu et al, 2006 Ginoux et al, 200§. These
some physical and numerical parameters associated with th@odels generally use fixed size distributions depending on
aerosol model itself have even more influence under certaithe aerosol type (sea-salt, sulfate, etc.) in order to compute
conditions, through the uncertainties on the aerosol chemicabr tabulate aerosol extinction coefficients.

composition, and their size distribution.
As the residence time of tropospheric aerosols ranges from

5 to 10 days $einfeld and Pandid998, even 1 day in the
atmospheric boundary layer, and as the processes govern-
ing aerosol physics are complex, it is also interesting to in-

Global warming by greenhouse gases is now well understoodf€stigate the aerosol vertical distribution at a smaller scale.
and can be assessed. The understanding of the impact &egional effects are significant for example on the heating
rate of the atmosphere (see INDOEX campdRgmanathan

et al, 2002, Léon et al. 2002. Also, as the key question

Correspondence tadyl. Tombette about climate change deals with the effect due to anthro-
BY (tombette@cerea.enpc.fr) pogenic activities, a special attention has to be paid to sulfate
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that has a cooling impact, and to black carbon (BC) that hasetwork AERONET used for AOT measurements. In Séct.
a cooling effect on the surface and a heating effect on thehe model configurations for the simulation over Europe are
boundary layer. For that interest, representation of urban aredescribed. Then simulated AOT and SSA in a reference con-
eas is required, and the regional scale is more appropriatdiguration are compared to AERONET data in Séxct. A
Comparisons between satellite-derived and simulated AOTkey question is to estimate the uncertainties of the simulated
from Chemistry-Transport Models have also been made (e.goptical parameters. This is discussed in Séetith the ad-
Robles Gonalez et al. 2003 Jeuken et a).2001; Hodzic  vantages of using such a complex model.
et al, 2004 Hodzic et al, 2006. Satellite measurements
have the advantage that they provide horizontal information.
As the AERONET network accounts for a hundred stations,2
with a large part in Europe, it is now possible to use it in the
same way as the ground-based networks for fFihbve been
used for validation. Moreover, AERONET AOT is used 10 gt 4t 4 wavelength is defined as the integral of the extinc-
validate AOT retrieved from satellite measurements: MODIS
(Kaufman et al.1997), POLDER Deuz et al, 2001), Me-
teoSat Brindley and Ignatoy20086. ZTOA
Studying the radiative transfer to atmospheric aerosols ifOT() = / bext(, 2)dz
also important because of the effect on photochemistry by ‘
the modification of the actinic flux in presence of particles wherezoa is the altitude at the Top Of Atmosphere and
(Dickerson et a].1997 Randriamiarisoa et aR004). More- the altitude at ground level.
over, the absorbing or scattering particles change their own The single scattering albedo used in this study (for
properties such as their inner temperature. At microscalecomparisons to AERONET data) is computed as the ra-
change in the temperature of the particle modifies water contio between the aerosol optical thickness due to scattering
densation (semi-direct effedtphmann and Feichte2005. (AOTscan and the total optical thickness. AQE:is com-
This phenomenon also impacts cloud formation, so takingputed in the same way as AOT, from the scattering coeffi-
into account the feedback of aerosols on meteorology is als@jent.
needed. The extinction coefficient is a function of the particle size,
In this paper, we use a 3-D CTM (Polair3Bputahar  the Aerosol Complex Refractive Index (referred as CRI or
et al, 2004 coupled with a size-resolved aerosol model ACRI in the following paper)z and the wavelength. For a
(SIREAM, Debry et al, 2007 in the framework of the polydisperse distribution of aerosols with the same AGRI
PoLyPHEMUS system [allet et al, 2007). The system has the Mie theory Mie, 1908 gives the extinction coefficient
been evaluated for aerosol outputs (RMPM, 5 and chem-  py the following formula:
ical composition) and gas-phase species at the ground level
for year 2001 over EuropeS@rtelet et a).2007) and over Di&’ 77 D2,
Greater ParisTombette and Sportiss2007. Two optical ext = / a Qext(m, awetn (Dwe)dDwet @
parameters (AOT and SSA) are computed from the simula-
tion outputs and compared to AERONET data (this is a long-where Dyt is the wet particle diameteRy & the maximum
term comparison with several stations). wet diameter of the distributiornz\,vetz“;Wet the size pa-
The objective of this paper is twofold. First, we want to rameter,n(Dyet) the number size distribution function and
perform a model-to-data comparison for a CTM on the ba- Qexi(m, @) the extinction efficiency. The scattering coeffi-
sis of radiative data for a large ground-data basis. Secondient is computed with the same formula from the scatter-
a sensitivity study estimates the robustness of the simulateihg efficiencyQscar(m, «). The extinction and scattering co-

Computation of aerosol optical properties

2.1 General equations

tion coefficientbey: due to particles through the atmosphere:

1)

8

aerosol optical properties. efficient are computed through the Mie codeVdiscombe
This paper is organized as follows. Different methods for (1980, which is tabulated because of computing costs.
the computation of AOT are described in Sett.They are The aerosol model is based on an assumption of internal

based on parameterizations that depend on relative humidmixing (aerosols in the same size bin are supposed to have
ity (Hanel 1976 Gerber 1985 and that take advantage of the same chemical composition). The model outputs at one
the complexity of the model (size distribution and thermody- point of the domain are therefore the aerosol composition for
namics). The relative humidity has a great impact on chem-each bin and for each vertical level. The AOT computation
istry and optical parameters of aerosdBo(cher and An-  will be based on the same hypothesis: we consider that in
derson 1995 Randriamiarisoa et al2006, which can be each vertical layer, the aerosol population is divided ingg N
poorly described by parameterizations, as tki@aél one that  groups where the discretization of the diameter spectrum is
does not take into account the hysteresis effect. Also, theonstant (geometric average of the bin bounds). Then, in one
different hypothesis made for the mixing state of the parti- bin in one vertical layer, the aerosols have the same optical
cles are considered. In Se8f.we describe the observational properties.
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2.2 Mixing hypothesis Table 1. Correspondence betweemEPHEMUS aerosol species

The ACRI for a particle composed by several species is com
puted from the CRI of each species. CRI for organic and
inorganic species are taken from the OPAC software pack-
age (Optical Properties of Aerosols and Cloudsss et al.

atA=550 nm for each species are also given.

