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Abstract

aerosol radiative impacts. Effects of this coupliraye been assessed on net fluxes, radiative

The direct effect responds almost linearly to raghidnges in concentrations whereas, the first

indirect effect shows a strong non-linearity. Imtalar, sulfate temporal variability causes a

modification of the short wave net fluxes at the tdphe atmosphere of +0.24 and +0.22

W.m* for respectively the present and preindustrialqgs: This change is small compared to

the value of the net flux at the top of the atmesph(about 240W.if). However, it

corresponds to about 10% of the total anthropogeamiéative forcing for the 2Dcentury.

The effect is more important in regions with low-leglwuds and intermediate sulfate aerosol

/

concentrations (from 0.1 to 0.8 ug(8@™ in our model).

\
\

proposed to assess radiative forcing properlyhénreference method, the coupling betwégn\

chemistry and climate results in a global averageease of 8% in the first indirect radiative \\{SUpprimé;
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large modification of the short
wave net fluxes at the top of
the atmosphere (+0.24 and
+0.22 W.n¥ for respectively,
the present and preindustrial
periods that are about 30% of
the total radiative forcing of
sulfate). The effect is
particularly important in
regions with low-level clouds
and intermediate sulphate
aerosol concentrations (from
0.1t0 0.8 pg(SQ m3in our
model). T




35

forcing. This change reaches 50% in the most seasiegions. However, the reference
method isn’'t suited to run long climate simulationse \©resent other methods that are
simpler to implement in a coupled chemistry/climate naahel that offer the possibility to

assess radiative forcing.
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1. Introduction:

Aerosols affect the Earth’s climate system in two svagirectly and indirectly. Aerosols
scatter sunlight and enhance the planetary shoetw&W) albedo, through the so-called
“aerosol direct effect”. Indirect effects relateth® modification of cloud radiative properties
due to the change of aerosol concentration or ptiegeby human activities. The increase of
aerosol number enhances cloud droplet number coatientr At a constant cloud liquid
water content, it is responsible for the decredshendroplet effective radius and the increase
of the cloud reflectivity. One of the first desdigms of this effect, called first indirect effect,

is attributed to Twomey (1974). It causesnagative radiative forcing on top of the

-1 Supprimé :

atmosphereDespite numerous studies, the uncertainty ofabetive forcing associated with -~ | cygjing

surface

this effect remains much larger than for greenhoaseg The fourth IPCC report associates
to the first indirect effect a negative forcing garg from -0.2 to -1.9 W/m2 (Forster and
Ramaswamy, 2007) and stressed the importance to wepttwese estimates and their
associated uncertainties. Chen and Penner (200%) hnalysed the uncertainty in the
estimation of the first indirect aerosol effect diweemissions, chemical transport model,
aerosol size distribution, cloud nucleation pararieation and different clouds properties.
The aerosol burden calculation, the cloud fractamg the representation of the preindustrial
aerosol state (size distribution and mass concémtjadre the main sources of uncertainty.
Chen and Penner (2005) warn about the use ofradfdimulations that could cause additional

sources of uncertainty since they use monthly aeegrosol number concentration and

ion

a few

. . . . . 1S imé :
argue for a fully coupled GCM which would give atbe estimag, of the interactions between- { supprime
aerosols, clouds and radiation.

Part of the difficulty to assess the aerosol effext climate comes from their high variability.
Aerosols have heterogeneous emission sources aeldtevaly short lifetime (fromy day to. -~ % EUpprfmej:
T upprime :

several weeks) that explain their strong variatiorspace and time.

Because of this high spatial variability, aerodédas on climate should not only be assessed
at the global scale but also region by region. Highporal variability of aerosol is induced
by their largedifference insize and the many processes that affect their piepavhile they
are in the atmosphere (nucleation, coagulation,nsautiation, wet deposition, humidity
growth...). Variations in meteorological fields indud¢e a large degree the temporal
variability in aerosol properties, and there idrargy interest to consider the full interactions

between them by using coupled climate-chemistry models.
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This coupling is expected to introduce non-lingesit Although the direct radiative effect is
almost a linear function of aerosol concentrationa given cloud cover, non linearities could
be introduced by the change in time of the relapisition of clouds and aerosols. The first
indirect effect is non-linear, even if the cloudveo does not change, as the relationship
between cloud droplet number concentration (CDN) aerosol concentration is not linear.
In global models, this relationship may be describsithg empirical parameterizations that
specify the CDNC as a function of the aerosol massitly (Boucher and Lohmann, 1995;
Lohmann and Feichter, 1997; Roefols et al., 1998h@merosol number concentration (Jones
et al.,, 1994; Menon et al., 2002; Suzuki et al.,080 or using physically-based
parameterizations (Chuang et al., 1997; Abdul-Remak Ghan, 2002; Nenes and Seinfeld,
2003) in which the CCN activation and the droplfasmation processes are described
prognostically. In any case, aerosol temporal vdifglwill modify the first indirect effect
estimation through the non-linearity of this relasbip. Other non-linearities influence the
calculation of first indirect effect such as theatienship between cloud droplet size and

cloud droplet number or between cloud optical thiedshand cloud droplet size.

Several modelling groups have included interacthexosols in their model and have
performed many studies with this model configuratewy. Jones and al.,2001, Reddy and al.,
2005, Roeckner et al., 2006). But, to our knowledgme of these studies includas-line
radiative forcing calculation. In effect, estimafirradiative forcing with such model
configuration is not obvious and needs complex teahrdevelopment. This limit leads
several research groups to elaborate alternatitieetoadiative forcing concept: the “radiative
perturbation” (Penner et al, 2006); the “quasi-iogt (Rotstayn et Penner, 2001), the « fixed
SST forcing » (Hansen et al.,, 2002) and the « mgraivith stratosphere and troposphere
adjustment » (Shine et al., 2003). Lohmann et &1Q2 have evaluated such alternatives
compared to radiative forcing. However, radiativeciiog is a powerful diagnostic for
studying climate perturbations. Then, we proposee hertackle this issue and elaborate
solutions to compute traditional radiative forcing.

To simplify analyses and focus on the introductioh agrosol temporal variability,

aerosol/cloud interactions are treated in a sina@eg: only sulfate is considered in this paper

and we used an empirical formula for the activapanameterisation. The methods presented

in this paper are not valid for model using a medta activation scheme. They are also not

suited to analyse radiative forcing that directlypact meteorological fields like the cloud

lifetime effect or the semi-direct effect.
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After a brief presentation of LMDZ GCM features attd aerosol parameterization in the
model, a description of the main choices concerning implementation of aerosol
concentrations and radiative effects (Sect. 2)oisedin Sect. 3, weaknesses, strengths and
estimates are presented for the two main methods ws#idnow to account for direct and
first indirect effects in the LMDZ GCM. We also pase an estimate of the change in short-
wave net fluxes due to aerosol temporal variabilitythe last part of the paper, we address
the question of computing radiative forcing in caglmodel. Two solutions to perform
simultaneously radiative forcing calculation withtéractive chemistry are proposed. We
discuss their strengths and weaknesses considgraig technical performances and their

accuracy concerning radiative forcing estimates.

