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Abstract

We have implemented a prognostic aerosol scheme in the CNRM-GAME/CERFACS
climate model, based upon the GEMS/MACC aerosol module of the ECMWF opera-
tional forecast model. This scheme describes the physical evolution of the five main
types of aerosols, namely black carbon, organic matter, sulfate, desert dust and sea-5

salt. In this work, we describe the specificities of our implementation, for instance,
taking into consideration a different dust scheme or boosting biomass burning emis-
sions by a factor of 2, as well as the evaluation performed on simulation outputs. The
simulations consist of 2004 conditions and transient runs over the 1993–2012 period,
and are either free-running or nudged towards the ERA-Interim Reanalysis. Evaluation10

data sets include several satellite instrument AOD products (i.e., MODIS Aqua clas-
sic and Deep-Blue products, MISR and CALIOP products), as well as ground-based
AERONET data and the derived AERONET climatology, MAC-v1. The internal vari-
ability of the model has little impact on the seasonal climatology of the AODs of the
various aerosols, and the characteristics of a nudged simulation reflect those of a free-15

running simulation. In contrast, the impact of the new dust scheme is large, with mod-
elled dust AODs from simulations with the new dust scheme close to observations.
Overall patterns and seasonal cycles of the total AOD are well depicted with, however,
a systematic low bias over oceans. The comparison to the fractional MAC-v1 AOD cli-
matology shows disagreements mostly over continents, while that to AERONET sites20

outlines the capability of the model to reproduce monthly climatologies under very di-
verse dominant aerosol types. Here again, underestimation of the total AOD appears
in several cases, linked sometimes to insufficient efficiency of the aerosol transport
away from the aerosol sources. Analysis of monthly time series at 166 AERONET sites
shows, in general, correlation coefficients higher than 0.5 and lower model variance25

than observed. A large interannual variability can also be seen in the CALIOP verti-
cal profiles over certain regions of the world. Overall, this prognostic aerosol scheme
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appears suitable for aerosol-climate studies. There is room, however, for implementing
more complex parameterisations in relation to aerosols.

1 Introduction

Tropospheric aerosols strongly influence the climate system (Kaufman et al., 2002),
in multiple and complex ways because of interactions with radiation and clouds. They5

have been known, especially since the 3rd and 4th IPCC reports (Intergovernmental
Panel on Climate Change) (IPCC, 2001, 2007), and are still known to contribute largely
to the uncertainties in climate system modelling (see the Clouds and Aerosols chapter
of the 5th IPCC report, Boucher et al., 2012) for several reasons, as, for instance, the
quantification of the aerosol–cloud effects (Lohmann et al., 2005) or the representa-10

tion of their optical properties (Mallet et al., 2013) continues to be a challenge. A more
basic uncertainty can be attributed to the inaccurate representation of aerosol distri-
bution in the atmosphere which is highly variable in space and time because of very
diverse aerosol sources, themselves suffering from very different estimations (see e.g.,
de Leeuw et al., 2011) and of a life time shorter than a few days. This uneven distribu-15

tion in the atmosphere remains hard to simulate with current climate models (Boucher
et al., 2012).

Although a community of global aerosol modellers has been working together for
more than 10 years under the AeroCom project (Aerosol Comparisons between Ob-
servations and Models), with coordinated simulation exercises analysed in a large20

number of papers (see Kinne et al., 2006; Textor et al., 2006 as first papers, and
http://aerocom.met.no/Welcome.html for a list of publications), aerosol schemes within
climate models, such as those used for phase 5 of the Coupled Model Intercompar-
ison Project (CMIP5, Taylor, 2009), are still undergoing development and evaluation
(see e.g., Evan et al., 2014). Modelling requires a fundamental understanding of pro-25

cesses and their representation in large-scale models, and a number of climate models
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continues to consider prescribed aerosol climatologies. Such climatologies have been
continuously upgraded, from Tanré et al. (1984) to Kinne et al. (2013).

More recently, the ACCMIP (Atmospheric Chemistry and Climate Model Intercom-
parison Project, Lamarque et al., 2013) analysed the aerosol forcing of about 10 free-
running global models, in contrast to AeroCom models driven by meteorological anal-5

yses, looking at past and future reference periods in coordination with CMIP5 experi-
ments (Lee et al., 2013; Shindell et al., 2013). In general, these ACCMIP models have
less sophisticated aerosol physics than the AeroCom models, and the issue of the
added value of an explicit aerosol module as part of the climate model is still under
debate (Ekman et al., 2014).10

We have implemented a prognostic aerosol module within the climate model of
Météo-France that takes part in CMIP exercises in order to have the requisite tool
to contribute to answering such an issue. This tool will also improve our knowledge
about aerosol-climate interactions. In this paper, we provide a description and an eval-
uation of this aerosol module. We describe the underlying General Circulation Model15

(GCM) and the aerosol scheme in Sect. 2, the simulation performed together with the
evaluation data used in Sect. 3, and the results from our evaluation, with firstly intrinsic
specificities of our simulations, and then confrontation between simulation outputs and
observed data sets in Sect. 4.

2 Description of the aerosol scheme20

2.1 The underlaying GCM

The aerosol scheme has been included as one of the physical packages of the
ARPEGE-Climat GCM. ARPEGE-Climat is the atmospheric component of the CNRM-
GAME (Centre National de Recherches Météorologiques – Groupe d’études de
l’Atmosphère Météorologique) and CERFACS (Centre Européen de Recherche et de25
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Formation Avancée) coupled Atmosphere-Ocean General Circulation Model (AOGCM)
CNRM-CM, whose development started in the 1990s.

We present in this work an evaluation of the aerosol scheme driven by version
6.1 (v6.1) of ARPEGE-Climat that is an evolution of v5.2, fully described in Voldoire
et al. (2012), and used to contribute to CMIP5. ARPEGE-Climat v6.1 is based on the5

dynamical core cycle 37 of the ARPEGE-Integrated Forecast System (IFS) Météo-
France/European Centre for Medium-Range Weather Forecasts (ECMWF) operational
numerical weather forecast models. The major differences between v5.2 and v6.1 con-
sist of differences in their respective physics: that of v5.2 is described in Voldoire et al.
(2012), while the specificities of v6.1 are in summary as follows: the vertical diffusion10

scheme is a prognostic turbulent kinetic energy scheme (Cuxart et al., 2000), where
the microphysics is the detailed prognostic scheme of Lopez (2002), used both for the
large-scale and convective precipitation. The shallow and deep convection are those
of the Prognostic Condensates Microphysic Transport (PCMT) scheme described in
Piriou et al. (2007); Guérémy (2011). Further details on ARPEGE-Climat, valid for15

both versions 6.1 and 5.2, which concern for instance the radiation scheme, appear
in Voldoire et al. (2012). The surface parameters of ARPEGE-Climat have been com-
puted with the external surface scheme, SURFEX (v7.3), already in place for CMIP5
simulations. SURFEX can consider a diversity of surface formulations for the evolution
of four types of surface: nature, town, inland water and ocean. A description of SUR-20

FEX is available in the overview paper of Masson et al. (2013), from the simple to the
quite complex parameterisations available. We considered for this paper a configura-
tion of SURFEX very close to the one presented in Voldoire et al. (2012), except for
the air–sea turbulent fluxes that are those of the COARE 3.0 iterative algorithm (Fairall
et al., 2003; Masson et al., 2013).25

The interactive aerosol scheme presented below is aimed at replacing the descrip-
tion of the tropospheric aerosols currently in place in ARPEGE-Climat, which was
used for the CMIP5 simulations and consists of 2-D monthly climatologies of the AOD
(Aerosol Optical Depth) of five types of aerosols, namely sea salt (SS), desert dust
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(DD), black carbon (BC), organic matter (OM) and sulfate (SO4) aerosols, with a verti-
cal profile depending on the aerosol type (see Voldoire et al., 2012).

The ARPEGE-Climat configuration used here is the one that CNRM and CERFACS
scientists have agreed to probably serve as the basic configuration for future CMIP6
simulations: the ARPEGE-Climat spectral model is operated in a T127 triangular trun-5

cation, with the physics calculated onto a reduced Gaussian grid equivalent to a spatial
resolution of about 1.4◦ in both longitude and latitude. The vertical description con-
sists of 91 hybrid sigma pressure levels defined by the ECMWF, as already adopted in
a number of studies with ARPEGE-Climat (e.g., Guérémy, 2011), which include 9 lay-
ers below 500 m and 52 layers below 100 hPa, ensuring a correct description of the ver-10

tical distribution of the tropospheric aerosols, from the surface with the aerosols emis-
sions up to the middle troposphere where the concentration of most aerosols reaches
very low values. A time step of 15 min is used for the model integration.

2.2 The original GEMS/MACC aerosol scheme

The prognostic aerosol scheme of ARPEGE-Climat is based upon the GEMS/MACC15

aerosol description included in the ARPEGE/IFS ECMWF operational forecast model
starting in 2005 as part as the European projects Global and regional Earth sys-
tem Monitoring using Satellite and in situ data (GEMS, 2005–2009, Hollingsworth
et al., 2008) and its follow-up projects Monitoring Atmospheric Composition and Cli-
mat (MACC, MACC-II, 2009-, http://www.gmes-atmosphere.eu/), which provide a pre-20

operational atmospheric environmental service to complement the weather analysis
and forecasting services of European and national organisations by addressing the
composition of the atmosphere.