Model Species OPAC species Re Im

1998 and interpolated at the desired wavelength. CRI of wa- Nitrate water soluble  1.53 —6x103
ter is interpolated fronseinfeld and Pandi@998 (p. 1117). Ammonium water soluble  1.53 —6x1073
Tablel gives the correspondence between model and OPAC Sulfate sulfate 1.43 —10°8
species. The species with the largest imaginary part of CRI Sodium sea-salt 1.43 —-10°8
are the major absorbing components of the aerosol. Itis then Chlorate sea-salt 1.43 -10°8
noteworthy that the major absorbing species are BC, dust, ni- BC soot 1.75 —4.4x1071
trate, ammonium and organic species. On the contrary, sul- Mineral Dust mineral 153 —5.5x1073
fate and sea-salt are poorly absorbing components. Primary Organics insoluble 1.53 —8.0x103
The computation of ACRI for a particle should be made Secondary Organics  insoluble 1.53-8.0x10~3
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and OPAC species. The real (Re) and imaginary parts (Im) of CRI

under an hypothesis on the mixing state of the particle. We
propose here two mixing states: the well-mixed case and the
core hypothesis.

— Well-mixed hypothesis
The aerosol density is fixed Aferoso=1.4 g cnT 3, as it
is assumed in the aerosol model SIREAM(df)s=1, ns
and are(m,)s=1,ns are the concentrations and the CRI
respectively of theV, pure species , the ACRI of a well-
mixed particle is:

ZiV:sl mg X Cg
Zé\;sl Cs

As the aerosol density is a constant, E&).i¢ similar to
a volume-averaged ACRBginfeld and Pandi4998.

©)

Mmix =

— Core hypothesis
The hypothesis of a well mixed particle is rarely met in
real atmospheric conditions, especially for BC. BC can-
not be well mixed in the particle because of its geom-
etry and solid stateKatrinak et al, 1993. So BC can
be treated as a well-mixed component, as a non-mixed
component (core) or as an external component (external
mixing). AsJacobsorf2000 illustrated, this can influ-
ence the absorption cross section for small wavelengths
(under 1um) and large diameters (overdn). Lesins
et al.(2002 show that the mixing scenario significantly
influences the imaginary part of ACRI and then the
radiative direct forcing estimateChung and Seinfeld
2002. The semi-direct radiative forcing will also be

Garnett gives the following expression for the effective
dielectric constant:

g1+ 282 + 2f1(e1 — 82)} @

Mo =z [ €1+ 22 — fi(e1 — &2
whereg; are the complex effective dielectric constants
(square of ACRI). The subscripts 1 and 2 stand for the
inclusion (i.e. core, black carbon in the present study)
and solution matrix (i.e. the envelope, all the other com-
ponents well mixed in this study) respectively. There
are three limits of validity for the theory. The first one
is that the size of the inclusions should small compared
to the wavelength, which is true in our case because
BC exists in the coarse mode in very small quantities
as compared to dust for example. The second one is
that inclusions should be far one from another (because
we neglect the multiple scattering of order greater than
2). We consider only one inclusion in our model. The
third one is that the volume fraction of the inclusion
should be small.Koh (1992 shows that the theory is
still a good approximation for volume fractions up to
0.2, which means that aerosols should have a volume
fraction of BC less than 0.2, which is true for most of
the cases over Europe in an internal mixing approxima-
tion (Putaud et a).2004).

2.3 RH effect

impacted by changes in absorption. We can wonder inThe RH effect interferes in the computation of optical param-
this study if these mixing rules influence the computa- eters through the aerosol wet diameter and the ACRI, which

tion of optical parameters such as AOT, extinction and Should take the water content into account.

absorption and then our results.

Three ways for computing the wet diameter are imple-

mented:

In the case of a hon-mixed component (core in a solu-
tion), we will use the Maxwell-Garnett approximation
(Maxwell-Garnett(1904), which is one of the most
widely used methods for calculating the bulk dielec-
tric properties of inhomogeneous materials. Maxwell-

www.atmos-chem-phys.net/8/7115/2008/

1. Aerosol Liquid Water Content (ALWC)

It is also possible to take aerosol liquid water con-
tent as an output of the simulation (computed with the
thermodynamic modeldlorRROPIANeNes et a).1998.

Atmos. Chem. Phys., 8, 71332008
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3

ALWC are then dependent on the chemical composi-and 440 nm). The data are taken from the AERONET web-
tion (but only for inorganic species). The wet diam- site: http://aeronet.gsfc.nasa.gowhe “level 2.0” data used
eter is computed from this ALWC (still considering a in this study are cloud-screened and quality-assured. The
constant aerosol density) and water is considered as thaccuracy on AOT reaches 0.0BIdlben et al. 2001). As
other species in the computation of the ACRI. given in Dubovik et al.(2000, we set the absolute error on
SSA to ASSA440=ASSA675=0.03 if AOT(440)-0.3,

. Hanel ASSA(440=ASSA675=0.07 otherwise.