2. Methodology

2.1.Model Description

In this study, we used the Laboratoire de Météajiel@®ynamique general circulation model
LMDZ (Hourdin et al, 2006) with a resolution of78° in longitude, 2.5° in latitude and 19
hybrid sigma coordinate levels extending from thdame up to 3 hPa. Climatological sea
surface temperatures and sea-ice fractions areassedundary conditions to the model.

The dynamical part of the LMDZ code is based onnidtefidifference formulation of the
physical part of the model includes the most relegabgrid-scale physical processes such as
the turbulent mixing in the boundary layer, andasnputed with a time step of thirty minutes.
Deep convection is parameterized using the Emmandeénse (1991). Clouds are
represented through a log-normal probability disiitn function of subgrid scale total
(vapor and condensed) water (Bony and Emmanuel, 2@fgcts of mountains (drag,
lifting, gravity waves) are accounted for usingestaf-the-art schemes (Lott, 1999). The land
surface processes are parameterised through a buckie. Radiative transfer is calculated
using a two-stream approximation, dividing the rtdiain an upwelling and a downwelling
flux. The parameterization is based on the schen®uofuart and Bonnel (1980) in the solar

spectrum (SW) and on an updated version of Moee(@®91) in the terrestrial part.

{ Supprimé :
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The direct and first indirect aerosol effects arxeluded in LMDZ radiative calculations in the

SW spectrum following closely the work of QuaasléR@04) with minor modifications.

P { Supprimé :

sulphate

)

optical thicknesst,, single scattering albeday, and particle asymmetry parametgy, are

used by the radiative code to derive the direceatff A Mie scattering model with the

- { Supprimé :

sulphate
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sulphate

optical properties of each aerosol mddking into account aerosol size distributiéior the

particles in the soluble mode, we used the hygrasappwth factors of Martin et al. (2004)
to account for the change in particle diameterstdweater absorption.

The first indirect effect depends on the cloud agdtithickness which varies with cloud
droplet size and number. In the model, cloud optic&kness is parameterised in terms of
cloud droplet effective radiuse[rand of the cloud liquid water path (W), in eactydr
(Stephens, 1978):

w

=3
T=5 1

repwater
The cloud droplet effective radius, is linked to the volume-mean cloud droplet radigs

in our model ase = 1.1r4 and the volume-mean cloud droplet radius for tquater clouds

is calculated assuming spherical particles:

2

whereq is the cloud liquid water mixing rati@g, is the air densitypwater is the density of

- { Supprimé :

sulphat

liquid water, andNg is the cloud droplet numbeNg). Ny (cmi®) is diagnosed fronsulfate
mass concentration, ug(SQ) m>), using the empirical formula of Boucher and Lomma
(1995) (formula “D™).

N, = 10% @9 (3)
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We replace the original values of the empirical tamis (3 = 2.21 and a= 0.41) by the re-
adjusted values from Quaas and Boucher (2005) wka WOLDER space instrument
retrievals (@ = 1.7 and a = 0.2). Figure 1 presents the “Boucher and Lohman”
parameterisation for both the original and newes s¢ empirical constantdVith the new

constants, the cloud droplet number sensitivity doosol optical depth perturbation is quite

well represented in LMDZ-INCA compared to the oba¢ion (Quaas et al., 2009o avoid

{ Supprimé :

sulphate

)

unrealistic droplet number concentrations, esplgdialregion of smalsulfateconcentrations, . -

Nq is restricted to be within a range from 20 to 1@@dplets per cim

2.2. Aerosol concentrations

The LMDZ model has been used in two different canfgions that only differ by the way
aerosol concentration is considered: prescribedria case (off-line configuration) and

coupled with the INCA chemistry model in the othase (on-line configuration).
2.2.1. Aerosol off-line configuration

In the first configuration, referred as “aerosof-lafe”, the aerosol concentration fields are
prescribed with a given frequency (month, day...). SEheoncentrations fields have been
computed and have been stored from previous simofatieluding transport and chemistry
of aerosols and gases (see below). This method &éas implemented in several GCM
[IPCC, 2001] and has been used in many studies (e. gvotad/ et al, 1997 ; Mitchell and

Johns, 1997 ; Boer et al; 2000 ; Dai et al, 20D4fresne et al, 2005). In LMDZ, this method

has been initially implemented by Quaas et al. (2084d by default thesulfate -

- { Supprimé :

sulphate

)

concentrations are prescribed with a monthly frequerThe “instantaneous radiative
forcing” (Hansen et al, 1997) is easy to estimate peeds to compute at each time step the
radiative fluxes two times, one with perturbed aer@®ncentration and one with reference
aerosol concentration. The radiative forcing is tliéerence between these two radiative

fluxes.

2.2.2. Aerosol on-line configuration
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‘ In this configuration, referred as “aerosol on-linthe chemistry processes, the aerbsol

concentration and the meteorological variables atly fcoupled at each time step (30 LoTione

- { Supprimé :  sulphate

| minutes). The meteorological trajectory is influentsgsulfate concentration and the sulfur-
chemistry is influenced by the meteorological vaddab The chemistry model is the
Interaction with Chemistry and Aerosols (INCA) modwtluding sulfate aerosol calculation

(Schulz, 2007) and the GHNOx-CO-G; chemical scheme representative of the background

P { Supprimé : Sulphat

distribution are calculated at each time step bggrating surface and in-situ emissions, wet
and dry deposition rates (Schulz et al., 1998; Busl al., 1998a and Guelle et al., 1998b),
humidity growth (Gerber, 1985), atmospheric chemisggctions (Boucher et al., 2002) and
transport.The chemical transformation of the gaseous sulpherigp requires oxidants either

in the gas-phase or in the liquid-phase. The sufigmistry implemented in INCA is similar

to the one described in Boucher et al. [2002]. dkidant fields are estimated in INCA as part

of the dynamic chemistry scheme. DMS and its prodidED are oxidised using the actual
concentrations of OH and NO3. SO2 is transformeduifate by H202 and O3 in cloud

liquid water. The formation of sulfate is limiteg the acidity formed in the oxidation process

within cloud droplets. SO2 is also oxidised in thas-phase. Gaseous H2S and aerosol

methane sulphonic acid (MSA) are also included asomspecies of the sulphur cycle. The

mass _of sulfate produced through these reactiondirectly injected into the soluble

accumulation mode. The nucleation mode is not treasgdicitly, hence, there is no new

particle formation in this size range and the amg particles are not represented. The mass

median diameter (MMD) of sulfate depends upon thammief the ratio of sulfate formation

from clouds and via gas phase oxidation. Furthermbe MMD varies as deposition takes

place since large particles will be preferentiabavenged by sedimentation and below cloud

scavenging.