The GEMS/MACC aerosol scheme describes the physical evolution of the five
main types of tropospheric aerosols mentioned previously (Morcrette et al., 2009), in25

which various “bins” are considered: sea-salt discriminates 3 size-bins particles (radius
boundaries of 0.03–0.5, 0.5–5, 5–20 µm); desert dust also has 3 size-bins (0.03–0.5,
0.5–0.9, 0.9–20 µm); the boundaries given are for dry particles, however, the ambient
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humidity is taken into account in the computation of the aerosol optical properties; or-
ganic matter and black carbon separate a hydrophilic and a hydrophobic component;
and for the representation of sulfate both a sulfate precursor, named SO2, and a sulfate
aerosol, named SO4, cohabit in the scheme. Hence the aerosol scheme adds up 12
prognostic variables to the original prognostic meteorological variables.5

The scheme allows a number of physical evolutions of the aerosols, including dry
deposition at the surface, assuming constant dry deposition velocities as a function of
the aerosol and of the surface type (land, ocean, ice); sedimentation with a settling
velocity depending on the aerosol “bin”; hygroscopic growth of BC and OM, assuming
that OM is distributed between 50 % hydrophilic and 50 % hydrophobic when emitted,10

whereas BC is distributed between 80 % hydrophilic and 20 % hydrophobic when emit-
ted; wet deposition in and below clouds, from large-scale and convective precipitation,
with release of aerosols when precipitation re-evaporates in the atmosphere; and con-
version from SO4 precursors into SO4 that does not consider any chemical species,
but is done along with an exponential function, with a time constant depending on the15

latitude. Sources of SS and DD are calculated at each model integration using model
meteorological fields. For SS, an emission flux is considered only over full ocean grids,
and for their open ocean fraction only excluding a possible sea ice fraction, as a function
of the wind speed at the model lowest level. The SS mass flux is tabulated depending
on the wind speed class, based on work from Guelle et al. (2001) (see other references20

in Morcrette et al., 2009). For DD, the parameterisation is derived from that of Ginoux
et al. (2001). DD is produced over selected model grids cells, i.e., snow free, fractions
of bare soil/high and low vegetation above/below given thresholds respectively, and
depends on the soil upper layer wetness, the albedo, the model’s lowest level wind
speed and the particle radius. For the other aerosols, OM, BC and the SO4 precursors,25

external monthly inventories are read in. The aerosol scheme separates between the
biomass burning source, in order to allow for real-time updates of that source in the
IFS model (see for instance Kaiser et al., 2012), and all the other sources (e.g., fos-
sil fuel, natural sources). The inventories used for our simulations and for the MACC
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Reanalysis performed with the IFS system are presented respectively in Sects. 2.3.3
and 3.2.1.

Finally concerning their physical evolution, large-scale and parameterized transports
of the prognostic aerosols, e.g. convective and diffusive transports, are done by the
ARPEGE-Climat code in the same way as for any meteorological prognostic field (see5

Sect. 2.1).
A detailed description of the original GEMS/MACC aerosol scheme appears in Mor-

crette et al. (2009), and the list of parameters of the scheme, together with the values
used for the MACC Reanalysis (see Sect. 3.2.1), is given in Table 4. These parameters
are fully detailed in Morcrette et al. (2009), and for the sake of clarity parameter names10

in Table 4 correspond to the ones in Morcrette et al. (2009). Other papers related
to this GEMS/MACC scheme address improvements of the scheme (Morcrette et al.,
2008), the aerosol assimilation system fully integrated into the ECMWF assimilation
apparatus (Benedetti et al., 2009), the Global Fire Assimilation System that calculates
in real-time aerosol biomass burning emissions by assimilating observations from the15

MODIS instruments (Kaiser et al., 2012), evaluation of all or individual aerosol distribu-
tions (Morcrette et al., 2009, 2011a, b; Huneeus et al., 2011; Mangold et al., 2011), and
finally estimations of the GEMS/MACC aerosol radiative forcing (Bellouin et al., 2012).

2.3 Implementation of the aerosol scheme in ARPEGE-Climat

2.3.1 Adaptation of the scheme20

Preliminary simulations with the original configuration of the aerosol scheme, with the
same static emissions for BC, OM and SO4 precursors as those for IFS runs, lead to
aerosol concentrations much lower than the ones issued from IFS runs (not shown). As
the literature presents a range of values for the various coefficients listed in Table 4, we
adopted the values that would maximise the concentrations in ARPEGE-Climat runs.25

These new values are shown in red in Table 4. The efficiency of scavenging rates cor-
responds to the lowest values of Textor et al. (2006), whereas we got the deposition
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velocities from Huneeus et al. (2007) and Reddy et al. (2005) and the settling sedimen-
tation velocities from Huneeus et al. (2007). One has to note that in this newer version
of the aerosol scheme, the sedimentation process is applied only to the coarser bins of
SS and DD, SSbin03 and DDbin03 in Table 4, as suggested in Huneeus et al. (2009).
Additional information for sulfate and its precursors comes from Boucher et al. (2002).5

Lastly, the hydrophilic/hydrophopic fraction of BC has been corrected from an incorrect
value, we now have a fraction of 0.8/0.2 in place of the original fraction of 0.2/0.8, and
the radii of the three dust bins have been modified (P. Nabat, personal communication,
2013), with 0.32–0.75–9.0 µm and 0.2–1.67–11.6 µm mean bin radii respectively in the
GEMS/MACC and our versions.10

In addition to the adaptations presented above, developments have been made in the
vertical diffusion and mass-flux convection schemes of ARPEGE-Climat (see Sect. 2.1)
to account explicitly for the sub-grid transport of tracers.

2.3.2 Inclusion of an additional dust scheme

Based on preliminary results using the original GEMS/MACC dust scheme, and as15

a more complex scheme could be put into place in view of the detailed parame-
ters on the soil characteristics available in ARPEGE-Climat from the ECOCLIMAP
database (Masson et al., 2003), an additional dust emission parameterisation has been
included in the aerosol scheme, allowing for comparisons between the two schemes.
This dust emission parameterisation comes from Marticorena and Bergametti (1995),20

which is very common in aerosol global models and takes into account soil information
such as the erodible fraction and the fractions of sand and clay. The horizontal saltation
flux is calculated as a function of the soil moisture, the surface roughness length and
the wind velocity at the model’s lowest level. The vertical flux is then inferred from this
saltation flux, and the emitted dust size distribution is based on the work of Kok (2011).25

More details about this dust emission parameterisation can be found in Nabat et al.
(2012, 2014c). Note that the normalized constant cα listed in Nabat et al. (2012) had to
be adjusted to the horizontal resolution of our simulations to a value of cα = 5×10−7.
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2.3.3 Specificities of our “static” emissions

The basis for our “static” emissions is the ACCMIP/AEROCOM emission inventory ob-
tained from ftp://ftp-ipcc.fz-juelich.de/pub/accmip/gridded_netcdf/accmip_interpolated,
fully presented and referred as the A2-ACCMIP data set in Diehl et al. (2012), and used
in other publications (e.g., Chin et al., 2014; Pan et al., 2014).5

The A2-ACCMIP emissions are derived, for BC, primary organic carbon (OC), and
SO2, the major sulfate precursor, from the Lamarque et al. (2010) inventory developed
for the Intergovernmental Panel on Climate Change Fifth Assessment Report. The
original Lamarque et al. (2010) 1850–2000 inventory, from land-based anthropogenic
sources and ocean-going vessels, in decadal increments, has been interpolated for10

A2-ACCMIP into yearly increments and extended beyond 2000 with the RCP8.5 (Rep-
resentative Concentration Pathways) future emission scenario (Riahi et al., 2011).

The A2-ACCMIP biomass burning emissions of BC, OM and SO2 are those of the
ACCMIP/MACCity biomass burning data set, which contains monthly mean emissions
with explicit interannual variability and which is the original data set used to construct15

the decadal mean ACCMIP biomass burning emissions (Granier et al., 2011). AC-
CMIP/AEROCOM emissions are originally at a 0.5◦ ×0.5◦ resolution.

Apart from these anthropogenic sources, natural emissions of aerosols include sul-
fur contributions from volcanoes and oceans (Boucher et al., 2002; Huneeus et al.,
2007), and Secondary Organic Aerosols (SOA) formed from natural Volatile Organic20

Compound (VOC) emissions. We considered the SO2 from volcanoes described in An-
dres and Kasgnoc (1998), which is a yearly climatology of both continuous degassing
and explosive volcanoes (1◦ horizontal resolution). The Kettle et al. (1999) dimethylsul-
fide (DMS) climatology, emitted from the oceans, has the same temporal and spatial
characteristics as the Andres and Kasgnoc (1998) volcano data set, and is therefore25

independent from the surface meteorological conditions in our simulations. A review of
DMS inventories, available from http://www.geiacenter.org/access/geia-originals, indi-
cates that the Kettle et al. (1999) data set served as the basis for other DMS inventories,
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and is still a valid data set to use. And finally, as our emissions scheme does not de-
scribe the SOA formation, we prescribed the SOA inventory of Dentener et al. (2006),
representative of the year 2000. Therefore, all three data sets, SO2 from volcanoes,
DMS and SOA, do not have any interannual variability.