The Hanel formulasiiane| 1976 are relations between  £or 2001, we found out 19 stations that respect the pre-
the wet and dry diameters and the wet and dry ACRIyjoys conditions in our domain. The location of the sta-
throughRH. For diameters, we will use the following  jons taken into account are plotted in Fig. Here we

equation: choose to compare the optical data in the mid-visible spec-
trum with measurements at 550 nm. SSA and AOT at 550 nm
Dwet = Ddry * €xp[—e * In(1 — RH)] (5)  are obtained from the data at 675 and 440 nm following the

Angstiom law
wheree ranges from 0.25 for organics to 0.285 for sul-

fate aerosol. We chose to take-0.25 as advised in  y (550) — X(675) x ( @) —a .
Chazette and Liousf2000Q andRandriamiarisoa et al. 675
(2009 for urban aerosols.

wherec is the angstim exponent given by
The wet ACRImyet is computed from the dry ACRI X (44
. B (440 675
mdry, CRI of watermaterand the ratio between the wet o = In X(67 / 220) 9)
and dry diameters: (679
where X stands for AOT or SSAdamonou et al(1999 give
Dary 3 the relative error for computed data at 550 nm:
Mwet = Mwater+ (Mdry — Mwaten X (D_> (6) 550
wet axE50 _ (4 n(%8) |\ axers
X(®50 In<6—75) X(675
. Gerber o | (10)
The Gerber’s formulaGerber 1985 gives the wet ra- + '”(WS> AX(440
dius rwet (in cm) as a function of the dry radiugry (in n(855) | X440

cm), RH and the temperaturE (in K): ) ) .
Raw data are instantaneous data during daylight,

c L so hourly data are instantaneous data averaged over

et = |: C1(rdry)™? + (rar )3:| @ one hour. As the absolute errors for measurements
C3(rdry)©* — log(RH) y AAOT (4400=AA0T(675=0.02 is given for instantaneous
data, the errors for hourly data at 550 nm are divided by the

This formula has been written to fit measurements insguare root of the number of instantaneous data in one hour.
Gerber(1985, so it may be adapted to particular cases. Simulated data are taken on the same time basis as mea-
We have chosen to take the coefficieaf$);—1 5 such ~ surements.
as they fit the dry radii obtained with a thermodynamic
module Sportisse et a120086.

4 General configuration

Optical parameters over Europe are computed from outputs
Instrumental set up: AERONET data of the aerosol model SIREAM, hosted by the Chemistry-
Transport Model Polair3D. SIREAM is a Slze-REsolved

AERONET (AErosol RObotic NETwork,Holben et al. Aerosol Model, described in details Debry et al.(2007).
200)) is a network constituted by more than 100 ground- SIREAM includes 16 aerosol species: 3 primary species
based remote sensing stations providing aerosol optical, mi¢mineral dust, black carbon and primary organic), 5 inorganic
crophysical, and radiative measured data. These stationspecies (ammonium, sulfate, nitrate, chlorure and sodium)
are located world-wide and the network imposes standardand 8 organic species solved with the SORGAM model
ization of instruments, calibration, processing and distri- (Schell et al. 2001). In the usual configuration, SIREAM
bution. This provides a basis for model-to-data compar-includes 5 bins logarithmically distributed over the size spec-
isons at a large scale (here over Europe). It provides fotrum, that ranges from 0.Qim to 10um. All these models
each station, among other data, AOT directly measured byare embedded in thed®2YPHEMUS system, available at the
sun photometers and SSA retrieved from direct measureweb adressttp://www.enpc.fr/cerea/polyphemaad which
ments at different wavelengths (1020 nm, 870 nm, 675 nmis described irMallet et al.(2007).

Atmos. Chem. Phys., 8, 711%132 2008 www.atmos-chem-phys.net/8/7115/2008/
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Fig. 1. Average simulated AOT at 550 nm over year 2001. AERONET stations are drawn.

The simulation at continental scale has the same featurediffusion. The chemical mechanism used for chemistry
as the simulation used for the model validation for 43N is RACM (Regional Atmospheric Chemistry Mechanism,
Sartelet et al(2007). The main points are quoted hereafter. Stockwell et al. 1997). Aerosol and gases are scavenged by

The domain covers the area from 10. %% to 22.75 E in dry deposition, rainout and washout. We take into account
longitude and from 34.79N to 57.7% N in latitude, with a  coagulation and condensation. Nucleation is not solved be-
step of 0.8. Vertically, there are five levels: 0-50m, 50— cause the diameters of nucleated particles (typically about
600 m, 600-1200 m, 1200-2000 m and 2000-3000 m. Thel nm) are lower than the lower diameter bound of the model.
top height of the model is considered as sufficient as a simplé\queous phase chemistry inside cloud droplets is also de-
calculation gives that 90% of the aerosol mass is under 3 knscribed (Variable Size Resolved Model VSRMahey and
of altitude. This calculation is made by considering that thePandis 2001, Strader et a).1999.
continental aerosol is constituted by the sum of a remote con-
centratiorc, and a continental concentration following an
exponential decrease with altitude (s&einfeld and Pandis
1998 p. 445). The scale heights of those profiles are 1 km
and 8 km respectively, and typical ground concentrations ar
taken as g m~3 and 45.9 m~3, respectively \Varneck
1988.

The meteorological fields are interpolated from the op-
erational model of the European Center for Medium
range Weather Forecasht{p://www.ecmwf.int/products/
data/operationadystemy), with a resolution of 0.36 hori-
zontally, 60 sigma-levels vertically and a timestep of 3 h.