2.3.Forcings

The study has been done for present-day periodu¢ped conditions) and radiative forcing

- { Supprimé :  Sulphate

)

emissions come from the AEROCOM project emissions ifovgn
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(http://nansen.ipsl.jussieu.fr/ AEROCQNDentener et al., 2006]. Natural emissions (DMS
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present-day periods. Only anthropogenic emissiomsnadified.

The aerosol concentrations fields computed in thénansimulations are averaged and used
in the off-line runs. This ensures that in bothliae-and off-line simulations, the monthly
mean aerosol concentration are exactly the same.

Each simulation presented in the paper consistda@i-gears snap-shot including one spin-up
year. The last nine years of each simulation are fmethe radiative fluxes analysis. This
nine-year duration allows reducing the noise dui@ternal model variability compared to the

effect of anthropogenic forcing.

3. The radiative impact of aerosols and the effect dhe temporal variability

In this section, the radiative forcing or radiateect of the aerosols are presented for both
the on-line and off-line configuration of the mod€he global values of these estimates are
compared, as well as their geographical distribgtiorhen, we analyse the effect of the

- { Supprimé : sulphate

3.1. Aerosol computed on-line

{ Supprimé :

Two simulations have been performed using the “a¢mstine” configuration of the modgl - -
They differ only by the S@emissions. For both simulations, greenhouse gasotiations,

sea surface temperature (SST) and sea ice fraateofixad to present-day conditions. For
gaseous chemistry, reactive gas emissions are kémitc2000 levels. In the first simulation,
natural plus preindustrial S@missions are used whereas in the second simulaizdaral

plus present-day anthropogenic emissions are usddwBwe will refer to the preindustrial
fields of the first simulation with the subscriptPk» and the present-day fields with the

subscript «PD ».

~ { Supprimé : sulphate

short-wave net fluxesF() at the top of the atmosphere between the preksntand the

preindustrial aerosol emissions (the subscript Micates that fluxes have been computed
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including the instantaneous variability of aerasmhcentrations).

4k, = FV_PD - FV_PI 4)

This radiative perturbation differs from an instargaus radiative forcing because present-
day and preindustrial net fluxes are estimatedviar different atmospheric trajectories after
the atmospheric column (troposphere and stratosphasd)ad time to adjust. It is identical to
the “fixed SST radiative forcing” defined by Hansehal. (2002). This diagnostic includes
both direct and first indirect effects. With thidel version, it is not possible to study each
effect separately. Fluxes include the two effects.

Values of i pp, Fv prand ARy are indicated in Fig. 2. The global annual meawesaf the
radiative perturbation is -0.73 Wn

If we focus now on the geographical distributiortiug radiative perturbation, the pattern that
one may expect from the aerosol geographical digtdb is not discernable and the figure
shows a noisy pattern (Fig. 3). This signal is tu¢he natural variability. The mean cloud
distributions of the two simulations are slightlyffdient due to internal variability and this
difference strongly impacts the radiative fluxeshet top of the atmosphere. The signal/noise
ratio could be improved with long simulations of axtited years, but the computing time for

the chemistry-aerosol module is prohibitive for slaoig runs.

3.2. Aerosol computed off-line

The same two simulations have been performed usingfthi@e configuration of the model.
The prescribed aerosol concentrations are keptawoinduring each month and are set to the

monthly mean value of the aerosol concentrationsiqusly obtained with the on-line [Supprimé.

simulations. This ensures that in both on-line affdime simulations, the monthly mean g’{sUpprimé;

aerosol concentrations are exactly the same. Thedleomputed with prescribed monthly,‘,ﬂ[SUPP”méi

. . /7, | Supprimé :  arehigher tha
mean aerosol concentration have the subscript “M". { pp_ - g
’,,,//// /,{ Supprimé : e
Fig. 2 compareshe shortwave net fluxesf the off-line configurationfu po. and fu po to ) - W Supprimé :  Fv_ppand
. . . . . . . ... 7 | Fv R
those of the_on-line_simulationf »o and Fve). With this_configuration, the radiative’ -0 e—0 =
T upprimé : ig.

perturbation {Fv) amounts to -0.64 Wi It is 12% higher than the value obtained when (pimé

/

) ‘[ Mis en forme :

)
)
)
)
)
|
)
)
)

Exposant

10



310

315

320

325

330

335

340

~ { Supprimé :

sulphat J

sulfateconcentration is computed on-lifi®.73 Wnt). In addition, the off-line configuration -

o {Supprimé :

allows to easily compute the radiative forcing ofa@els for both the direct and indirect
effect of the aerosol (e.g. Quaas et al., 2004% fbital radiative forcing (sum of direct and
first indirect effects) amounts to -0.70 W?nit is close to the radiative perturbatiafF, = -

0.64W.m?). This result is consistent with Hansen et al0@0who obtained that the radiative

perturbation for fixed SST is close to the instaptaus radiative forcing for non absorbing

sulphate J

The direct effect value is -0.31 Whwhereas the indirect effect reaches -0.39 W.frhe
simulated direct radiative forcing is very closetlie mean value derived in the AEROCOM
project of -0.35 + 0.15 W.ih (Schulz et al, 2006). This value also lies insitle 90%
confidence interval (-0.4 + 0.2W:fh reported in the # IPCC assessment report (Forster et
al., 2007). The first indirect radiative forcingaldles in the lowest part (in absolute value) of
the values reported in th&'4PCC report [-0.2 to -1.9 W/m?] (Forster et al.0Zp This low
value of the first indirect effect comes mainly frone tuse of new constants @nd a in the
Boucher and Lohmann microphysics relationships (B{). (Quaas and Boucher (2005)
showed that with their set of constants, simulatedd droplet number decreases and the first

indirect effect radiative forcing is divided by actor 2. Dufresne et al. (2005) corroborate this

- { Supprimé :
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sulphate ]

sulphate ]

results in a cooling of the surface and displaygry heterogeneous distribution. The direct
radiative forcing is strongly correlated to the esitia sources. Values up to -5 Wroan be
reached in some industrial regions. Patterns ofitheindirect effect are correlated to both

emission sources and cloud covBome regions in north latitudes show a positivet firs

indirect effect. It comes from a decrease of, ¥issions by biomass burning between

present-day and preindustrial periods..