As in Boucher et al. (2002); Huneeus et al. (2007), we added an H2S source as an5

additional sulfate precursor, which we scaled to the SO2 source (5 %), and we consid-
ered a direct emission of sulfate (5 % of the emitted SO2, Benkovitz et al., 1996).

As preliminary simulations of BC and OM revealed that our modeled related AODs
were biased low, and keeping in mind a possible overestimation of our aerosol sinks
noting that the option was rejected by Kaiser et al. (2012) who also worked with the10

Morcrette et al. (2009) model, we chose to augment our emissions by applying scaling
factors to them. This appears to be quite a common practice in the aerosol modelling
community, e.g. for BC and OM see Kaiser et al. (2012); Tosca et al. (2013), and for
SOA see Tsigaridis et al. (2014). Noting that a factor of 1.5 exists between OC emis-
sions, as provided in the Juelich data set, and OM emissions (see Kaiser et al. (2012)15

or Chin et al. (2014) and references therein), we present results in this paper having ap-
plied a factor of 2 to the original Juelich BC and OM biomass burning emissions, and to
the Dentener et al. (2006) SOA inventory. We computed this scaling factor from MISR
and MODIS observations over the two major biomass burning regions of South Amer-
ica and Southern Africa to bring our 2004 AODs into reasonable agreement with the20

satellite data. Note that, unlike in Tosca et al. (2013), we did not apply factors depend-
ing on the region. Finally we also rescaled the sulfate precursor emissions, excepted
from the biomass burning source, with a factor of 0.7.

The emissions are injected into the surface layer of ARPEGE-Climat, which is about
20 m thick in our 91 level configuration, and quickly distributed throughout the bound-25

ary layer by model processes such as convection and vertical diffusion. We limited
the OM surface emissions to 5×10−9 kg m−2 s−1, and the BC and SO2 emissions to
5×10−10 kg m−2 s−1, as higher values, reached during very intensive biomass burning
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events or volcanic eruptions, generated unrealistic high AOD (higher than 10) in the
model. This limitation has a small impact on the monthly or yearly total emissions.

The resulting yearly totals emitted appear in Table 2, distinguishing the biomass
burning, the natural and the other sources. Total emissions are higher in our simula-
tions than in the MACC Reanalysis (see further details on the MACC Reanalysis emis-5

sions in Sect. 3.2.1) for all aerosols, but all our totals are in within the ranges provided
by the literature (see also Table 2). Both the intra and inter-annual variabilities come
from the biomass burning emissions (not shown), with the biomass burning sources
representing 49 %, 54 %, and 3 % of the total sources for BC, OM and sulfate precur-
sor emissions respectively in 2004, which is the reference year chosen for four of our10

simulations (see Sect. 3.1).

3 Simulations performed and evaluation data used

3.1 Simulations

The simulations performed (see Table 1 for a summary) include firstly an ARPEGE-
Climat simulation with 2004 conditions for all forcing, namely SST, GHG gases and15

climatologies of aerosols. This climatology of aerosols is the one that interacts with the
radiation scheme of ARPEGE-Climat, as in the CMIP5 simulations (see Voldoire et al.,
2012; Szopa et al., 2012), and such a configuration allows an evaluation of the prog-
nostic aerosol distribution independently from their possible impact on the meteorology.
This simulation, referred as the FreSim simulation, has been repeated over 10 years to20

account for the internal variability of the climate model. A second simulation consists in
a nudged ARPEGE-Climat simulation, with a spectral nudging (see Douville, 2009) of
wind, temperature, humidity and surface pressure applied every 6 h towards the year
2004 of the ERA-Interim Reanalysis (Dee et al., 2011). The motivation for this nudged
simulation is twofold: first, as classically in nudged simulations (Zhang et al., 2011), the25

nudging towards a meteorological reanalysis ensures that the simulated large-scale
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circulation is close to the observations and thus the comparison of modelled aerosols
is the most realistic one. Second, comparing our free-running and nudged simulations
will allow to estimate some possible weaknesses of the free-running simulations. In this
simulation, which is called NudSim, nudging is applied to the entire atmosphere and all
model levels, with a transition zone from the surface over the last five model levels, the5

nudging strength being fixed at a 6 h e-folding time. Nudging, or not, the humidity, led
to quite different aerosol distributions, and we present here results where nudging of
the humidity is applied. Two other simulations, i.e., FreSimd2 and NudSimd2 are iden-
tical to FreSim and NudSim except for the dust scheme, which is the one described
in Sect. 2.3.2. Lastly, two transient simulations, with corresponding transient forcings,10

FreSimd2_Trans and NudSimd2_Trans, have been performed with the dust scheme of
Sect. 2.3.2 over 1993–2012. This period covers the years of the MACC Reanalysis as
well as the satellite and AERONET data that are our evaluation sets (see Sect. 3.2).
NudSimd2_Trans has been nudged towards the ERA-Interim Reanalysis of 1993–2012
as with NudSim.15

Another difference between the free-running and the nudged ARPEGE-Climat simu-
lations, apart from their specific meteorology, is that release of aerosols in the course
of stratiform precipitation re-evaporation is not applied to the free-running simulations.
Such a release led to a limited number of abnormally high AODs, which was sufficient
to perturb local AODs during a couple of weeks. This issue is not caused by the wet20

deposition formulation itself, but appears to be linked to the characteristics of specific
meteorological conditions along the vertical axis, which we do not encounter in the
nudged simulations.

3.2 Evaluation data

3.2.1 The MACC Reanalysis data25

The MACC Reanalysis, as part as the MACC FP-7 project is a 10 year long reanalysis
of chemically reactive gases and aerosols using a global model and a data assimilation
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system based on the ECMWF IFS (see Inness et al., 2013). Its aerosol scheme is that
described in Morcrette et al. (2009), so it is similar to the scheme evaluated here, and its
aerosol assimilation system uses MODIS AOD (Benedetti et al., 2009). Anthropogenic
aerosol emissions are described in Granier et al. (2011), while the biomass burning
emissions take advantage of the Global Fire Assimilation System (GFAS) of MACC that5

rests upon daily fire radiative power information from the MODIS instruments (Kaiser
et al., 2012; Inness et al., 2013). The Reanalysis used, as we did, the SOA climatology
of Dentener et al. (2006), but did not consider any sulfur emissions from volcanos or
oceans, and no specific direct H2S or sulfate emissions.

The MACC Reanalysis was performed onto 60 vertical hybrid sigma-pressure levels,10

with a model top at 0.1 hPa, and a T255 spectral truncation corresponding to a re-
duced Gaussian grid with a horizontal resolution of approximately 80 km. Analyses of
the characteristics of the simulated aerosols during this 10 year Reanalysis appear in
various papers including those of Bellouin et al. (2012); Melas et al. (2013); Nabat et al.
(2013); Cesnulyte et al. (2014).15

3.2.2 Satellite and ground-based data

We used several observation data sets that complement each other. The satellite
data were obtained from the NASA Langley Research Center Atmospheric Science
Data Center, and consist firstly of the MODerate resolution Imaging Spectroradiometer
(MODIS), on board the Aqua satellite that is largely used in the modelling aerosol com-20

munity. We used the level-3 collection 5.1 total AOD at 550 nm monthly product over
the 10 year period 2003–2012 (see Tanré et al., 1997; Levy et al., 2007) at 1◦ resolu-
tion, and the similar product derived from the “Deep-Blue” algorithm developed to get
aerosol optical thickness over bright land areas (Hsu et al., 2004). In addition, as there
exist a variety of satellite aerosol products that may disagree, as analysed for instance25

in Bréon et al. (2011); Nabat et al. (2013), we included in our analysis AOD data from
the Multiangle Imaging SpectroRadiometer (MISR) (Kan et al., 2005, 2010) on board
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the Terra satellite. The MISR monthly product has the same horizontal resolution as
MODIS and covers the period 2001–2012.

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), on board the
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite, is
one of the very few satellite instruments providing vertical information on the aerosol5

distribution. We used a level-3 global monthly gridded (1◦) 3-D CALIOP product that
covers the years 2006–2011, courtesy of B. Koffi, already introduced at the end of the
Koffi et al. (2012) paper, and under final evaluation (see Koffi, 2014 and references
therein). Extinction coefficients are provided at various wavelengths, under clear sky
and all sky conditions, on a 1◦ resolution grid, every 100 m from the surface up to10

10 km, for all aerosols and also distinguishing the dust component. We made analy-
sis with the 532 nm products, in all sky conditions as Koffi et al. (2012) indicates that
“the climatology of the mean aerosol vertical extinction distribution is not significantly
affected by the presence of clouds.”