The boundary conditions for aerosol species are interpos 1 Aerosol Optical Thickness
lated from outputs of the GOddard Chemistry Aerosol Radi-
ation and Transport model (GOCARThin et al, 2000 for  Figurel shows simulated AOT at 550 nm over Europe, aver-
2001. aged over the year 2001. Here, we do not take into account

The anthropogenic emissions for gases and aerosols amineral dust in the computation of AOT, because the uncer-
generated from the EMEP expert inventory for 2001 (avail- tainties about the sources (mainly from Sahara) are too large
able athttp://www.emep.int and because we focus our study on pollution aerosols. More-

Chemical species are transported through advection andver, the annual station based North-Atlantic Oscillation

5 Results and discussion

eWe present hereafter comparisons between AERONET and
simulated AOT for 2001. The option taken to compute the
wet diameter of the particles is the third one (with ALWC).
Indeed, ALWC is solved by thermodynamics, it should be
the most physical way to compute the wet diameter. BC is
" treated as a core in the particle (non well-mixed). The impor-
tance of these parameters will be assessed in the sensitivity
analysis in Sec®.

www.atmos-chem-phys.net/8/7115/2008/ Atmos. Chem. Phys., 8, 7133-2008
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Table 2. Definitions of the statistics used in the study;); and Table 3. Number of observations, mean value for mesurements and
(c;); are the observed and the modeled concentrations at time ansimulation, RMSE, correlations and NMBE for hourly values of

locationi, respectivelyn is the number of data. AOT at 550 nm for simulation. Period: 1 January 2001 to 31 De-
cember 2001.
Statistic indicator Definition
Station #meas. Meas. Sim. RMSE Correl. MNBE
hour) Mean Mean % %
Root mean square VEST (i —0)? (hour) ) )
Avignon 1875 0.15 011 010  64.7% —17.5%
error (RMSE) Bordeaux 1136 0.16 0.11 0.11 67.1%—25.5%
. . . Biarritz 75 013 007 009  86.6% —42.2%
Correlation > im1(ci—6)(0i—0) Creteil 69 0.16 013 0.09 69.7% 14.1%
"2 /5 (0—5)2 El Arenosillo 822 015 013 0.08  654% 0.7%
\/Z‘—l( =0 \/Z’—l( i=0) Helgoland 178 018 015 009  76.7% —2%
N - IFT-Leipzig 594 023 017 015  633% -9.3%
Mean normalized bias 5 Y7 ; =% IMC Oristano 1901 016 013 008  64.7% —7.9%
error (MNBE) ! Ispra 1730 021 019 016  62.3% 7.8%
Lille 441 020 017 009  721% -7.9%
Marseille 420 018 011 010  82.3% —38.4%
Mean normalized gross X 37, WO;OI Modena 83 021 015 014  56.9% -2.4%
error (MNGE) ! Oostende 171 019 016 011  81.1% 20%
Realtor 381 018 012 010  79.8% —27.3%
Rome Tor Vergata 1924 0.17 0.15 0.08 68.1% 1.1%
Thala 1737 025 022 018  40.3% 2%
. ] " Tarbes 81 012 009 007 784% —6.1%
(NAO) index for year 2001 is equal te1.91", the transport Venice 1131 024 022 018  52.4% 26%
over the Mediterranean sea from the Sahara to Europe may""°n 402 015 011 007  862% -25%

be weak as described oulin et al.(1997. The main re-
gions of high AOT are the Eastern Europe, the Po and the
Ruhr valleys. This cprresponds to c!imatological AQT given ihat accounts for 35% of the data, a large part (more than
by global modelsChin et al, 2002 Ginoux et al, 2008, o 509¢) of the error could be attributed to the uncertainties on
to annual AQT given irSchaap et al2004). measurements. For higher AOT values (33% of the data),
The definition of the statistics used hereafter are quoted ithe measurements are reliable, so the model only generates
Table2. Table3 presents statistics for hourly data. These re-the differences. Processes that are not taken into account
sults indicate that there is a general good agreement betwegR the model (the resuspension for example), lack of emis-
the simulation and the observations. The differences in thesjon sources, or errors in the transport of species are then the
hourly AOT average range from 0.02 for Rome Tor Vergatamain sources of these discrepencies. These explanations are
t0 0.07 for Marseille. The correlations range from 40.3% for stressed by the fact that MNBE are negatives for high AOT
Thala (station influenced by dust, that we do not take intoya|ues with a high MNGE, meaning that in these cases the
account) up to 86.6% for Biarritz. The RMSE are relatively model underestimates the observations. However, the num-

low, in average in the vicinity of 0.1. MNBESs are negatives per of data in the higher AOT classes is too small to conclude
for the majority of the stations, which could be attributed to for 3 permanent behaviour of the model.

the lack of dust events, dust resuspension or missing descrip-

tion of em'SS'On Sources. . (computed from AOT at 440 and 675 nm), function of AOT
Equation10 shows that the relative error of measurements ;. £ o for the observations. For small AOT values typi-
increases with decreasing AOT values. Then, the part of th%ally less than 0.4, where the model error is smaller than or

model-to-observations errors that could be assigned to th%quivalent to the observation error>1.0 for almost all of

uncertainties of measurements depends on the AOT Valuefhe cases. These are pollution cases, and the model repro-
To account for those uncertainties, the spectrum of AOT Val'duces well this pollution. For high AOT values (more than

ues for observations, ranging from 0 to 1.4, is divided into 0.4), where the model error could be very large compared to

14 classes with an interval of 0.1. F'gL.EShOWS the MNGE the observation error, some cases whetel.0 present high
between the model and the observations (blue bars), the a\g

Figure 3 shows the histogram of the angstr exponent

. X olluted episodes, but the majority presents dust episodes
eraged relative errors for measurements (black lines) and th P Jorty b P

1.0). For AOT>0.3, 7 t list 1.
number of available observations for each AOT class. Foroe< 0). For AQT>0.3, 700 dust cases are listad<{1.0)

versus 150 pollution cases.
low AOT values (between 0 and 0.1) that accounts for about P

32% of the data, the model error is entirely included inside T 19ure4 shows the comparison of histograms for measure-
the error on measurements. For AOT between 0.1 and 0.2Nents and simulation for three AERONET stations. Simula-

tion shows good agreement for peaks, even if a slight shift to
1data published on the web by J.W. Hurrel from the National the left is observed (for each station), which corrobates the

Center for Atmospheric Research, Boulder, Colorado, USA. Segnodel underestimation deduced from TaBleFor Avignon

http://www.cgd.ucar.edu/cas/jhurrell/indices.html and Rome Tor Vergata stations, the occurences for high AOT

Atmos. Chem. Phys., 8, 711%132 2008 www.atmos-chem-phys.net/8/7115/2008/
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Fig. 2. Model-to-observations MNGE (blue bars) compared to the averaged relative errors for measurements (black lines) for all the
AERONET stations considered in this study for 14 observed AOT classes ranging from 0.0 to 1.4 (0.1 interval). The number of avail-
able observations in each class is mentioned.

values mainly due to pollution aerosols are in good agree-
ment with the data. For Ispra station, the simulation does not
represent a few high AOT values that exist on the measure-
ment, probably due to high pollution (or dust) episodes not &
represented in our model.