. { Supprimé :
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The radiative net fluxes of the on-line and offelisimulations may differ because the
frequency at which aerosol concentrations vary ggribed every month in one case,

computed every time step in the other case), buttmsause of the different meteorological

11
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trajectory between the two simulations. In the afélmethod, the meteorological trajectory is

influenced by monthly meapuiliate concentration whereas in the on-line method, the LSUPPImé: _supat |
meteorological trajectory responds to the effeéhsfantaneous concentrations (Fig. 2).
In this part of the study, the effect of the aefaemporal variability has been isolated from
the effect of the meteorological trajectories arehthnalysed.
3.3.1. Method
The effect of the temporal variability is studied dymparing two simulations which only
differ by the frequency at which timiliateconcentration is updated: every model time step SUPPmé: _supate |
(30 min) for the simulation referred as “VAR simulaticand every month in the case of the
simulation referred as “"MONTH simulation”. The avesagoncentrations fields and the
meteorological trajectory are the same for the 2 kitiuns; therefore the difference in the
mean aerosol distribution can not be the reasoheoilifference between off-line and on-line
runs.
For the VAR simulation, the aerosols are computedirenas presented in Sect;SLr[eJ,/""{ Supprimé: 2 ]
MONTH simulation is run off-line with respect to tineeteorological trajectory of the VAR
simulation (temperature, pressure, wind, humiditpud fraction, LW path,...)Then, the .-~ ,\SAlgﬁrTiﬂifmu|afgnfhﬁe used
only difference in the MONTH simulation comes from thse of monthlysulfate iﬂ35;3?;;“%1?‘5‘;{3:23;}“,1

order to get exactly the same

concentrations that are used to compute aerosotland radiative properties and radiative meteorological trajectory

(temperature, pressure, wind,

fluxes. \\\ humidity, cloud fraction, LW
Two sets of VAR and MONTH simulations have been @enkd for present-day and path, ...

[Supprimé: sulphate
preindustrialsulfate emissions Preindustrial simulations have also been perforoédine - {‘sypprimé:  sulphate
with the meteorology based on the present-day fi@hable sulfate aerosol retroaction.”

Preindustrial simulations have also been performeid the same physical forcings. Then, the
meteorological trajectory is exactly the same in gheindustrial and in the present-day
- Supprimé :  sulphate

)

examine the change in net fluxes at the top-of-athrergpbetween the experiments VAR and
MONTH for the present dayRy pp— Fum_pp) and the preindustrial periodSy pi— Fv_pi). The
net fluxes resulting of this experiment are scheradl}i presented in Fig. 5. The effect of the

meteorological trajectory is null.

12
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3.3.2. Global and regional results

Figure 5 indicates the values of the shortwaveloges at the top-of-atmosphere for the two

simulations VAR and MONTH and for the two perioddolélly, temporal variability of

{ Supprimé :  sulphate

and by +0.22 W.f for the preindustrial ones. The regional distributof this change for
present day and preindustrial conditions are shieign6, impact of direct effect (Fig. 6a and
Fig. 6b) and first indirect effect (Fig. 6¢ and F&yl) are separated. With the exception of a
few model grid points, the temporal variability leadsan increase of the total net fluxes
(direct and first indirect effects) at the top tfhasphere for the two periods: preindustrial and
present day. The changes in total net fluxes athiwthe interval -0.5 and +2.5 W:n
However, as it is shown in Fig. 6a and Fig. 6b,dhect effect has a negligible role, it tends
to slightly decrease net fluxes. The increase oflnres results mainly from the first indirect

effect. More precisely, this increase is linkedtihe shape of the relationship between the

- { Supprimé : sulphat
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the MONTH experiment. By construction, this valtays unchanged throughout the month.

- { Supprimé :  sulphate

concentrations in the VAR experiment. Because #l&tionship grows asymptotically when

{ Supprimé : sulphate

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

value. Since net fluxedecrease when the number of cloud droplet increhsemonthly

mean net fluxes computed in the experiment VRR|s greater than the average net fluxes

- { Supprimé : sulphat

3.3.3. Analysis

Three main variables contribute to the radiativeectffof aerosol: the fraction of low level

{ Supprimé : sulphat

liquid water content and the percentage of theidiquater from low-level clouds. The
presence of low clouds shows the same pattern tteghanges in fluxes at the top of the

~ { Supprimé : sulphate

upwelling regions the change in flux at the topttef atmosphere reaches 1 to 2.5 Wim

present day conditions. Coastal regions West ofttSand North America together with

13
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coastal regions West of Africa are more affectedththers by the variability of aerosol

concentrations. In contrast, over Indonesia andajnthe impact of thesulfate temporal ,»/"{Su'op“mé: sulphat
variability is weak even though the liquid watemtant is much higher than over the other
regions discussed. In these areas, clouds aretesitizd much higher altitudes (Fig. 7b).
Finally, above dry regions without clouds, theradsindirect effect and hence no effect of the
Sulfateconcentrations variability. o { supprime : _ sulphate
The time average value of thelfate concentration is shown Fig. 8. Regions with low to | SPPrme: _ suphae
intermediatesuilfate concentration appear to be more sensitive to_ thesak temporal -~ SUPPme:  suphat
variability than regions with highulfate concentration. This effect can be seen for ingtanc™ SUP2me: _ suphae
over Europe. Net fluxes differ substantially in ipdustrial conditions whergulfate .-~ { supprime : _ suphate
concentrations are low (Fig. 6d and Fig. 8b) whertse difference vanishes under present
day conditions (Fig. 6¢ and Fig. 8a). This effeant @lso be seen in South-East Asia.
The slope of the relationship between cloud dromgencentration Ng) and sulfate .-~ { Supprimé: _ suphate
concentration rfy) of the first indirect effect (Fig. 1) explainsighnet fluxes difference
between polluted and unpolluted regions. In unpetiuregions a small change gunlfate .- { Supprimé: _ sulphat
concentrations corresponds to a large change idadttvoplet number, whereas in polluted
regions higher-levedulfatewill result in small changes in cloud droplet number -~ suppriné:_ suphate
We identified in our model a concentration threshofd0.8 pg(S@).m* above which
temporal changes fallfate concentrations have litle impact on net fluxebe Tegions that ~~ SUP2me: _ suphae
exceed this threshold are China, Europe and theddast of the United States which all are
areas downwind of the main industrialized regi@her regions with higpulfateare located . -~ { supprime : _ sulphate
downwind of natural volcanic emission regions. Fases concentrations levels, the aerosol
temporal variability do not affect the top-of-atrpbsre net fluxes.
In contrast, the effect of aerosol temporal varigbiis large for intermediat@yl&q/"{SUppnmé: sulphate
concentrations (between about 8rij0.8 ug(SQ).m>) over remote regions. 7 { supprime: _et
in regions devoid qufate (concentration less than 0.1 yg(EOI%), the first indirect effect ~~ SUPPIme_ supnate
is close to zero. South America constitutes suclonewith a high liquid water content,
abundant low-level clouds but almostndfatepresent. o { supprime : _ sulphate
This impact of clouds angilfate concentrations is illustrated for six regions thave very ~~ |SUPPrme: _ subhat
different responses to the introductionsoffatetemporal variability: the Pacific Ocean, the - Supprime : _sulphate
Atlantic Ocean, the southern part of South Americdia, Indonesia and continental Europe

P { Supprimé :  sulphate

preindustrial and the change in flux for preserd pre-industrial conditions are reported in
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table 2for each of these regions. The comparison of presthl and present-day conditions
confirms the sensitivity of radiative fluxes in regs of low level clouds and to intermediate

sulfateconcentration. Vertical profiles of the cloud liquwater content and preindustrial and ~| PPmé: _ suphae
present-day sulfate concentrations are also disdlaor these six regions (Fig. 9).
Intermediate levels fulfateconcentrations are reached at the height of theduel clouds, -~ - >PP™me’  SuPhate
The maximum ofsulfate concentration is reached above the low-level cloaitude. The ~~ SUPomé: _ suphae
first indirect effect shows a marked non-lineaffity these intermediate concentration levels
(Fig. 1). This is one of the reasons for the streagsitivity of the first indirect effect to the
variability of sulfatein the presence of low-level clouds. o { Supprimé : _ sulphate
4. Calculation of the radiative forcing for on-line simulations

- { Supprimé : 2

to reduce the noise due to natural variability. § hHhis approach is not suitable for transient
climate simulations. In addition, radiative forcilgya powerful diagnostic to compare the
radiative impact of different perturbations (aerpspteenhouse gases, land use...) and
different aerosol types (sulfate, BC, POM, etc)r Bese reasons, we propose in the next
section several methods to compute aerosol radi&tinging for on-line simulations. Their
relevance is discussed relatively to their compaomatime and to their precision. These
methods have been developed for model using an ealppézameterization of the cloud

droplet number concentration.