The AErosol RObotic NETwork (AERONET) is a ground-based globally distributed15

network of automatic sun photometer measurements of aerosol optical properties ev-
ery 15 min, that is a reference for AOD measurements (see Holben et al., 1998). For the
present work, we used AOD monthly average quality-assured data (Level 2.0, see Hol-
ben et al., 2006) downloaded from the AERONET website (http://aeronet.gsfc.nasa.
gov). Multiannual monthly averages are available from 1993, and we retained in our20

analysis stations that included five years, or more, of total AOD at various spectral
bands, from which we recomputed the total AOD at 550 nm when missing in the original
data set, using theÅngström coefficient. AERONET AOD data have a high accuracy of
< 0.01 for wavelengths longer than 440 nm and < 0.02 for shorter wavelengths (Holben
et al., 1998). We derived monthly time series and a representative station climatology25

from 166 AERONET stations over the world that represent areas under the influence
of various dominant aerosols.

The Max-Planck-Institute Aerosol Climatology (MAC-v1) AEROCOM/AERONET cli-
matology of aerosol optical properties takes advantage of developments in aerosol
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modeling and in aerosol observational capabilities. It relies on information provided
by the global network of ground based sun-photometers, mostly from the AERONET
network (see above), together with an ensemble of model outputs of the AEROCOM
experiments. The climatology includes estimates from pre-industrial (1860) to 2100
conditions, and distinguishes between fine and coarse mode aerosols, the former with5

a radius from 0.05 to 0.5 microns that mostly include particles issued from gas to par-
ticle conversion, while the latter, with a radius of up to 15 microns, include essentially
sea salt and lifted soil-dust aerosols. It includes monthly timescale data with global
coverage at a spatial resolution of 1◦. Temporal evolution distinguishes between an-
thropogenic aerosols that include interannual changes while natural aerosols consider10

only seasonal variations. For further details see Kinne et al. (2013).

4 Results

4.1 Some characteristics of the ARPEGE-Climat simulations

4.1.1 Internal variability

As a preliminary compulsory step before any further analysis of the simulations, we15

looked at the stability over time of the aerosol scheme. Figure 1 shows time series of
mean global monthly concentrations, in the 1000–500 hPa layer, of the 12 prognostic
aerosol “bins” over a period common to the MACC Reanalysis and our transient sim-
ulations (2003–2012). Aside from these multi-year simulations, the diagrams include
pseudo time-series of the FreSim simulation that repeated 10 times the 2004 condi-20

tions.
Overall, all simulations, both nudged or free-running, show no drift over time of the

aerosol concentrations. Starting with an initial state with no prognostic aerosols, equi-
librium of aerosol concentrations is reached in ARPEGE-Climat simulations within the
period of a month (not shown).25
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Figure 2 displays the interannual standard deviation (STD) of the AOD (total and five
main aerosols) for JJA and the FreSimd2 simulation. This STD is a representation of
ARPEGE-Climat internal variability, and we present this simulation and this season as
the STD for the FreSim simulation has similar characteristics to those of the FreSImd2
simulation, and as the response of the model for the DJF season is lower for all aerosols5

than that for the JJA season.
STD > 0.01 are always under 20 to 30 % of the corresponding mean value, for all

aerosols (not shown). Standard deviation of the total AOD is rarely higher than 0.05,
with the highest values in the biomass burning regions of Central South America (SAM)
and Africa (SAF), and over west of India (IND), which corresponds with larger STDs10

for OM and DD (see Fig. 2). Further insight on the internal variability of ARPEGE-
Climat total AOD is provided with figures of vertical profiles of extinction coefficients for
total aerosols (see Figs. 15 and 16) and for dust aerosols (see Fig. 17). A description
and analysis of these figures appear in Sect. 4.2.3, but for the matter of interest in
this paragraph we can say that larger STD in the SAF and SAM regions, related to15

the diverse spread of biomass burning aerosols (i.e., OM and BC), and in the Indian
region (IND) in conjunction with variability in wet scavenging, appear to be consigned to
altitudes below 3–4 km. In contrast, STD of extinction coefficients of the central Atlantic
(CAT) region, fully explained by the values and spread in dust extinction coefficients
(see Fig. 17) is quite large, up to 5 kms. Overall, the interannual STD of the FreSimd220

simulation is lower, for all sub-regions of the globe and for both seasons than that of
the CALIOP extinction profile product.

Overall, we can conclude from this short analysis that the internal variability of
ARPEGE-Climat has little impact on the seasonal climatology of the AODs, both con-
sidering all or individual aerosols.25

4.1.2 The nudged vs. free-running simulations

As relative differences in AOD between nudged and free-running simulations appear
independent of the dust scheme (not shown), we will discuss results for the simulations
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with the new scheme only. Figure 1 is a first illustration of the relative behaviour of the
nudged (blue lines) vs. free-running (green lines) simulations. Global monthly means
of aerosol concentrations from these two types of simulations appear as distinct curves
except for 3 “bins”, namely the hydrophobic OM and BC, and the sulfate precursor. In
the FreSimd2_Trans and NudSimd2_Trans simulations, these 3 “bins” share several5

common characteristics of their physical evolution, including no wet scavenging, no
sedimentation, a dry deposition independent from the meteorology, and the same static
emissions. The specific meteorologies of these two simulations, that govern sub-grid
scale and large-scale transport, appear then to have little impact on the global mean
monthly concentrations of these 3 “bins”. For the other “bins”, values are in general10

higher for the nudged simulation, in agreement with lower wet scavenging due to lower
precipitation (not shown), and to the release of aerosols in the case of re-evaporation of
precipitation, release suppressed for the free-running simulation (see Sect. 3.1). How-
ever, the case of sea-salt, with global means lower for the NudSimd2_Trans simulation,
illustrates the relative importance of the various sources and sinks: with both lower15

dynamical emissions for DD and SS in the nudged simulation (by about 15 %, see Ta-
ble 3), DD concentrations are higher in the nudged simulation while SS concentrations
are lower. An explanation for that is the smaller importance of wet scavenging on total
losses for SS than for DD, with efficiencies for scavenging of respectively 0.2 and 0.5
(see Table 4).20

Figure 3 displays differences in AOD between the NudSimd2 and the FreSimd2 sim-
ulations, for DJF and JJA of 2004. Over most of the globe, absolute differences in total
AOD (first row of the figure) are lower than 0.05. However, differences are higher than
0.2 in DJF over central Africa, and in JJA over eastern Africa, the Indian Ocean and
small spots in biomass burning regions such as Indonesia. For the former these ab-25

solute differences come from differences in the OM AOD (see second row) in relation
to differences in precipitation patterns (not shown) that impact the wet scavenging in
this region and season of large biomass burning, while for the latter differences in total
AOD mimic those in DD AOD (see third row), with higher dust emissions in conjunction
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with higher winds (not shown). In the end, differences in AODs between a free-running
and a nudged ARPEGE-Climat simulation appear relatively small.

4.1.3 Impact of the dust scheme

Table 3 presents the mean annual dust emissions in various regions of the globe,
from our four simulations of the year 2004 (see Table 1), the MACC Reanalysis, and5

the 15 AEROCOM global models analysed in Huneeus et al. (2011). The regions are
also those of Huneeus et al. (2011). The AEROCOM range for the globe (min and
max) is wide (e.g., 487–3943 Tg yr−1), but the NudSimd2 simulation is the only one
that falls within that range, the FreSimd2 simulations modelling higher emissions, and
the other three simulations modelling lower emissions. Totals in the regions may not10

been consistently high (respectively low) within the same model, and our NudSimd2
simulation shows totals for the Middle East and Australia outside of the AEROCOM
ranges, with particularly large emissions in Australia. This suggests that further ad-
justments of the scheme should be studied, and a simple adjustment could concern,
for instance, the threshold of proportion of bare soil within a grid cell required to trigger15

DD emissions. Such adjustments would depend on the underlying meteorology; the im-
pact of the lowest level and surface meteorology is clearly seen with global emissions
of the NudSimd2 simulation being only about 85 % of the corresponding simulation with
ARPEGE-Climat meteorology (i.e., FreSimd2 simulation).