Figure5 presents monthly time series and temporal devia-
tion from the monthly average of AOT for observations (red
crosses) and simulations (blue points) for the AERONET sta-
tions that present data for more than 5 months. These figure:
show a general good agreement with observations, often in
the range of the observation temporal variability.

These results are comparable to results obtained with othe
models. For global model, @hin et al.(2002, AOT is over-
estimated at low aerosol levels, but simulated AOT agree

Visible Angstrém exponen

within a factor of 2 and an overall correlation of 70% for O 02 erosol optical thiskness at ssgnm
monthly data and for all considered stations. AOT computed —— ‘ : —
in Ginoux et al.(2006 with global CM2.1 model is overes- 5 10 15 20 25 30

timated in polluted regions of the nothern Hemisphere by a Occurrence

factor of 2 when cqmpared to A,ERONET data. For CTMs, Fig. 3. Histograms showing the angsin exponent computed from
Jeuken et a'(zo‘?]) find a mean dlfferenc_e betwe_en 0.17 and AOT at 440 and 675 nm, function of AOT at 550 nm for the obser-
0.19 and a spatial correlation of 68% with satellite data over, gions.

Europe for the month of August 199Hodzic et al.(2006

reports a correlation of 61% for daily AOT at Palaiseau sta-

tion for summer 2003 and iHodzic et al (2004, the RMSE 52 Single Scattering Albedo

between simulated and observed daily AOT ranges between

0.11 and 0.20 for every scenario considered and for the samgga averaged over 2001, is shown in Fig. SSA ranges
station Palaiseau. Comparisons between daily mean AO%om 0.90 to 0.96. The averaged value over the domain is ap-

at 865nm simulations over Europe and data from severaloyimately 0.93. Lower values are observed over cities, as
AERONET stations itHodzic et al(2007) give RMSE rang-  gpserved usually in high polluted areas (0.818ergin et al,

ing from 0.02 to 0.04, and NMBE of about 20%. However, 2001 over Be”mg, 0.8-0.88 over Mexico Clty faBaum-

f[hese numbers are given for a small period of time (15 day%ardner et a).2000. The very low values near the eastern

in August 2003). boundary of the domain is due to differences in BC concen-
trations between the boundary conditions and the concentra-
tions computed by the model from the emission inventory.
In Paris, simulated SSA for our study lies in the range 0.88—

www.atmos-chem-phys.net/8/7115/2008/ Atmos. Chem. Phys., 8, 7133-2008



7122 M. Tombette et al.: Simulation of aerosol optical properties
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Fig. 4. AOT histograms for AERONET measurements (left) and simulation (right) at stations Avignon (up), Ispra (midle) and Rome Tor
Vergata (down).

0.90, which is coherent with the values obtained for the ES-found inMallet et al.(2003. These low values for SSA over

QUIF experimentiRaut and Chazett@007h Chazette etal.  cities indicate that aerosols are more absorbing, certainly
2005. In the southeastern part of France, simulated SSAdue to the high concentrations of soot from transport emis-
ranges here from 0.91 to 0.93, that is in the range-8(B5 sions. As the heating rate of the atmosphere is proportional
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modek-c (mode). Here,o is the temporal deviation for the observations and the model.

www.atmos-chem-phys.net/8/7115/2008/ Atmos. Chem. Phys., 8, 7133-2008



7124 M. Tombette et al.: Simulation of aerosol optical properties

Table 4. Number of observations, mean value for mesurements and
simulation, for hourly values of SSA at 550 nm. RMSE, corre-
lations and NMBE are not computed because of the lack of data.
Period: 2001-01-01 to 2001-12-31.

Station # meas. (day) Meas. Mean Sim. Mean
Avignon 16 0.93 0.94
Bordeaux 24 0.92 0.94
El Arenosillo 13 0.91 0.95
IMC Oristano 20 0.93 0.94
Ispra 74 0.92 0.94
Fig. 6. Average of simulated SSA at 550 nm over year 2001. Lille 18 0.92 0.94
Marseille 6 0.92 0.94
Oostende 9 0.89 0.95
to (1-SSA), this shows that industrial and urban regions are Realtor ! 0.96 0.94
h dd h . | Thala 66 0.90 0.95
eated due to anthropogenic aerosols. Venice 32 0.96 0.94

Table 4 shows the average of SSA retrieved from
AERONET measurements and the averaged simulated SSA
at the same stations and the same time. The data for SSA are%
too few to make further statistics, but the simulated SSA lie° two m_onths. To account for a large numk?er of meteoro-
in the range of observations. Figureshows the time series I(_)glcal situations, two periods are extrz_icted. a summer pe-
of simulated SSA (blue line) and measurements (red points iod from 15 July to 14 August and a winter period from 15

with the error associated to measurements computed as d lovember tc.).1.4 December.
The sensitivity tests that concern the aerosol model are

ibed in Sect3 (black li f 2001 at | tation. ; . . .
scribed in Sect (black lines) for year at ispra station done as irMallet and Sportiss€2006: each simulation has