4.1.A direct extension of the radiative forcing compisia method used for off-line

simulations

In the aerosols off-line configuration, the radiatiforcing is simply computed as the
difference, at each time step, between the radiatiuxes computed with two aerosol
concentration fields: the actual concentration aneference concentration, here chosen as
the preindustrial one. These two fields are monthgan values and remain constant during
the whole month. One can directly apply this metfmdon-line configuration: the actual
concentration is now the aerosols concentrationutatied on-line by the INCA chemistry

model and then varying at each time step. The pretridlconcentration is unchanged and
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still prescribed to its monthly mean value. This mdtteocalled, Mine_ext, Which stands for :
extended off-linenethod

JThe modification of the direct effect due to the rupa of aerosol concentration between”

present-day and preindustrial conditions resulta ifference of net fluxes at the top of the

atmosphere that amounts to —0.32 Wit is very close to the value of the direct réidia

Mis en forme :
Anglais )

forcing obtained with the off-line_method (-0.31 WmSect 3.2). Computing sulfates-~ E\”;i,;?;”me:

interactively increases the difference of net feigé the top of the atmosphere by 3% relative

to the off-line method when these concentrationgead in. The geographical distribution of

these two fields is also very similar (Fig. 10a ah@t). Industrial regions where $O

emissions sources are located are more sensitiveettetmporal variability of aerosoT.he

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

consistent with the direct net flux changes analyeeSect. 3.3

The modification of the first indirect effect due the change of aerosol concentratidn

between present-day and preinsustrial conditiosgli®in a difference of net fluxes at the tob

of the atmosphere estimated at -0.27 YWrfihis value is much lower (a 60% decrease in
absolute value) than the radiative forcing obtainétth the off-line method (-0.39 W Sect

3.2). The geographical difference of these twalBdFig 10bdisplays positive values almost |

everywhere, the most important values being in regighere low-level clouds are abundant

present day, is computed on-line in the model, vaatesach time step and is linked to t‘h‘e
meteorology of the simulation. In contrast, the pitastrial field do not vary with time, ha‘si
no link with the actual meteorology. It has beetaoted off-line from a previous simulation \\

with different transport fields, different timingrf@recipitation and clouds and then differen‘t‘\\

timing for scavenging of aerosols by clouds. Thig/rhave an important impact as the first‘\\‘\

indirect effect is strongly non-linear. Indeed, @ty given time, present dagulfate

concentrations can be lower than preindustrialeslieading to a positive first indirect effect [ Supprimé :
N (Supprimé :

estimate.

In this simple method, the aerosol concentratiofeddhce between preindustrial and present

16

| ' with these two methods

\‘ are where the main SO

. . - . . * )| emissi located
(Fig. 10d). It is worth noticing that these regiare generally remote from the main source [ Zm'ss'_on,sources are locate
| Supprimé :

{ Supprimé :

{ Supprimé :

Supprimé :  The direct
radiative forcing obtained with
this method amounts to -0.32
W.m2. It is very close to the
value of -0.31 W.m obtained
with the off-line method (sect.
3.1). Computing sulphates
interactively increases the
direct radiative forcing by 3%
relative to the off-line method
when these concentrations are
read in. The geographical
distribution of the direct effect
is very similar to the one
obtained with the off-line
method (Fig. 10a and Fig.
10c). The direct effect increase
is more sensitive in
industrialized regions which

sulphate J

Supprimé :  The annual
mean radiative forcing of the
first indirect effect is estimated
to be -0.17 W.R. This value
is much lower (a 60% decrease
in absolute value) than the
value of -0.39 W.m obtained
with the off-line method (sect.
3.2). The geographical
distribution of the first indirect]
radiative forcing (Fig. 10b)
shows positive values (in
yellow and orange on the
graph), which are not expected.
The difference between the
first indirect effects computed

sulphat

sulphate

)
sulphate J
)
)

sulphate
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The first effect is what we wanted to estimate. $beond effect is unwanted and may have a
large amplitude, as previously shown in section 3.3.
To avoid this inconsistency, the two aerosol fielded to vary both with time, in a consistent

manner, and therefore need to be computed withetime sneteorological fields.

4.2. A reference method to compute the first indirectatidé forcing:

In order to have a reference estimate of the intlnadiative forcing for on-line simulation,
we compute the aerosol concentration for presentasiaypre-industrial emissions with two
very same meteorological trajectories. The tempogalability of aerosol is taken into
account for both periods, the meteorological trajgcts the same, the only difference is the
aerosol emission and the impact of the corresponder@sol concentration on radiative

fluxes calculation. The approach is the same asothe described section 13.(on-line

{ Supprimé: 2

. . .. - Supprimé : sulphate
industrialsulfateemissions. { PP P

The instantaneous radiative forcirgH) is directly the difference between the net fltixhee
top of the atmosphere with present-day emissiéisef) and with preindustrial emissions
(Fv_p) :

RR/=Fv pp—Fv pi (5)

The first indirect radiative forcing computed usithis methods is -0.36 W.fn a little less

- { Supprimé : sulphate

used. The first indirect effect (Fig. 11a) showeeay similar spatial distribution than that one
obtained with the off-line method (Fig. 4b). Thesfiindirect effect is more negative over
Europe, the United-States and East Asia, and legative over the boreal forests and in the
eastern part of the ocean basins (Fig. 11b). Tfierdnce is statistically significant at the
95% confidence level in most regions (non-paraméwmtstrap test). These changes are only
due to the frequency at which aerosols vary (morithithe off-line case and 30 minutes in
the reference case). The difference of meteorcdddiajectory between the reference method
and the off-line one doesn’t affect the result (stwdwn).

Given that the largest differences of radiativeciiog between the two methods are over
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continents (Europe and North America), one couldeekphat in spite of fixed SST, these
differences of radiative forcing will have an impact surface temperature over these regions.
To distinguish the real effect of temporal varidhilon temperature from the noise due to
natural variability of climate; 50-years simulatiohave been performed with off-line and on-
line model configurations and for present-day areimgustrial periods. The difference of
temperature over continents between the two periodge been estimated for both
configurations of the model&ATv=Ty po-Tv pi and ATum=Tm po-Tm_p1) and then compared.
Globally, the differenceXTy - ATy) amounts to -0.07°C. Regionally the signal is writthie
interval [-0.9, 0.8]°C and is not much correlatedhwiadiative forcing (Fig. 12). At a first

order, the temporal variability of aerosol doesiféet surface temperature fields.