Total DD emissions are multiplied by a factor of 14 by this change of emission20

scheme (NudSim vs. NudSimd2 simulation), knowing that factors are of 2.8, 2.9 and
20.9 for the DDbin01, DDbin02 and DDbin03 respectively. The corresponding changes
in AOD, for the three dust bins and the total dust aerosol are shown in Fig. 4. In the
end, the mean global total DD AOD is enhanced by 4.7.
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4.1.4 ARPEGE-Climat simulations vs. the MACC Reanalysis

Evaluations of climate models against reanalysis outputs are very common practice.
The MACC Reanalysis is all the more interesting to us as we make use of a twin
brother aerosol scheme, and as we can access in the ECMWF MARS archive diag-
noses that are less common than the AODs, such as 3-D individual “bin” concentra-5

tions. Evaluation results about the MACC Reanalysis indicate that the MACC system
generally provides a good representation of the AOD on a monthly basis (Cesnulyte
et al., 2014). However, a few deficiencies have been underlined such as dust being
associated to too small particles, and thus being overly transported to regions very re-
mote from the sources. Another deficiency is that sea salt seems to be overestimated10

and contributes to a high AOD bias in southern oceanic regions (Melas et al., 2013).
The results of the comparison between our model outputs and the MACC Reanalysis

are the following, noting that for BC comparisons between the MACC Reanalysis and
our simulations cannot be made fairly as a wrong hydrophilic

hydrophobic fraction is present in the
MACC Reanalysis (see Table 4).15

Global means of tropospheric “bin” concentrations are shown in Fig. 1 for the MACC
Reanalysis (red lines) and the NudSimd2_Trans simulation (blue lines). Concentrations
of the various bins from our simulations are biased low compared to the MACC Reanal-
ysis, except for the hydrophobic bins, this being possibly linked to the suppression of
wet scavenging in our scheme (see Table 4), and, linked to our new dust scheme, for20

the three dust bins. Modifications of the constants of the aerosol scheme to trigger
higher concentrations (see Sect. 2.3.1), in parallel with enhancement of static emis-
sions (see emission totals in Table 2), resulted in these very different global monthly
means. Differences in sea-salt concentrations are particularly striking.

Analysis of lat-lon plots of AODs (see Fig. 5) reveals that transport away from the25

sources is more efficient with the MACC Reanalysis meteorology than with the mete-
orological conditions of our nudged simulation. In the end, lower global mean values
of the NudSimd2_Trans simulation in Fig. 1 are caused by lower concentrations away
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from the source regions. This is the case for all smaller aerosols with no or little sed-
imentation, and is clearly visible for instance for BC, OM and sulfate. In the case of
SS, in addition to long-range transport within continents characteristic of the MACC
Reanalysis, concentrations or AODs are larger in the MACC Reanalysis even at the
source regions with higher emissions (64.2 vs. 51.6 Pg year−1). However, as SS of the5

MACC Reanalysis seems to be overestimated (see above), we chose to go along in
this paper with our modeled SS distributions.

Finally, these results can also be explained by the role of the aerosol assimilation
present in the MACC Reanalysis that significantly modifies aerosol concentrations and
improves agreement with observations as compared to control runs without aerosol10

assimilation (Kaiser et al., 2012; Melas et al., 2013).
In summary to conclude this Sect. 4.1, as we demonstrated that (1) in a climatolog-

ical perspective ARPEGE-Climat free-running and nudged simulations show little dif-
ferences, and (2) the new dust scheme performs much better than the original one, we
will then go along in the remainder of this paper with analysis of the NudSimd2_Trans15

simulation only against observations.

4.2 ARPEGE-Climat simulations vs. satellite and ground-based data

4.2.1 Total AOD

Figures of total AOD (Figs. 6 and following) show DJF and JJA means over 2003–2012
of the three satellite data sets, i.e., MODIS Aqua standard and Deep-Blue products and20

MISR, of our NudSimd2_Trans simulation, and of the Kinne et al. (2013) climatology
representative of the year 2000. The main spatial patterns as well as the local seasonal
cycles of the total AOD in various regions of the globe, in conjunction for instance
with JJA dust emissions in Northern Africa or the Middle East, or biomass burning
in Central Africa, or sea salt production in the southern oceans, are clearly depicted25

by the model. However, overall model outputs underestimate satellite observations,
noting that the three satellite data sets may greatly disagree over large areas. This
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model underestimation is lower in JJA than in DJF, with a relative mean bias between
MISR and the simulation of 47 and 56 %, respectively (see Figs. 8 and 9). This low
bias is mainly driven by the oceanic values. In contrast, the model overestimates the
observations in DJF in areas such as Central Africa, parts of Saudi Arabia and Northern
Africa. Areas of model overestimation seem to follow the trace of biomass burning in5

tropical regions. Over continents in JJA, at mid to northern latitudes, the bias appears
quite patchy, with both positive and negative values.

Relative biases between model outputs and the other two satellite data sets, i.e.
the MODIS Aqua and the Deep Blue products, yielded different results. MISR and
MODIS differ by more than than 20 % over large parts of the oceans, and they contrast10

even more over continents. The same comment applies to MODIS Deep Blue over
continents, and is even more true for the Kinne et al. (2013) climatology. Over mid to
high latitude oceans, the bias between Kinne et al. (2013) and our simulation is lower
(around 10 to 50 %, not shown) than the bias between MISR and our simulation (around
30 to 70 %).15

4.2.2 Fractional AOD

Figure 10 shows several fractions of the annual mean total AOD, for the Kinne et al.
(2013) climatology, representative of the year 2000, and the NudSimd2 simulation.
Fractions are those available in Kinne et al. (2013), and we grouped our aerosol
scheme “bins” to comply to the extent possible to these fractions. Total AOD has been20

separated in AOD from the coarse mode (the two largest of the three bins of SS and
DD in our simulations), the fine mode, that complements the coarse mode, the an-
thropogenic sulfate aerosols (in our case sulfate from all sources, including natural
sources such as oceans or volcanoes), and the natural aerosols (in our case DD and
SS aerosols).25

Higher coarse-mode AODs are associated with dust (e.g. Northern Africa) and sea
salt (e.g., Southern oceans), whereas higher fine-mode AOD contributions are regis-
tered over regions of urban pollution and regions affected by biomass burning. As these
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two modes complement each other, a model underestimation of the former goes with
a model overestimation of the latter, and vice-versa. In general, the model underesti-
mates the coarse mode fraction over continents (by 40 % or more), except for the very
northern part of Africa, the Mongolian desert region, and the tropical Pacific ocean.

The sulfate fractions of the total AODs of Kinne et al. (2013) and the NudSimd25

simulation show similarities in their hemispheric repartition, with fractions lower than
0.3 in most of the Southern Hemisphere. Over Europe and the United States, however,
our fractions appear too high (by more than two times). This is also the case over
regions in pristine air affected only by volcanoes, such as the Hawaiian Islands or the
Antarctic continent (Mount Erebus volcano), which is coherent with the Kinne et al.10

(2013) sulfate fraction consisting of anthropogenic sulfate only.
Finally, the fraction of natural aerosols is correctly simulated over the oceans and

dust-producing regions. Over the rest of the continents, we underestimate this fraction
as we could not include in this fraction the contribution from second organic aerosols,
which are not a simulation output.15

To go further in the evaluation of the various fractions of the total AOD, Fig. 12
presents, for the selection of twelve AERONET stations as in Cesnulyte et al. (2014),
the monthly climatological AOD at 550 nm, computed over all years of data available
at each given AERONET station. The NudSimd2_Trans aerosol “bin” AODs, at the lo-
cations of the AERONET sites, appear in the same figure grouped into SS, DD, OM,20

BC and SO4 AODs, in addition to the AERONET total AOD, and allow then for an eval-
uation of the various fractions of the total AOD. These AERONET sites cover various
parts of the globe (see Fig. 11 for their locations), and are categorized in three groups
depending on the typically dominating aerosol type: urban/anthropogenic for the Ispra,
Kanpur, La Jolla, Thessaloniki and XiangHe sites; biomass burning for the Alta Floresta25

and Mongu sites; and dust for the Capo Verde, El Arenosillo, Ilorin, La Parguera and
Solar Village sites.

The annual cycle of the total AOD is generally well represented by the model, with
either a unique narrow peak during the year, such as at the biomass burning site of
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Alta Floresta in South America, or a peak over several months such as at the dust site
of Solar Village in Saudi Arabia, or two peaks as in Kanpur North India, which coincide
with the pre and post-monsoon seasons. The model is also able to capture the range of
AODs covered by this selection of areas, going from total AODs lower than 0.2 all year
round at La Jolla or El Arenosillo, to medium AODs (around 0.5 in Capo Verde), and to5

large AODs of 1 (Alta Floresta). Another characteristic of the model outputs is that, in
almost all cases, the model shows a nul to low bias compared to the observations.

The low bias is particularly important for the Ispra site (mean yearly bias-MB of
0.13), with sulfate as the dominant aerosol all year round in observations (Cesnulyte
et al., 2014), as it is also the case in the model outputs. However, underestimation of10

model sulfate here is in disagreement with the overestimation of the sulfate fraction in
comparison to the Kinne et al. (2013) climatology described earlier in this section. This
underestimation could be questioned as the data quality score of Kinne et al. (2013)
is moderate only for this ISPRA site, the remaining of the Cesnulyte et al. (2014) sites
having an excellent quality score. Furthermore, the two nearby sites at the regional15

scale, Thessaloniki and El Arenosillo, show much better agreement between the model
and the observed climatologies, even though the dust and sulfate contributions differ
for all three sites, as for instance El Arenosillo can be affected by dust storms from
Northern Africa.