Simulation shows SSA relatively close to the observations, KA :
only one parameter or parameterization different from the

except for a small period in May and a majority of measure- ¢ “One Factor at a Time™ and is called the “alt
ments in November where the model seems to miss events erence (*One Factor ata Time”) and is called the "alterna-

for which absorbing elements dominate the aerosol chemical |vet.. lConc(;artrtllng thetoptlcal mtodter:, the tr‘ndl?qng ftate .lc:f tlhe
composition. In spring at Ispra station, there could be moregart'cia Zm € way to compute the wet diameter will aiso
well-mixed particles that are more absorbirgagkaoutis € tested.

et al, 2007), whereas the model considers here a core of soot Table5 summarizes the different tests carried out in this
for tr;e calc'ulation of optical properties study. Hereafter is a more detailed description of each tested

parameter.
The first three tests aim at testing the different possibili-
6 Discussion and sensitivity study of aerosol optical ties for the computation of the optical properties presented in
properties Sect.2. Test 1 deals with the mixing state hypothesis: in the
reference simulation the BC is considered as a core, whereas

We present hereafter an investigation of the sensitivity ofin the alternative the particle is supposed to be well mixed.
AOT and of SSA with respect to the mixing state of the par- Test 2 also considers a well-mixed particle, but the wet di-
tic|e, the way to Compute the wet diameter, some physicapmeter is Computed with the Gerber’s formula. In Test 3, the
parameterizations and the numerical resolution of the aerosdarticle is also considered well-mixed, the wet diameter and
model. The impact of the changes will be quantify with the the wet ACRI are computed with thedel's formulas.

RMSE and the MNGE (sometimes the MNBE will be spec- The computation of the vertical diffusion coefficiefit
ified) between the fields of the reference and of the test ovefs done with the Troen-Mahrt parameterizatidirden and
the whole domain. The same formulas of Tablare used, Mahrt, 1986 in the reference simulation. The Louis’ param-
with o; the concentrations of the reference simulation @and €terization Louis, 1979 is used instead in Test 4.

the concentrations for the test case. It is not properly an error The sea-salt particles generation is computed with the
anymore, but we will keep the acronym for homogenization Monahan's parameterizatiodMpnahan et a).1986 in the

concern. reference simulation. This parameterization takes only into
account the indirect mechanism for sea-salt generation (bub-
6.1 Description of the sensitivity tests bles bursting). Test 5 will use the Smith’s parameterization

(Smith and Harrison1998 which also takes the indirect
The configuration of the so-called reference simulation ismechanism into account (spume). The differences in sea-salt
identical to the one described in Seét.For computational emissions could be up to 20% in total mass (calculation over
burden reason, the sensitivity tests will be done over a periogear 2001).
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Fig. 7. Comparison between hourly SSA at 550 nm for AERONET data (red points), and simulated (blue line) at Ispra station. The
uncertainties in measurements are represented (black line delimited by triangles).

Table 5. List of the tests for the sensitivity analysis.

Test Nr.  Parameter Reference Alternative Altern. name
1 Mixing state BC core Well-mixed Well-mixed
2 Computation of wet diameter ALWC + BC core Gerber + Well-mixed gerber
3 + Mixing state Hanel + Well-mixed hanel
4 Sea-salt generation Monahan Smith sea-salt
5 K Coefficient Troen-Mahrt Louis Kz-Louis
6 c/e resolution Full equilibrium Hybrid with hybrid-3
3 sections at equilibrium
7 Fully dynamic dynamic
8 Sea-salt for c/e not taken into account  taken into account iso-nacl
9 Start threshold LW&0.05¢gn? cloud fraction>20% cloud-20pc
10 Heterogeneous reactions All All except RH-N205
the one implying NOg
11 Section number 5 10 10-sections
12 Vertical level number 5 10 10-levels
13 Minimum diameter dmin=0.01 um dmin=0.001 um nucleation

and nucleation

The resolution of condensation/evaporation is an impor-modynamic equilibria of inorganic species withdRROPIA
tant factor for the aerosol model. The equilibrium hypothesisthen they do not influence the equilibrium of ammonium, sul-
between gases and aerosols seems to be justified for smdtte and nitrate. This choice has been made on the basis of
particles Pilinis et al, 2000 Debry and Sportisse2006. comparisons to measurements, and on the argument that the
A dynamical resolution, even if it is computationally requir- sea-salt aerosols could be found in atmospheric conditions in
ing, may be necessary for coarse particles for which the masan external mixing state with the other particles in the vicin-
transfer between gas and aerosol phases could be slower. ity of the emission sources where their concentrations are
is possible to choose to solve all the model sections with thamportant. Test 8 will take into account the sea-salt for the
equilibrium hypothesis (reference simulation), or to solve all thermodynamic equilibria.

the_sect_ions dynamically (as it is.done in Test 7). An alter-  1pe aqueous chemistry has a large impact on sulfate con-
native simulation will test an hybrid method (Test 6), where ¢qnrations. In presence of clouds, reactions producing sul-

only the two sections of largest diameters will be solved dy-t1e (essentially) are catalyzed. The uncertainties due to
namically, and the other three sections will be solved at equihe agqueous chemistry could, in addition to the uncertain-
librium. The cutting diameter is then approximately @:61.  tjes due to the model itself, be due to the meteorological

In the reference simulation, the sea-salt species (Na andata or to the way to interpret them. The aqueous chem-
Cl) are not taken into account for the computation of the ther-istry is activated when a cloud is detected. Either a threshold
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Fig. 9. RMSE (black) and MNGE (white) in winter and in summer between the reference and each alternative simulation for SSA at 550 nm.

on the Liguid Water Content (LWC) or on the cloud frac- simulation takes these reactions into account, with the reac-
tion (CMAQ, 1999 in the cell could be used to detect a tion probabilities taken as the minimum of the recommended
cloud. In the reference simulation, a maximum thresholdvalues inJacob(2000. Test 10 will switch off the reaction

of 0.07 g nT3 on the LWC is used. In Test 9, the aqueous involving N>Os.