With this method, we get a reference estimate ofiteeindirect radiative forcing including

{ Supprimé :

sulphate

)

impractical to use it for routine simulations. Thwge now propose two alternatives to

compute aerosol radiative forcing in on-line simiolas. They rely on the results of section

4.1 related to the need for both present-day aethgustrial concentrations to be computed
with the same meteorological fields.

In the first alternative method (section 4.3), wepgmse to correct the error introduced on net
fluxes by the use of “inconsistent” aerosol fie{[dse constant during the whole month; one
varying at each time step). The correction is basedhe difference between net fluxes

calculated using pre-calculated monthly preinduist@ncentrations and using 30 minutes
preindustrial concentrations. Both preindustriahdations are performed with the same

meteorological trajectory. In the second alternatase (section 4.4), we propose to estimate

sulphate

sulphate

simulation.

4.3. Correction of off-line/on-line biaisis

Computing preindustrial and present-day aerosol eminations with two different
meteorological trajectory results in an underestiomabf 60% of the first indirect radiative
forcing (see section 4.1). This “off-line/on-linefror corresponds to the tefify p— Ry, pf"

(Fig. 13). This difference of net fluxes is duett® use of monthly vs varying aerosol
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concentrations. It amounts to -0.23 W-nits geographical distribution is displayed in .Fig
6b.
This error has a low day to day variability (Tale Then, we propose to assess monthly
mean values of the error and use them to correctmbethly mean radiative forcings
computed with the extended off-line simulation. Halhe correction consists in summing
up the termfF v, p — R, p” @nd the biased radiative forcing &fe_ex(Fig. 13:

RFttine_ext_corr= RFotfine_ext + Fm, p1— Fv, pi (7)

The direct radiative forcing remains unchanged cameg to the estimation of the extended
method off-line as any correction are applied fas #ffect. For the first indirect effect, the
corrected radiative forcing amounts to -0.41V¥.1i is 13% less than the value calculated in
our reference simulation. The difference of radafiercing calculated with this method and
with the reference method is presented in Fig. 14light overestimation of the first indirect
effect (more negative) concerns a major part of thbeg only a few grid points in North of
Europe, East of the United States and in Southcafpresent an underestimation. This
overestimation is statistically significant at tr&® confidence level (bootstrap test).
Compared to the reference method (Section 4.1), khisalgerror (-0.05 W.f, 13%) is
slightly higher that the one computed from monthheraged concentration fields (-0.03
wW.m?, 8%) with the off-line methods and MONTH experimedbwever, these values are
low, and this method largely improves regional pat€Fig. 14 versus Fig. 11b).

The residual error is mainly due to a residualedéhce of meteorological trajectories: the

sulphat

terms RbBnine exx@nd“F m, pi — Fv, p” have been estimated from two different meteorological
trajectories (see Fig. 13). Secondly the hypothfesithis case is not perfectly matched as the
“Fwm p—Fy p’ term presents a small variability.

Finally, this method is valid for aerosol studied bot for more complex cases in which

several forcings are simultaneously modified (climsiteulation).

4.4. Approximation of the on-line aerosol preindustriahcentration

For this method, we expect that at a given time, dosame meteorology, the ratio of
preindustrial by actual instantaneous concentratisnthe same that the ratio of monthly

mean concentrations:
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At a given timet of a given month:

Mis en forme :

w Anglais
/

SO, .. SO, .
[SO. 1 = (SO pimontn = preindustrial aerosol fraction (8) ) <
[SO4 ] prit [SO4 ] pr.month , ( Code de champ

Figure 15 shows that the variability of the instaroussulfate concentration ratio is not a ‘ Xring?sforme :‘
completely caught by this approach. However one gana rough estimate using this [ Supprimé: sulphate
hypothesis.
In this method, the on-line configuration of the miadeised. The preindustrial concentration
field is calculated in multiplying the present-dagr@sol concentration field (computed
interactively in INCA) by the “preindustrial aerdsfyaction”. The fraction is prescribed
monthly. It is obtained from preindustrial and presarifatefields that have been computed { supprime : _suiphate
in previous simulations using the chemical-transpersion of LMDZ-INCA.
The direct radiative forcing amounts to -0.31 W.nit is very close to the values obtained
with the off-ine method (section 3. and the extended off-ine method (section 4B T~ SUPPimé: 1
geographical distribution of the direct effect digggs the same patterns that those obtained in
the two other methods (see Fig. 16a for the diffeeewith the extended off-line method).

_{ supprimé :  sulphate

The first indirect effect amounts to -0.36 Wrthat matches up to the value of the reference
method (-0.36 W.). Figure 16b shows the differences that remainhim geographical
distribution. As for the other tested methods, tHifference is statistically significant
(bootstrap test at the 95% confidence level) in tnregions. The difference of patterns
obtained between this method and the reference héshdose to that one obtained between
the off-line method and the reference method (Fidp).1Wsing this last method improves
spatial patterns (Fig. 17) especially in regionsafth high latitude.

The remaining error in the estimate of the first iadi effect radiative forcing is caused by

how we approximate the preindustrial aerosol comatoh fields.

4.5. Comparison of the results

All tested methods give very similar estimates ofdirect radiative forcing but significative
differences for the first indirect effect. Figur@ tompares the performance of the tested

methods to compute the first indirect radiative flogc{mean bias and error on the spatial
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pattern). Estimates of the root mean squared errdrfeasibility of each method are also

summarised in Table 4.

- { Supprimé : sulphate ]

leads to the best result regarding the mean biasitended off-line method with correction
650 represents best the spatial pattern of the firdirést effect (comparison to the reference
method). This method presents also the lowest rootnnsgaared error. Regarding the

technical feasibility and ability to perform climatstudies, the method based on the

{Supprimé : sulphat ]

simple to implement, relatively cheap computationalyefp though preliminar chemistry-
655 transport simulations are needed to compute the nyomtéan aerosol fraction) and enables

to analyze several perturbations simultaneously.

This last method has been implemented in the Eaythe® Model of the Institut Pierre

Simon Laplace (IPSL) and will be used for climatawations including aerosols studies.

660

5. Conclusions

The impact of coupling a climate model to a chemiagdsol model has been tackled using
the LMDz general circulation model and the chemisteyesol module INCA. This coupling
665 is in agreement with the actual trend of more integitdarth System Model for studying

climate. With this model configuration, simulatiomslude a complete feedback between

. . . . . .. | Supprimé :  and also
climate and aerosolghe cloud/aerosol interaction is computed in LMDZhgsan empirical - - ﬂngfrepresemaﬁon of aerosol

. L .777777777777.7777777777777777777777.777 distribution especially their
parameterization and only sulfate species have tzé@m into account to carry out this study. | emporal Varia‘;mmﬁe

The conclusion would be quite the same if a monaaex representation of aerosol was

670 | used. Absorbing aerosols will introduce additionah-linearities by the semi direct effect

(modification of the meteorological conditions of thEnosphere). However, they will have

no effects on the CDN/Na relationship that is tr@msource of non-linearities for this study.