The two Asian sites of Kanpur and XiangHe are also affected by high pollution, and20

large observed AODs (larger than 0.4) prevailing all year round are underestimated in
our simulation by a factor of ∼ 2. Underestimation is even larger at Ilorin (MB=0.4),
located in sub-Saharan Africa, particularly in the dry season months from November
to April. This site is obviously under dust storms, but Cesnulyte et al. (2014) indicate
that fine aerosol from biomass burning make a significant contribution during this dry25

season, which is a contribution that we seem to be underestimating.
At the two shore/ocean sites of La Jolla (Pacific shore) and of La Parguera

(Caribbean Islands), with relatively clean air all year round (total AOD lower than 0.25),
the model underestimation appears related to an underestimation of the dust AOD, with
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dust transported from the nearby Mojave or further away Saharan deserts, respectively
(Cesnulyte et al., 2014).

Nevertheless, agreement between model and observations is particularly good at
the two biomass sites of Alta Floresta in South America and of Mongu in South Africa,
which is more of a savannah region. This is also the case at the two dust sites of Solar5

Village, in the heart of the Arabian Peninsula, with a small negative MB of −0.05, and
of Capo Verde located ∼ 730 km of the Senegal coast. The dust transport seems well
represented here, although slightly underestimated (MB=0.11).

As an overall performance of the NudSimd2_Trans simulation, we present in Fig. 13
a Taylor diagram (Taylor, 2001) computed from the time series of the 166 AERONET10

stations we retained in our analysis (see Sect. 3.2.2) and of the corresponding simula-
tion outputs at the station location. These time series could in principle cover the 1993–
2013 period, but the time period covered is shorter in most cases. Stations have been
qualified according to the dominant aerosol type (ocean, mountain, polar, biomass,
coastal, dust, polluted, and land, see Kinne et al., 2013). The most common locations15

are land (46 stations), coastal (26), and polluted (25). For graphical purposes, nega-
tive correlation coefficients have been set to zero, and normalized standard deviations
higher than 1.75 have been set to 1.75. Overall, the model performs rather satisfac-
torily with regards to the time correlation between observed and modelled values: the
majority of series have correlation coefficients higher than 0.5 (118 stations). With re-20

gards to the variability of the series, the diagram reports on the ratio between model
and observed standard deviations, and indicates that this ratio is below 0.5 for a signif-
icant number of stations (47). However, this ratio is higher than 1 for the same number
of stations.

To further illustrate the behaviour of the model at the monthly time scale, Fig. 1425

shows monthly times series, with the same representation of the AOD as in Fig. 12,
over all years of data available at a given AERONET site. Included is a selection of
six stations performing particularly “badly” according to the Taylor diagram of Fig. 13,
followed by a selection of stations performing “well” (CC>0.5 and 0.5< rVAR<1.5).
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According to Kinne et al. (2013), all of these stations have a quality score of 3 (excel-
lent), and a representativeness score varying between 900 km to 100 km. This selection
addresses several dominant aerosol types and locations in the world (see Fig. 11).

Out the 166 total AERONET sites none of the 5 sites qualified as ocean sites per-
form “well”. The Bermuda thumbnail illustrates that here again: as in the La Parguera5

case (see above in the same section), the model misses higher levels of AOD. The
Dhadnah and Grande SONDA cases (qualified as performing “well”) confirm the good
climatologies seen for the relatively “near-by” stations of Solar Village and Alta Floresta
of Cesnulyte et al. (2014). In these regions the model appears to perform correctly over
large areas. The same comment can apply to the Taihu station in China, and the cor-10

respondent station of Xianghe in Cesnulyte et al. (2014), changing performing “well” to
“badly”.

In contrast, while the three stations of IMS-METU-ERDEMLI, OHP_
OBSERVATOIRE, and Bersk perform badly, either because of a poor CC, or
a poor rVar, the Moldova station located in the same region of the world performs well.15

This underlines the challenge of modelling aerosols in that Euro-Mediterranean region
(Nabat et al., 2013, 2014a, b, c). The case of Arica, with a MB of 0.22 and an rVar of
0.08 requires further investigation (specificities/representativity/quality of the site) that
goes beyond the scope of this paper. And to finish on this comparison, particularly
difficult for a climate model, the two cases of Halifax and Lake Argyle, with very20

different repartitions of the total AOD, but with similarly good results, are encouraging.

4.2.3 Vertical evaluation

Figures 15 and 16 display mean vertical profiles of total extinction coefficients (km−1)
for DJF and JJA, respectively, averaged for individual years. These years cover the
2006–2011 period for the CALIOP instrument, and are representative of the 2004 year25

for the FreSimd2 simulation (previously mentioned in Sect. 4.1.1) and the NudSimd2
simulation. We output vertical information to compare with the CALIOP data from these
two simulations only. Profiles are presented for the 12 regions displayed in Koffi et al.
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(2012), representative of regions with a dominance of marine aerosols (NAT, CAT
and NWP regions), of industrial aerosols (EUS, WEU, IND and ECN regions), of dust
aerosols (NAF and WCN regions), and of biomass burning aerosols (SAM, CAF, and
SAF regions). In addition to these figures, Fig. 17 shows vertical profiles of dust extinc-
tion coefficients (km−1), for the same simulations/observations as Figs. 15 and 16, for5

DJF and JJA, and for the six Koffi et al. (2012) regions with a significant contribution of
dust aerosols to total aerosols.

In general, model outputs are biased low compared to the CALIOP data, except for
the North Africa region (NAF), which presents a quasi-nul bias in DJF and a positive
bias between 0.03 and 0.09 km−1 depending on the altitude. The seasonality in the10

vertical profiles of NAF and CAT appears clearly in the model and in the observations,
with dust at higher levels due to transport from easterly winds reaching up to 6 km, and
advection of the Saharan dust to the Atlantic between 2 and 5 km (see Fig. 16).

The model’s low bias is particularly marked for the CAT, WCN, SAF and IND regions.
For CAT, the marine boundary layer aerosol load is clearly underestimated in both sea-15

sons. This is also the case for the marine NWP region in JJA, but this marine aerosol
load is correctly simulated in the North Atlantic (NAT) region. For the dust area of Mon-
golia (WCN), Koffi et al. (2012) indicate that significant CALIOP vs. MODIS AOD dis-
crepancies are obtained e.g., for the WCN West China dust region DJF bias=+128 %
and SON bias=+74 %. Particularly high inter-annual variability observed for this WCN20

region could be due both to its reduced size and to the high variability of the processes
responsible for the uplift of the dust particles. Koffi et al. (2012) report a particularly
large inter-model (12 model analysed) range for this region of WCN in DJF, probably
linked to unresolved processes such as wind gusts, which are not taken into account in
our dust emission schemes. The Southern Hemisphere biomass burning South Africa25

(SAF) low extinction profiles result probably in JJA from an underestimation of the fires,
although vertical transport of the fire aerosols appears clearly in the characteristic sea-
sonal shape of the profiles. Koffi et al. (2012) indicate that a potential factor contributing
to aerosol at high altitudes is the formation of secondary aerosols from the biomass
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burning gaseous products during plume aging. This process is not represented in our
aerosol scheme.

The convex character of the mean JJA profiles in SAF for example (see Fig. 16)
is, however, rather well depicted by the model. Finally, for the Indian industrial region
(IND), the NudSimd2 simulation generates an S curve shape in JJA that appears quite5

unique and could be related to an overly large wet deposition sink.
Figure 17, which depicts dust only extinction profiles, provides further insight into

the model behaviour: the North Africa (NAF) profiles in Fig. 17, when compared to the
profiles of Figs. 15 and 16 confirm that dust is the predominant aerosol in that entire
region. This also appears to be the case, although to a lesser extent, in the boundary10

layer for the Western China (WCN) region in DJF, but is not at all the case for the
other regions and/or seasons. Agreement between model and observations is correct
for WEU, with very low extinction coefficients, for CAF in DJF and finally for CAT in the
2–4 km layer in JJA.

5 Conclusions15

We have introduced a prognostic aerosol scheme within the atmospheric component
ARPEGE-Climat of the climate model of CNRM/GAME – CERFACS climate model
(Voldoire et al., 2012). Until now, aerosol AODs were prescribed to the model as
monthly AODs.

This scheme is based on the GEMS/MACC aerosol module included in the20

ARPEGE/IFS ECMWF operational forecast model from 2005 (Morcrette et al., 2009),
which describes the physical evolution of the five main types of aerosols, BC, OM, DD,
SS and sulfate. A total of 12 bins are distinguished in the parameterisations of the
physical evolution of the aerosols, which include dry and wet deposition, sedimenta-
tion, hygroscopic growth, conversion for sulfate precursors into sulfate, and dynamical25

emissions of dust and sea salt. Large and sub-grid scale (i.e., diffusion and convection)
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transports of these additional prognostic fields of the atmospheric model are also con-
sidered.

We implemented a number of changes in the original scheme, such as modifications
of the constants involved in the various parameterisations and addition of a new dust
emission scheme based on Marticorena and Bergametti (1995); Kok (2011). Further-5

more, biomass burning emissions of OM and BC and emissions of SOA have been
rescaled (Kaiser et al., 2012; Tsigaridis et al., 2014), as a common practice in aerosol
modelling, by a factor of 2. These changes were aimed at enhancing preliminary low
concentrations from our simulations.