: . . o
chemistry is called when the cloud fraction exceeds 20%. The discretization of the aerosol size spectrum interferes

An other source of uncertainties in the model is connectedn the redistribution process after condensation. It is also an
to the heterogeneous reactions in the gas-phase, which takmportant parameter in the computation of the extinction co-
place on the aerosol surfacdatoh 2000. These reac- efficient. Given the number of order of magnitude between
tions produce HN®), that condense on aerosol as nitrate. In the smallest diameter (0.0im) and the largest (1@m) of
conclusion of tests not shown here, the reaction involvingthe spectrum, the discretization should not be too coarse un-
the NbOs reveals to be the most important. The referenceless numerical diffusion could be generated. This is also a
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critical parameter in regard of computational costs. The ref-0.06 for the RMSE and 20% for the MNGE). As the “Well-

erence simulation considers 5 size sections and Test 11 wilnixed” test gives no difference, the impact on AOT in these

consider 10 sections, logarithmically distributed. cases is only due to the computation of the wet diameter.
The aerosol vertical distribution will highly depend on tur- The impact of the “Hanel” simulation on SSA (0.01 for the

bulence. This phenomenon happens at a small scale, so tHRMSE and about 1% for the MNGE) is more important than

vertical discretization could influence the results. The ref-the impact of the “well-mixed” and the “Gerber” simulations

erence simulation presents 5 vertical levels. Test 12 will(about 0.004 for the RMSE and 0.4% for the MNGE). As the

present 10 levels, with a top altitude unchanged at 3000 nmain difference between the “Gerber” and the “Hanel” sim-

height, where the added levels are essentially in the planedlations is the computation of the ACRI (from ALWC for

tary boundary layer. “Gerber” and from Hainel's formula for “Hanel”), this result
Nucleation is often not solved at a meso-scale, becausghows that the parameterization of the RH effect has a non-

it has a little impact on total mass. Moreover, in the refer- negligible impact on the absorption coefficient.

ence configuration of the model, the minimum diameter is

0.01 um whereas nucleated particles have a typical diame®6.2.2  Tests with an impact on the vertical profile

ter of 0.001m. Test 13 solves the nucleation, and with the

lowest bound for the size spectrum fixed to 0.0@f (two The simulations “Kz-Louis” and “10-levels” influence the

sections are added). vertical profile of aerosols. The impact on aerosol primary
species is relatively large (for example, the MNGE is about

6.2 Results and discussion 15% for BC concentrations). But the influence of these sim-
ulation on SSA is quite weak in comparison with some other

6.2.1 General remarks tests (less than 0.5% for the MNGE). This means that the ver-

tical sum in the computation of the optical parameters tends

Figures8 and 9 show the impact of the different configura- to compensate part of the differences.
tions respectively on the computation of AOT and SSA at
550 nm, quantitatively through the RMSE and the MNGE of 6.2.3 Tests on the condensation process
each alternative versus the reference simulation. The RMSEs
for the tests dealing with the aerosol model (Tests 4—-13) is inFor AQT, the “dynamic” simulation is the one that has the
the range [0.06-0.18] for AOT and in the range [0.004—0.03]highest RMSE (0.12) and the highest MNGE (70%) in sum-
for SSA. The MNGEs are in the range [2%—-85%] for AOT mer. It presents the highest MNGE (82%) and the second
and in the range [0.05%—-3%] for SSA. highest RMSE (0.13) in winter. The other simulation which

It is noteworthy that the RMSEs on AOT obtained by the deals with the resolution of condensation also has an impor-
sensitivity tests are comparable to the RMSESs found in com+tant impact, mainly in winter as expected: “hybrid-3" has a
parison to observations. The MNGE could be as large as 809RMSE of 0.05 and a MNGE in the range 20-30%. These
(for the “dynamic” simulation in winter). This remark is also simulations highly decrease the mean AOT over the domain
true for SSA, the RMSE is about 0.01 in average over allfor both periods: 0.1 for “dynamic” and 0.14 for “hybrid-3”
sensitivity tests, which is in the same range as the differenceim summer (0.17 for the reference), 0.09 for “dynamic” and
between the simulated and observed mean for SSA shown .13 for “hybrid-3" in winter (0.17 for the reference). The
Table4. The MNGE is about 1% in average, which means aSSA is also very sensitive to these simulations, with a RMSE
larger difference on the absorption coefficient. in the range 0.008-0.13 and a MNGE in the range 0.6-1.1

The first remark is that the tests that deal with the com-for the “dynamic” simulation. The mean SSA is decreased
putation of the optical parameters (mixing state and RH ef-for the same simulation: the SSA value is 0.92 in summer,
fect) result in an equivalent sensitivity to the tests on thewhereas it is 0.95 for the reference simulation. The;PM
aerosol model itself. Moreover, the simulations that give concentrations for this simulation are lower than for the refer-
the largest differences concern the condensation/evaporatiognce (MNBE of—5% in winter and-4% in summer), which
process (“dynamic” or “iso-nacl” for example). The test explains the weak values for AOT. Moreover, this simulation
about the mixing state of the aerosols presents almost no diferesents a shift of the mass to the large diameters, that de-
ferences on AOT with the reference configuration where BCcreases the total number of particles.
is considered as a core (less thanm46or the RMSE). The In winter, the “iso-nacl” simulation presents the largest
hypothesis on the mixing state of the particle has an imporRMSE (0.18) and a MNGE of 34%. In summer, this sim-
tance on SSA (about 0.004 for the RMSE and about 0.4%ulation has an influence more equivalent to the influence of
for the MNGE), and then on the absorption process. But theother simulations, with 0.06 for the RMSE and 20% for the
differences on SSA obtained with this simulation are smallerMNGE. The value of AOT is also highly increased, its value
than differences obtained by the other tests on the aerosas 0.20 in summer (0.17 for the reference) and 0.28 in win-
model. The differences for AOT obtained by the tests on theter (0.17 for the reference). The SSA is also sensitive, with
RH effect (“Gerber” and “Hanel”) are non-negligible (about a RMSE in the range 0.009 in summer and 0.013 in winter,
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and a MNGE value in the range 0.5-1%. The{gMoncen- 6.2.6 Nucleation

