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1. Motivation
Long-lived greenhouse gases (LLGHG) such CO2, methane or N2O are well mixed in
the atmosphere due to there very long lifetimes than can exceed 50 years. Their radiative
forcing presents homogeneous patterns, some of them zonal (Ramaswamy et al., 2001).
Forster et al. (2007) estimate the radiative forcing of CO2, CH4 and N2O between 1750 and
2005 to be 1.75, 0.5 and 0.2 W.m-2 respectively. Aerosols have a much shorter tropospheric
lifetime from days to a few weeks, hence their geographical distribution show much larger
gradients than the LLGHG. Aerosols can absorb or scatter the incoming solar flux and thus
change the planetary shortwave albedo, this is the “aerosol direct effect”. Sea-salt, sulfate and
organic carbon (OC) tend to cool the atmospheric column whereas dust can either warm or
cool the atmosphere depending on the underlying surface albedo; black carbon (BC) tends to
have a warming effect over all surfaces. Moreover the increase in aerosol number induces an
enhancement of the cloud droplet number concentration which increased the cloud reflectivity
through the so-called “1st aerosol indirect effect” (Twomey, 1974), which tend to cool
climate. The present overall radiative forcing for aerosols is estimated to be -1.2 Wm-2
(Forster et al., 2007), when considering both the direct and the 1st indirect effect.
This work pertains to the anthropogenic aerosols (BC, OC and sulfate). We focus our
study on present-day (2000) emission levels and on future (2020 and 2050) scenarios in order
to assess how the cloud-aerosols interaction will change between these two periods. In the
case of the RCP8.5 scenario, a level of CO2 twice that of pre-industrial level (560 ppm) is
reached in 2050. The aerosols loads being lower than the ones we have experienced in 2000.
Following the Representation Concentrations Pathways (RCPs) scenarios considered for the
Assessment Report 5, the LLGHG concentrations continue to increase during the 21st century.
Meanwhile the aerosols emissions increase until 2020-2030 and then decrease due to the set
up of mitigation policies.
2. Simulations
2.1 Aerosol Direct Effect
We estimate the aerosol radiative effects using the IPSL coupled model (Marti et al.,
2010) based upon the CMIP5 simulations from 1850 to 2100. This coupled model reads in
monthly aerosol fields previously calculated by the INteractive Chemistry Aerosol module,

INCA (Textor et al., 2006). The aerosol direct forcing for the whole aerosol burden in 2000
and 2050 is estimated to be -0.29 Wm-2 and -0.20 Wm-2, respectively (Figure 1).

Figure 1: Aerosol radiative forcing at TOA for the whole aerosol burden for 2000 and 2050.

The radiative forcing tends to decrease between 2000 and 2050 due to the mitigation
policy relative to the aerosol emissions according the RCP8.5 scenario.
The radiative impact of anthropogenic aerosols was assessed separately, using the
LMDZORINCA model, a GCM interactively coupled to INCA (Textor et al., 2006). To better
represent surface fluxes, this model is coupled to the land-vegetation module ORCHIDEE
(Krinner et al., 2005). Simulations are performed following the RCP8.5 scenario for the years
2000 and 2050 respectively. CMIP3 Sea Surface Temperatures (SST) issued from the IPSL
coupled model are used as boundary conditions.
With this model, we also assess the radiative impact of several economic sectors following
the RCP8.5 prescription emissions. We performed simulations for 2000, 2020 and 2050.

Table 1 presents the direct radiative forcing for the three main sectors: energy, shipping and
industry.
Year

Energy sector

Shipping

Industry

2000

-0.214 W m-2

-0.018 W m-2

-0.074 W m-2

2020

-0.201 W m-2

-0.019 W m-2

-0.111 W m-2

2050

-0.054 W m-2

-0.007 W m-2

-0.089 W m-2

Table 1: Direct radiative forcing for the three main activity sectors for present-day (2000) emissions and for
2020 and 2050 RCP8.5 scenario.

2.2 Aerosol Indirect Effect
The 1st aerosol indirect effect (AIE) has been implemented following the empirical
relationship of Boucher and Lohmann (1995) between the aerosol mass and the cloud droplet
number concentration. This relationship was updated using observational constraints from
MODIS observations (Quaas et al., 2006). Lohmann et al. (2009) show how the use of such
observational constraints leads to a lower estimate of the 1st indirect effect compared to
prognostic methods. The assessment of the 1st AIE for several economic sectors has been
performed for sulfate only following the approach of Deandreis et al. (2011). In order to be
consistent we need to keep the same meteorological fields for the study of each economic
sector. The economic sectors follow the division that was decided upon in the preparation of
the emission data for the 5th Assessment Report. These sectors are respectively: Land
Transport, Energy, Residential and Commercial, Industry, Shipping, Waste, Agriculture
Waste Burning, Grass fires and Forest fires.
The radiative code is therefore called twice at each time step. Table 2 presents the
decrease in the first indirect effect that would take place if no aerosol were produced by one
of the three economic sectors that influence mostly the indirect effect. Contrary to the direct
effect, the 1st indirect forcing is not linearly related to the aerosol mass emission.
Year

Energy power

Shipping

Industry

2000

22.1

18.0

12.7

2020

15.7

18.0

16.0

2050

13.1

12.9

20.0

Table 2: Reduction in % in the 1st aerosol indirect effect if emissions are set to zero in a sector, for the three
most important sectors.

From the Boucher and Lohmann (1995) relationship, the cloud droplet number concentration
is much more sensitive in a clean atmosphere, where sulfate concentration is lower than the
threshold of 0.8µg(SO4)/m3 ; which correspond to oceanic regions. Moreover the indirect
forcing mainly occurred in regions where the lower level clouds are persistent, as shown in
Figure 2 for the year 2020.

Figure 2: Predicted 2020 Aerosol indirect forcing at TOA due to the energy, international shipping and industry sectors.

While studying the indirect effect, we also analyzed how the indirect forcing varied
with respect to the preindustrial aerosol levels. In particular, volcanic emissions play an
important role in the indirect forcing calculation. We considered the estimate of 29 Tg
(SO2)/yr for volcanic emissions (Dentener et al., 2006) while the anthropogenic emissions in
1750 and 1850 are estimated to 2 and 4 Tg (SO2)/yr respectively. We identified the need to
define a common preindustrial level for future multi-model intercomparisons in order to be
able to compare indirect forcing.

Present vs 1750 with volcano
Present vs 1850 with volcano
Present vs 1850 no volcano
Present vs 1750 no volcano

-0.655 W m-2
-0.589 W m-2
-0.855 W m-2
-1.001 W m-2

Table 3: Effect of Pre-Industrial levels of sulfate on the first indirect effect. This study is conducted only with the
sulfate aerosols.

We are currently running simulations for the whole economic sectors defined by the
RCPs including all the anthropogenic aerosols for 2000, 2020 and 2050. According to the
RCPs scenarios, aerosol emissions in Asia keeps increasing from 2000 to a maximum in
2020; while emissions elsewhere around the world decrease at the beginning of the 21th
century.
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