We performed a number of simulations to evaluate different aspects of our modelling10

of aerosols such as the internal variability of the climate model, the behaviour of free-
running simulations vs. nudged simulations, and the sensitivity to the dust emission
scheme. Then, transient (1993–2012) simulations were aimed at validating the model,
in a climatological way, from the seasonal to the monthly time scale, against satellite
observations, available over the entire or part of the 2003–2012 period, against in-situ15

AERONET measurements, available, depending on the site as from 1993, and against
the Kinne et al. (2013) global climatology that relies on information from the AERONET
stations.

The internal variability of the model has little impact on the seasonal climatology
of the AODs of the various aerosols. Differences in AODs between a free-running and20

a nudged simulations appear lower than 0.05 over most of the globe. Higher differences
(> 0.2) exist in conjunction with large AODs of biomass burning emitted OM in DJF or
of dust in JJA. In the end, the performance of a nudged simulation is comparable to
that of a free-running simulation.

Analysis of simulations differing by the dust emission scheme alone revealed large25

differences in both emission fluxes and dust AODs. For the former, global dust emis-
sions are multiplied by 14, realising that this factor is dependant on the region. This
factor varies also according to the dust bin size, and to this end global mean dust AOD
is enhanced by a factor of 4.7.
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Spatial distribution of aerosol concentrations and resulting AODs of, on the one hand,
the MACC Reanalysis of reactive gases and aerosols and, on the other hand, our sim-
ulations are quite dissimilar, even though the two underlying GCMs share very close
aerosol modules. Higher emissions, both dynamic and “static”, and parameters of the
aerosol scheme tuned to reduce aerosol sinks resulted in much lower aerosol concen-5

trations (AODs) away from the source regions in our simulations.
Overall patterns and seasonal cycles of the total AOD are well depicted by our

nudged transient simulation when compared to the satellite AOD. Over oceans, how-
ever, the simulation has a systematic low bias, of varying importance depending on the
observational data set. Over continents, differences are more diverse with patches of10

low and high biases.
We compared portions of the total simulated AOD with the fractions described in the

Kinne et al. (2013) climatology. In general, the model underestimates both coarse and
the natural fractions over continents, except over dust-emitting areas. For the natural
fraction, this could reflect different aerosols types being considered within the category.15

On parallel, it appears to overestimate the sulfate fraction over industrialised countries
of the Northern Hemisphere.

Evaluation of the various aerosol types has also been performed against AERONET
observations of total AOD at 550 nm. Monthly climatologies computed over all years of
data available at a given site have been examined at the 12 sites of Cesnulyte et al.20

(2014). The very diverse annual cycles of the total AOD, with varying dominant aerosol
types, are well represented by the model. However, the model shows systematically
a low to null bias compared to AERONET observations. Underestimation seems to
be linked to missing local sources such as biomass burning, or missing more distant
sources such as dust transported over the entire Atlantic ocean. Biases are close to 025

at true biomass burning or dust sites.
To go further in qualifying/quantifying the aerosol prognostic scheme, monthly time

series of the 166 AERONET sites that add up to 5 years or more of measurements
have been compared to model outputs at the corresponding grid cells. The majority
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of series have correlation coefficients higher than 0.5, but generally lower variance for
the model. Selected time series confirm the difficulty in modelling aerosol at the local
scale, but outline also the good performance of the model in certain cases.

Finally, an evaluation of the vertical profile has been performed comparing seasonal,
total and dust, extinction coefficients from the CALIOP instrument (2006–2011) and5

from the model, over the regions analysed in Koffi et al. (2012). The model generally
has a low bias, except for the North Africa region where the bias is high. The distinct
shape and seasonality of the profiles are rather well represented by the model. A couple
of regions appear really hard to simulate (e.g., the Western China WCN region), but
there the CALIOP interannual variability is very large.10

The evaluation described here indicates that this prognostic aerosol scheme is suit-
able for aerosol-climate studies. We suggest that remaining issues could be addressed
by improving aerosol distributions over oceans. This could result from a different sea-
salt emission scheme, or by considering a parameterisation of DMS emissions. Over
continents, apart that there is room for improvement in the modelling of SOA, the inclu-15

sion of a simple sulfur cycle, considering prescribed monthly distributions of chemical
constituents (e.g., OH, or O3), could yield to better concentrations of sulfate, which is
of primary interest to climate.
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Table 1. Summary of ARPEGE-Climat simulations performed.

Name Forcing Duration Dust scheme
(years)

FreSim 2004 10 Ginoux et al. (2001)
NudSim 2004 1 Ginoux et al. (2001)
FreSimd2 2004 10 Marticorena and Bergametti (1995)

Kok (2011)
NudSimd2 2004 1 Marticorena and Bergametti (1995)

Kok (2011)
FreSimd2_Trans 1993–2012 20 Marticorena and Bergametti (1995)

Kok (2011)
NudSimd2_Trans 1993–2012 20 Marticorena and Bergametti (1995)

Kok (2011)
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Table 2. Totals emitted for static emissions, including those used for the 2004 simulations, the
2003–2012 transient simulations, the MACC Reanalysis, and totals reported in the literature.
BC, OM and SOA in Tg yr−1, all sulfur species in Tg(SO2) yr−1.

Sim./Litt. Sim. Sim. MACC Rean. Litterature
2004 1993–2012 Range 2004

Species Source

BC Tot. Sour. 10.3 9.1–11.8 6.2 12±3a, 15±14b

Bio. Burn. 5.0 4.1–6.5
Oth. Sour. 5.3 5.0–5.3

OM Tot. Sour. 117.3 105.4–139.4 48.5 97±25a, 119±111b

Bio. Burn. 63.2 52.4–85.2
SOA 34.7 34.7 19 (13–121)c

Oth. Sour. 19.4 18.3–19.5

SO2 Tot. Sour. 90.6 82.4–96.1 101.5
Bio. Burn. 3.3 2.4–4.4
Volcan. 12.0 12.0
Oth. Sour. 75.6 68.0–79.7

DMS Oceans. 27.9 27.9 0

H2S Tot. Sour. 3.8 3.4–4.0 0

SO4 Tot. Sour. 6.0 5.6–6.2 0

All SO4 prec. Tot. Sour. 128.0 119.3–133.6 101.5 119±26a

a AeroCom mean ±σ (intermodel), Textor et al. (2006) Table 10.
b Mean ±σ (intermodel), Huneeus et al. (2012) Table 5.
c Tsigaridis et al. (2014) mean and range from models.
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Table 3. Upper part of the Table: dust emissions (Tg yr−1) over regions defined in Huneeus et al.
(2011), for the FreSim and FreSimd2 simulations (mean over the 10 repeated 2004 years), the
NudSim and NudSimd2 simulations (year 2004), the MACC Reanalysis (2003–2012 mean),
and results from 15 AEROCOM models analysed in Huneeus et al. (2011), median, min, and
max values. In blue, totals lower than the AEROCOM min, in red, totals higher than the AERO-
COM max. Lower part of the Table: global sea-salt emissions (Pg year−1), with a range from
Grythe et al. (2014).

Dust
Tg yr−1 FreSim/FreSimd2 NudSim/NudSimd2 MACC Rean. AEROCOM Median
Region (min–max)

Global 379/4236 258/3618 313 1586 (487–3943)
North Africa 112/1298 66/1039 88 792 (204–2888)
Middle East 66/659 51/579 37 128 (26–531)
Asia 76/468 62/407 75 137 (27–873)
South America 0/48 0/46 2 10 (0–186)
South Africa 5/77 3/51 12 12 (3–57)
Australia 37/290 20/175 47 31 (9–90)
North America 1/11 1/13 16 2 (2–286)

Sea-Salt

Pg year−1 FreSim NudSim MACC Rean. Range Grythe et al. (2014)

Global 59.9 51.6 64.2 1.8 to 605.0
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Table 4. Constants used in the aerosol scheme, in black values of the MACC reanalysis, in
red values changed in our simulations: Eff. for scav.: efficiency for scavenging – Eff. bc. r.:
Efficiency for below-cloud scavenging rain – Eff. bc. s.: Efficiency for below-cloud scavenging
snow – Reev. const.: reevaporation constant – Dry dep. vel.: dry deposition velocity (m s−1),
ocean, land, ice – Eff. for sedim.: efficiency for sedimendation (m s−1) – Frac. phil/phob: fraction
hydrophilic/hydrophopic – Rate phob/phil: transformation rate from hydrophopic to hydrophilic
– DD emis pot.: dust emission potential (kg s2 m−5), bin radius (µm).