This would be different for models using a mechanesttivation scheme.

This study focuses on the direct and first indireitécts. Impact of this coupling on th&2. | & coupiing has been assested
- . AN fl ,
675 | indirect effect is beyond the scope of the paper. . ?;d?aetf\,eu?;ii,fgmperamre an
. \{ Mis en forme : ]
T I . . . . . LT \[ Supprimé : ]
emporal variability results in an increase of hiexds that is mainly due to the non-linearity

of the first indirect effect. The temporal variatyilhas a negligible role on the direct effect.

The changes are mainly controlled by two factona-level clouds and the magnitude of the
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aerosol mass concentrations. The larger the amoumiveievel clouds, the larger is the effect
on radiative fluxes. The uncertainties associatettie parameterisation of low-level clouds in

LMDz [Rio, 2007] have likely repercussion on outiresites of net flux changes.

L J

The level ofsulfate concentration has two opposite effects: 1) thelrmarity of the first | SUPrme: _ suphate
indirect effect diminishes as theulfate concentrations increase; 2) tjelfate temporal -~ 2322::2 zz:z::i
variability increases with increasigalfate concentrations. The detailed analysis of several { supprimé :  sulphat
regions around the globe results in the differgiotia of three ranges of concentration.
Regions of lowslfate concentration (less than 0.1 pge¥eF) for which the non-linearity - SPPme: _ suphat
effect of the relationship is dominant but tgelfate variability is very low. Regions of -~ { supprime : _ sulphate
intermediate concentrations (between 0.1 and 0.8@gim’) for which the effect of
temporal variability is maximum. Regions of hiMeﬁggngg@tﬁrgth@si7@@\@”@8"”{SUpp“mé: sulphate
Hg(SQ)/m?) for which the relationshipl-m is almost linear and the effect on the radiative
fluxes is negligible. The threshold concentrationdicated here are only indicative and
depend undoubtedly on the formulation of the finslirect effect and the GCM used for the
study.

P { Supprimé :  sulphate

)

easy. Global mean (-0.32 W3nand regional patterns are very close to thosaiwéd with
the off-line configuration (-0.31 W.H).

In the other hand coupling climate and aerosola model makes it difficult to compute the
forcing from the first indirect radiative effect. drenical solutions have been proposed to
tackle this difficulty. First, a reference methodsheeen developed to compute first indirect
radiative forcing with the on-line configurationhdugh globally, the radiative forcing is very
close to the one computed with the off-line confagion; the climate/aerosols coupling
influences largely the regional patterns. Howehé method is not suited to run long climate
simulations because of its difficult implementatiorddrigh CPU cost (chemistry module
should be run 3 times to get radiative forcing).

Then, alternatives to the reference method have éledorated to compute radiative forcing
in on-line configuration. The alternative methodsdl weed further development to be used
with a prognostic cloud number concentration. Makaglirect extension of the off-line
classical configuration (the present-day conceionat calculated on-line as the preindustrial
one is prescribed) results in an error of more B@¥% on the first indirect radiative forcing.
We show that it is mainly due to the non-linearitythos effect. This method must be avoided.

Two other alternatives give satisfactory resultse Tirst one consists in making a correction
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of the bias as described above. This could be eetli®ia two additional simulations for

unperturbed conditions (the first one with the lofé configuration and the second one with
the on-line configuration). With this correctiohgetglobal mean estimate of the first indirect
radiative forcing is overestimated but spatial pati@e improved compared to the results

with the offline method.

{ Supprimé :

sulphate

)

{ Supprimé :

sulphate

variability of this ratio, this method gives veryagbglobal results and improves regional
patterns compared to the off-line configuration.

Both of these alternatives would imply running diddial simulations (including chemistry

module) that will increase significantly the totaPQ time. Thus the “lower CPU” method
remains still to run additional simulations with tb#-line configuration of the model for

time-slices of interest.
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Région WA( WNA Am. Sud Inde Inls Eu

Latitude 0-35S 10N-40N 37S-45S 6N-25N -15S-0 35N-60

Longitude 20W-15E  150W-110W  66W-72W  70E-85E  130E-165E  60EEL10

Table 1: Geographical coordinates of the 6 regitias were used for the analysis shown in Fig. 7Sajyth
Atlantic Ocean along the West Coast of Africa (redd as AO-WAT), 2) North Pacific Ocean along thesy/
Coast of North America (referred as PO-WNA); 3) sloeithern part of South America (South Am.) ; 4Jign
(India) ; 5) Indonesia Islands (Inls) ; 6) Eurofsi).
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950

LWP % LWP Present-day ANF, Preindustrial ANF

Region  (am®  Jowdevel  sufate,  (Wm?)  gifate  (W.m?) - Swerimé: Régon |

2 2 N~ {Suppnme : nuages bas ]

cloud (mg(SQ).-m™) (mg(SQ).m™) \\\i\\‘[ Supprimé :  actuel ]

WAF 46,3 69,1 2,5 0,72 1.2 052 " (supprimé: s )

WNA 71,3 49,7 4,0 0,84 18 0,63  [supprimé: preind |
Am Sud 1257 50 0,74 0,06 0,49 0,10
Inde 61,5 12,4 9,5 0,05 1,2 0,09
Inls 84,3 4,0 5,5 0,08 4,9 0,09
Eu 74,6 51,6 6,6 0,05 1,5 0,43

Table 2: : Cloud liquid water path (LWP in g’y percentage of this LWP in low-level clouds (%)lfateload - - { Supprimé : _ sulphate J

targeted in Fig. 7: 1) South Atlantic Ocean alohg West Coast of Africa (referred as AO-WAYf), 2)rito
Pacific Ocean along the West Coast of North Ame(iederred as PO-WNA); 3) the southern part of Bout
America (South Am.) ; 4) India (India) ; 5) Indoreesslands (Inls) ; 6) Europe (Eu).
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JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

M
STD
M/STD

0.274 0.232 0.189 0.186 0.221 0.226 0.260 0.237 0.241 0.220280.2.251
0.038 0.061 0.028 0.032 0.030 0.041 0.035 0.031 0.041 0.060870.M.041
0.13 026 015 017 0.13 015 0.13 0.13 0.16.27 038 0.16

Table 3: Monthly mean (M), standard deviation oflydaalues (STD) and ratio (M/STD) of the factoy k —

Fu_piused to correct the radiative forcing of the “exted off-line method”.
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M REF CM Offline CM -Online M Offline_ext M Offline_ext-corr M Sulf-Pl-approx

RMSE 0 0.18 No RF 0.27 0.09 0.16

feasibility no yes yes yes yes yes

Table 4: Estimation of the error on the root megmased error (RMSE) of the first indirect radiatieecing for
the different methods presented in this paper. RBE method is used as reference. “No RF” indicdtasthe
method doesn’t enable radiative forcing assessnigrg. second row “feasibility” is related to the haial

feasibility of the method.
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Figure captions

)

Figure 1: Relationship between clouds droplet nunfbef®) and thesulfate concentrations -~ {supprimé : _ sulphate
(MLgSQ.m?) from the Boucher and Lohmann 1995 D formula, vitie original empirical

constant (dashed) and with the adjusted empiricadtant of Quaas et al, 2005 (solid line).