trations are higher in winter (NMBE of 23%) and in summer

(6% for the MNBE). The mass is increased mainly in the Atlast, the nucleation also has a great importance, especially
fine mode, due to the redistribution of chlore and sodium af-in winter, on AOT (RMSE of 0.06 and MNGE of 40%) as
ter equilibrium, which corresponds to an increase of AOT. It Well as on SSA (RMSE of 0.017 and MNGE of 1%). The
is noteworthy that this simulation decreases the chlore conAOT is increased to 0.18 in summer and decreased to 0.14
centrations (NMBE of—67% in summer and of-33% in in winter. The nucleated particles are often neglected by the
winter) to the benefit of the nitrate concentrations (MNBE of model at a continental scale because the main target is the
167% in summer and 461% in winter). The imaginary part total mass (PMp or PM5). But these results indicate that

of the ACRI is increased, the aerosol is then more absorbingthis process has to be taken into account when the radiative
The SSA should be smaller than for the reference, but it isparameters are the interest.

not the case (the mean SSA is 0.95). This could indicate that ) )

in this case the differences on the imaginary part of the ACRIB-3  Comparison of the ensemble to the observations

are I?SS wppprtap t for optical properties than the changes "We consider the ensemble constituted by the 14 different
the size distribution.

simulations presented above (taking into acount the reference
simulation). The previous section discussed about model-to-
6.2.4 Test on the number of sections model comparisons. The ensemble is now compared to the
AERONET measurements, to show that all the considered
parameterizations are realistic.
The “10-sections” simulation should influence the mass Above all simulations, the RMSE for AOT, averaged over
repartition along the aerosol size spectrum, but the influencell stations is in the range [0.07—-0.18] in winter and [0.10—
on AOT is less important than other tests (RMSE of 0.05 and0.17] in summer. The correlations are in the range [22—69%)]
NMGE of 12%). The PMp concentrations for this simula- in winter and [59—77%] in summer. The best simulations, in
tion have a low bias (MNBE of 3.2% in winter and-0.4%  the sense where the RMSE is the lowest, are the “iso-nacl”
in summer), and the size distribution is not changed enouglin summer and the “hybrid-3" in winter. In winter, the “iso-
to influence the extinction and absorption efficiencies. nacl” simulation is the worst. It seems then not optimal to
choose one configuration instead of another, because it is the
best, in the sense of the RMSE is the lowest, for one case.
6.2.5 Testwith an impact on the chemical composition  Ensemble methods could then be powerful tools to improve
the computation of radiative parameters because it considers
model combination.

The sparsity, in space and time, of the data used in this
study does not allow us to investigate such methods in our
case. Moreover, the ensemble of simulations could be im-
é)roved: in november, approximately 60% of the observations
are in the envelope formed by all simulations, whereas in july
there is only 36% in the envelope and 62% above.

The simulation that spatially modifies the computation of
aqueous chemistry (“cloud-20pc”) also have an important
impact, mainly in winter (RMSE of 0.8 and MNGE of 20—
30% for AOT). This simulation has an important impact on
the concentrations of all the inorganic species through th
thermodynamic equilibria (the MNGE is 17% for sulfate,
74% for nitrate and 13% for ammonium). This shows that
the uncertainties on the aerosol composition is also a key pa-

rameter to compute the optical properties. One has to add Conclusion and perspectives

the uncertainties on the organic part of the aerosol, which is

known to be underpredicted in actual models and for whichWe described different methods to compute the aerosol opti-
the ACRI is also uncertain. The influence of the aerosol com-cal properties from outputs of a size-resolved model. Com-
position is also the main origin for the large influence of the parisons between simulated AOT from a complex 3-D size-
“RH-N205" in winter (which increases the nitrate concentra- resolved aerosol model and AERONET data have shown
tions mainly in winter when condensation occurs). The im-good agreement, when taking into account the aerosol wa-
pact of this simulation on AOT (RMSE of 0.07 and MNGE ter content computed from the inorganics composition, and
of 20% in winter) is even more important than the impact with the hypothesis that BC constitutes a core inside the par-
of the computation of the wet diameter. The “sea-salt” sim-ticle. The stations in industrial and urban regions are fairly
ulation has mainly an impact on SSA computation (RMSE simulated with our model. The stations influenced by dust
of 0.05 and MNGE of 0.5%) in winter (where the parame- are more badly reproduced due to the fact that dust is not
terizations give important sea-salt concentrations due to highaken into account in the computation of optical parame-
wind speed). This is due to the fact that adding sodium anders. The simulated single scattering albedo, even in the right
chlore decreases the imaginary part of the ACRI and then theange in comparison with the data, could badly reproduce
absorption. the observations in some particular cases where absorption is
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dominant. This shows the difficulties in simulating the ab- models (perhaps Atmospheric Computational Fluid Dynam-
sorbing part of the aerosol optical properties. ics codes).

Comparisons with other data will also be necessary. Satel-
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A next step for the model is to improve the model- L . : ) .
ina of secondary organic component of particles and their ment of the sensitivity of direct climate forcing by anthropogenic
Ing S y organi P particies ™" sulfate aerosols to aerosol size and chemistry, J. Geophys. Res.,

hydrophylic or hydrophobic propertie®@n and Seigneur 100, 26 117—26 134, 1995,
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ulometric repartition of the aerosols, in that particular urban ing the ESQUIF program, J. Geophys. Res., 110, D02206,

case, will be assessed in a future work. doi:10.1029/2004JD004 810, 2005.
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