Constant BCphil BCphob OMphil OMphob DDbin01 DDbin02 DDbin03 SSbin01 SSbin02 SSbin03 SO4 SO2

Eff. for scav.
D 0.8/0.1 0.5/0 0.8/0.1 0.5/0 0.5 0.5/0.2 0.5/0.2 0

Eff. bc. r.
αr 0.001 0.001 0.001 0

Eff. bc. r.
αs 0.01 0.01 0.01 0

Reev. const.
RFRAER 0.5 0.5 0.5 0.5 –

Rain radius (m)
R_R 0.001 0.001 0.001 0.001 –

Snow radius (m)
R_S 0.001 0.001 0.001 0.001 –

Dry dep. vel.
Vdocean 0.28E-02/0.1E-02 0.1E-02/

0.15E-02
0.11E-01/
0.07E-01

0.145E-01 0.1E-02/
0.15E-02

0.11E-01/
0.07E-01

0.145E-01 0.05E-02 0.70E-02/
0.15E-01

Vdland 0.14E-02/0.1E-02 0.1E-02/
0.15E-02

0.11E-01/
0.07E-01

0.145E-01 0.1E-02/
0.15E-02

0.11E-01/
0.07E-01

0.145E-01 0.25E-02 0.30E-02/
0.50E-02

Vdice 0.17E-02/0.1E-02 0.1E-02/
0.15E-02

0.11E-01/
0.07E-01

0.145E-01 0.1E-02/
0.15E-02

0.11E-01/
0.07E-01

0.145E-01 0.25E-02 0.20E-02/
0.30E-02

Eff. for sedim.
vs 0.10E-02/0 0.6904E-04/0 0.1982E-03/0 0.1962E-02 0.24E-04/0 0.195E-02/0 0.180E-01 0.05E-02/0 0

Frac. phil/phob
Rxxpppp 0.2/0.8 0.8/0.2 0.5 0.5 – – – – – – – –

Rate phob/phil
RGRATE 7.1E-06 – – – – – – – –

DD emis pot.
S – – – – 2.0E-11/1.0E-11 – – – – –

Bin radius
ZMMD – – – – 0.32/0.2 0.75/1.67 9.0/11.6 0.30 3.00 10.00 – –
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Fig. 1. Time series of monthly mean global bin concentrations (kg kg−1) in the lower tropo-
sphere (1000 to 500 hPa layer) for the FreSimd2 Trans (green line), NudSimd2 Trans (blue
line), and MACC Reanalysis (red line). In addition, dust bin concentrations are added for the
FreSim simulation (black line, 2004 repeated 10 times). The 12 “bins” of the aerosol scheme
are shown.

42

Figure 1. Time series of monthly mean global bin concentrations (kg kg−1) in the lower tro-
posphere (1000 to 500 hPa layer) for the FreSimd2_Trans (green line), NudSimd2_Trans (blue
line), and MACC Reanalysis (red line). In addition, dust bin concentrations are added for the
FreSim simulation (black line, 2004 repeated 10 times). The 12 “bins” of the aerosol scheme
are shown.
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Fig. 2. Mean standard deviation for JJA for the FreSimd2 simulation, as a representation of
the ARPEGE-Climat internal variability, of the total, BC, OM, sulfate, SS, and DD AODs. Color
scales are the same as in Figure 5 and 7.

43

Figure 2. Mean standard deviation for JJA for the FreSimd2 simulation, as a representation of
the ARPEGE-Climat internal variability, of the total, BC, OM, sulfate, SS, and DD AODs. Color
scales are the same as in Fig. 5 and 7.
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Fig. 3. Differences in AOD between the NudSimd2 and the FreSimd2 simulations, for DJF (left
column) and JJA (right column), and for total AOD (first row), OM AOD (second row) and DD
AOD (last row).
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Figure 3. Differences in AOD between the NudSimd2 and the FreSimd2 simulations, for DJF
(left column) and JJA (right column), and for total AOD (first row), OM AOD (second row) and
DD AOD (last row).
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Fig. 4. Mean 2004 dust AOD for the NudSim (first column), and the NudSimd2 (second column)
simulations, for the three dust bins, from the smallest (first row) to the largest (third row), and
total DD AOD in fourth row.
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Figure 4. Mean 2004 dust AOD for the NudSim (first column), and the NudSimd2 (second
column) simulations, for the three dust bins, from the smallest (first row) to the largest (third
row), and total DD AOD in fourth row.
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Fig. 5. Mean AOD (2003-2012) for the MACC Reanalysis (first column), and the
NudSimd2 Trans simulation (second column), for BC, OM, sulfate, SS and DD.
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Figure 5. Mean AOD (2003–2012) for the MACC Reanalysis (first column), and the
NudSimd2_Trans simulation (second column), for BC, OM, sulfate, SS and DD.
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Fig. 6. Mean DJF 2003-2012 total AOD for the MODIS Aqua, MISR, MODIS Deep-Blue
and Kinne et al. (2013) data sets (from the top in the direction of reading), and from the
NudSimd2 Trans simulation (third row).

47

Figure 6. Mean DJF 2003–2012 total AOD for the MODIS Aqua, MISR, MODIS Deep-Blue
and Kinne et al. (2013) data sets (from the top in the direction of reading), and from the
NudSimd2_Trans simulation (third row).
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Fig. 7. Same as Figure 6, for JJA.
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Figure 7. Same as Fig. 6, for JJA.
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Fig. 8. DJF total AOD mean relative differences (2003-2012): 100(MISR-x)/MISR, with
x=NudSimd2 Trans first row/column, and x=Modis Aqua or x=MODIS Deep Blue or x=Kinne
et al. (2013) in the direction of reading.

6

49

Figure 8. DJF total AOD mean relative differences (2003–2012): 100(MISR−x)/MISR, with
x =NudSimd2_Trans first row/column, and x =Modis Aqua or x =MODIS Deep Blue or
x =Kinne et al. (2013) in the direction of reading.
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Fig. 9. Same as Figure 8, for JJA.
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Figure 9. Same as Fig. 8, for JJA.
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Fig. 10. Mean annual fractional AOD from the Kinne et al. (2013) climatology (first colunm),
NudSimd2 simulation (1996-2005) (second column) and relative difference between the two
data sets: fraction of coarse mode (first row), of fine mode (second row), of sulfate (third row),
and of natural aerosols (fourth row).
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Figure 10. Mean annual fractional AOD from the Kinne et al. (2013) climatology (first colunm),
NudSimd2_Trans simulation (1996–2005) (second column) and relative difference between the
two data sets: fraction of coarse mode (first row), of fine mode (second row), of sulfate (third
row), and of natural aerosols (fourth row).
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Fig. 11. Location of the AERONET stations presented in Figure 12, names in black, and in
Figure 14, names in red for poor performance, in green for good performance.
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Figure 11. Location of the AERONET stations presented in Fig. 12, names in black, and in
Fig. 14, names in red for poor performance, in green for good performance.
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Fig. 12. Monthly climatology of AOD, computed from all years of available data, for the
AERONET stations of Cesnulyte et al. (2014). Total observed AOD, and SO4, BC, OM, DD
and SS AODs from the NudSimd2 simulation are displayed.
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Figure 12. Monthly climatology of AOD, computed from all years of available data, for the
AERONET stations of Cesnulyte et al. (2014). Total observed AOD, and SO4, BC, OM, DD and
SS AODs from the NudSimd2_Trans simulation are displayed.
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Fig. 13. Taylor diagram (Taylor, 2001) for the AOD monthly time series of 166 AERONET sta-
tions and ouputs from the NudSimd2 Trans simulation (see text for details). The qualification
of the stations is that of Kinne et al. (2013) indicating the site dominant aerosol category (O,
ocean; M, mountain; A, polar; B, biomass; C, coastal; D, dust; P, polluted, L, land), and X, no
qualification.
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Figure 13. Taylor diagram (Taylor, 2001) for the AOD monthly time series of 166 AERONET
stations and ouputs from the NudSimd2_Trans simulation (see text for details). The qualification
of the stations is that of Kinne et al. (2013) indicating the site dominant aerosol category (O,
ocean; M, mountain; A, polar; B, biomass; C, coastal; D, dust; P, polluted, L, land), and X, no
qualification.
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Figure 14. Times series of monthly AODs, for a selection of poorly performing AERONET sta-
tions, first six images, and of good performing AERONET stations, last six images, according
to the Taylor diagram of Fig. 13. The same AODs as in Fig. 12 are shown. rVar: ratio of mod-
elled versus observed standard deviations, CC: correlation coefficient between observed and
modelled time series, and MB: mean bias.
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Figure 15. Mean DJF vertical profiles of extinction coefficients (km−1) for total aerosols, for the
FreSimd2 simulation (orange lines) for 2004, repeated 10 times, the NudSimd2 simulation (red
line), and for individual years of the CALIOP 3-D product (black lines), over 12 regions of the
globe, as in Koffi et al. (2012) (see in top right corners of individual figures). (X): regions also
presented in Fig. 17.
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Figure 16. Same as Fig. 15, for the JJA season.

6324

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/6263/2014/gmdd-7-6263-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/6263/2014/gmdd-7-6263-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
7, 6263–6325, 2014

A prognostic aerosol
scheme in CNRM-CM

M. Michou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 17. Mean vertical profiles of extinction coefficients (km−1) for the dust aerosol, for the
FreSimd2 simulation (orange lines) for 2004, repeated 10 times, the NudSimd2 simulation (red
line), and for individual years of the CALIOP 3-D product (black line), over 6 regions of the globe
with dust aerosols, as in Koffi et al. (2012), for DJF (rows 1 and 2) and JJA (rows 3 and 4).
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