Figure 2: Representation of the radiative pertiobafAF) and radiative forcing (RF)

calculated from simulations performed with the on-ima off-line model configuration. For

each case, both axes indicate that the fluxeslateen@d for two different atmospheric model

trajectories depending on telfateconcentration: present-day or preindustrial ofies.the -~ | SUPPrme: _suphae
on-line configuration, the “V” annotation indicat#isat variablesulfate concentrations are -~ { supprime : _suiphate
used; as the “M” annotation referred to monthly meamcentration for the off-line

configuration.

Figure 3: Difference between the short wave toptafosphere net fluxes (in Win

computed with present day and with preindusgidfateemissions. The on-line configuration- " { supprime : _ sulphate
of the model is used.

Figure 4: Radiative forcings (W:f) estimated with the off-line configuration of thredel

for present dagulfateemissions: a) direct effect by indirect effect. -\ Supprimé: _suiphate
Figure 5: Representation of the difference of ragkanet fluxes calculated between the VAR

(sulfate concentration computed each 30 minutes with INCA) #re MONTH fulfate -~ } EEESZEE zﬂ:i:z:e
concentration prescribed each month) experimentssidllilations have been performed with

the same physical forcings in order to get exadiy $ame meteorological trajectory: the

present-day one witkulfatevariability. o { Supprimé : _ sulphate
Figure 6: Difference of the top-of-atmosphere flugasm?) between the simulation in which

the aerosol concentration varies at each time @f&R experiment) and the simulation in

which the concentration remains constant, presgribehe monthly mean values (MONTH

experiment) for present dagulfate emissions (top) andpre-industri.mmemissiorl«f’} 2322:22 zz:g:::e
(below) Impact of thesulfate 1 indirect effect (left) and theulfatedirect effect (right) are  iporime:  suphate
presented separately. B {SUpprimé: sulphate

L
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Figure 7: (a) Cloud liquid water path (cfjnior all the clouds and (b) percentage of thisilig
water path in low level clouds (P>850 hPa)

Figure 8: Annual mean of theiffateload (mg(SO4).f) for present day (a) and preindusial - S¥PPme  _suphate
periods (b).
Figure 9: Annual mean vertical profile of the cldiglid water content (mg.f), and of the

| sulfatecontent (in ug(S9.m") for present day (SEPR) and preindustrial emissions (SO {Supprimé : _supha
Pl). 6 regions are considered: 1) South Atlanticc&@c along the West Coast of Africa
(referred as AO-WAf), 2) North Pacific Ocean alotige West Coast of North America
(referred as PO-WNA); 3) the southern part of Scutterica (South Am.) ; 4) India (India) ;
5) Indonesia Islands (Inls) ; 6) Europe (Eu).
Figure 10: radiative forcing calculated from theeexted off-line method for: @ulfatedirect .- - { Supprime : _sulphat
effect (W.n?), b)sulfate1® indirect effect (W.r®). .~ supprimé - _suiphar
Difference of radiative forcings between the offdi extended method and the off-line
method: c)sulfatedirect effect (W.f), d) sulfate 1" indirect effect (W.rf). The statistical } R

signifiance of the difference was tested at the @8¥fidence level using a bootstrap method.
Regions where the difference is statistically digant are indicated with dots.

The scales of the top row maps is in the range f-10;W/m?] whereas the values for the
bottom row maps (that represent differences inatadi forcings) vary between [-2: +2] or [-

5: +5] W.nm%

Figure 11: (a) Reference methodg#) radiative forcing of the first indirect effect (W?);
(b): difference of radiative forcing between thderence method (NP and the off-line
method (CMrine). The statistical signifiance of the difference sweested at the 95%
confidence level using a bootstrap method. Regiohsrev the difference is statistically

significant are indicated with dots.

Figure 12: Impact on surface temperature of couphgmistry and climate: difference of
temperature anomalAT=Tpp-Tp)) between on-lineXTy) and off-line configurationXTw).
The statistical signifiance of the difference weste¢d at the 95% confidence level using a

student test. Regions where the difference isstilly significant are indicated with dots.
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Figure 13: Schematical representation of the errorthe radiative forcing estimation

. { Supprimé :  sulphat

meteorological fields. Correction with the vk — F/p” term estimated in the section 5.5.
The fluxes do not include the impact of direct eff€&nly the change due to the first indirect

effect is taken into account.

Figure 14: Difference of the radiative forcing diet £' indirect effect calculated from the
extended off-line method corrected with thé&lFgs term and that one calculated in the
reference method (experiment VAR) in WeniThe statistical signifiance of the difference
was tested at the 95% confidence level using ashapt method. Regions where the
difference is statistically significant are indiedtwith dots.

Color bar of the first map varies from -10 and +10M& whereas values of the second map
(difference) vary from -2 and +2 W:n

{ Supprimé :  sulphat

for 2 grid points (Paris and Tunisia) and 2 monfla@ary and July). The blue line represents
the expected values of the actual by preindustr&hntaneous ratio considering it is the same
that the ratio of monthly mean concentrations. Slapdisate the values of the monthly mean

ratio.

Figure 16: Difference of radiative forcing betwet@e method using an approximation of the
on-line preindustrial concentration and the extendi-line method for the direct effect (a)
and between the method using an approximation afriHee preindustrial concentration and
the reference method for the first indirect effént\/.m?). The statistical signifiance of the
difference was tested at the 95% confidence lesglgua bootstrap method. Regions where

the difference is statistically significant areicated with dots.

Figure 17: Zonal mean of the difference of firadinect radiative forcing (W.f) of the off-

{ Supprimé : sulphat

compared to the reference method.

Figure 18: Comparison of biases on the estimationheffirst indirect radiative forcing
computed with the four tested methods and relativelythe reference method: off-line

method (red), extended off-line method (green); abed: extended off-line method (cyan)
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- { Supprimé : sulphat

presents the performance of methods to represersptitéal pattern of the®lindirect effect
1075 (including standard deviation, correlation and eesd root mean squared error). Right:

scatter plot compares the mean bias and the stadduaiation of the error for each method.
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(a) direct effet
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a) Direct effect — Present—day period

c) First indirect effect — Present—day period

Figure 6
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Figure 7
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(a) present—day period

Figure 8
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a) direct effect

c) direct effect
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b) first indirect effect
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Figure 10
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(@) reference method

Figure 11
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(a) Direct effect
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