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Abstract

With the formal end, within the GEMS project, of the period of development of the forward fore-
cast model including aerosol processes, this report presents the state of the aerosol modelling in the
ECMWEF Integrated Forecasting System (IFS). It details the various parametrisations used in the
IFS to account for the presence of tropospheric aerosols. Details are given of the various formula-
tions and data-sets for their sources and of the parametrisations describing the sinks. Comparisons
of monthly mean and daily aerosol quantities like optical depths against satellite and surface obser-
vations are presented. The capability of the forecast model to simulate aerosol events is illustrated
through comparisons of dust plume events.

1Corresponding author: Jean-Jacoues Morcrette, email: Morcrette@ecmwf.int
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1. Introduction

In April 1989, the ECMWF model was the first operational forecast model to include the effects of aerosols as
part of its radiation transfer calculations (from the initial work of Tanré et al., 1984 in a climate version of the
model). Since then, a revised climatology (Tegen et al., 1997) was introduced in October 2003, and various
studies (Tompkins et al., 2005; Rodwell, 2005) showed the positive impact of this change on various aspects of
the model, sometimes far from the location of the main change in aerosol optical thickness.

As part of the project Global and regional Earth-system Monitoring using Satellite and in-situ data (GEMS,
Hollingsworth et al., 2008), the European Centre for Medium-range Weather Forecasts (ECMWF) is developing
its assimilation system to include observations pertaining to greenhouse gases, reactive gases and aerosols. For
the computation of the trajectory forecast used in the assimilation, the Integrated Forecast System (IFS) has
been extended to include a number of tracers, which are advected by the model dynamics and interact with
the various physical processes. With respect to the aerosols, sources have thus been added to the model, and
a representation of the aerosol physical processes (namely the interactions of the aerosols with the vertical
diffusion and the convection, plus the sedimentation, dry deposition and wet deposition by large-scale and
convective precipitation) are now part of the package of physical parametrisations of the ECMWF IFS model.

A prognostic representation of aerosols is a feature of numerous climate models (see Textor et al., 2006, for a
review). However, it is more of a novelty in global weather forecast models, given the requirements on the as-
similation system to deal properly with the aerosol-relevant observations. As part of the GEMS project, aerosol-
related observations (whether aerosol retrievals or aerosol-sensitive radiances) will be assimilated together with
all the other observations in a fully interactive way. Apart from these analyses including the aerosols, another
objective is to have a combined meteorological and aerosol forecast. Given the final requirement of having
not only the direct version of the aerosol routines, but also the tangent-linear and adjoint versions of the same
aerosol routines of the model for use in the four-dimensional variational assimilation, a certain level of simpli-
fication has to be considered when accepting an existing parametrisation from the literature or designing a new
one for the model. In this respect, the emphasis is somewhat different from that of the representation of aerosols
in a general circulation model used for climate studies where aerosol processes may have a sophisticated rep-
resentation in order to be able to handle various sensitivity studies. Here, the forecast model including aerosols
will be used at relatively high resolution, both horizontally and vertically, to provide information on the aerosol
loading over the time-scale of a few hours to a few days. In consequence, the dynamical transport becomes
primordial in such forecasts, including the possibility of backward trajectories to determine, for example, the
origin of the aerosols over a given point at a given time. It is therefore important to simulate the aerosol loading
(and in the future, aerosol radiative forcing and possible impact of aerosols on clouds) on a monthly mean time
scale, but it is even more important that the correct monthly means are obtained from an accurate representation
of the short-term variability of the aerosol distributions.

Section 2 gives an overview of how the aerosols are introduced in the ECMWEF IFS, with more attention given
to the aerosol sources including some alternative parametrisations and data-sets that were tested during the de-
velopment of the ECMWF aerosol model. Section 3 focuses on the representation of the sink terms. In section
4, comparisons of monthly mean optical depths at 550 nm against equivalent quantities derived from satellite
observations (MODerate resolution Imaging Spectrometer, MODIS (Remer et al., 2005) and Multi-angle Imag-
ing SpectroRadiometer, MISR (Kahn et al., 2005) are first presented. Then the representation of the day-to-day
variability of the modelled aerosols is assessed through comparisons with surface measurements at AERONET
(AErosol RObotic NETwork, Holben et al., 1998) sites. Finally, results of forecasts of meteorological events
when a heavy aerosol load was prevalent are presented, together with optical depths at wavelengths other than
550 nm. Conclusion and perspectives are given in Section 5.
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2. Model environment and aer osol sources

In the following, all mentions of the ECMWF model refer to the cycle 32R2 version of the library, operational
from 5 June 2007 to 5 November 2007, set up for a T_159 horizontal resolution (a grid of [1.125°]? in the
tropics) and either 60 vertical levels over the period December 2002-May 2005 or 91 levels for the near-
real time simulations started on 15 May 2007. Within the model dynamics, some dedicated fields allow the
advection of tracers to be properly handled in a way consistent with the rest of the dynamics. Over the past
15 years, a number of transport and climate models have included a representation of aerosol processes and an
abundant literature exists on most details of their parametrisation (see Textor et al., 2006 for an overview and
a recent list of references). Here, we only reference the main approaches for these various parametrisations
and only detail those being introduced within the ECMWF model. Since 2005, developments in the ECMWF
physical package have allowed the vertical diffusion and the mass-flux convection schemes to account explicitly
for tracers, including aerosols. The wet and dry deposition schemes were directly adapted from the LOA/LMD-
Z model (Reddy et al., 2005), whereas the sedimentation of aerosols follows closely what has been done for
ice particles by Tompkins (2005). Details on the sources and other aerosol-related physical processes are given
below. A diagram showing how the ECMWF IFS physical package has been updated to deal with the prognostic
aerosols is given in Figure 1.

a. Model environment

The initial package of ECMWF physical parametrisations dedicated to aerosol processes mainly follows the
aerosol treatment in the LOA/LMD-Z model (Boucher et al., 2002, Reddy et al., 2005). Five types of tropo-
spheric aerosols are considered: sea salt, dust, organic and black carbon, and sulphate aerosols. A prognostic
representation of the stratospheric aerosols is not included here, as the period 2003-2004 considered for the
initial model development was almost devoid of any sizeable amount of stratospheric aerosols (at least, from a
radiative point of view). Similarly, the emission of aerosols by volcanoes is not present in the following results.
Both types of aerosols will be considered in a later stage of the GEMS-Aerosol project.

For all tropospheric aerosols, sources are defined, the sedimentation of all particles, and the wet and dry depo-
sition processes are represented. In addition, the transfer from hygrophobic to hygrophilic, specific to organic
matter and black carbon aerosols, is also included.

A bin representation is used in this study to include prognostic aerosols of natural origin (sea-salt SS and
dust DU). From the start of the GEMS-Aerosols project, it had been decided to allow the maximum flexibility
regarding the limits of the bins for the sea-salt and dust aerosols. In the following, the sea-salt aerosols are
tentatively represented by 3 bins, with limits at 0.03, 0.5, 5 and 20 microns. Similarly, the desert dust aerosols
are represented by 3 bins with limits at 0.03, 0.55, 0.9, and 20 microns. The above limits are chosen so that
roughly 10, 20 and 70 percent of the total mass of each aerosol type are in the various bins.

For organic matter (OM) and black carbon (BC), two components, hygrophobic and hygrophilic, are considered.
Sulphate (SO4)is considered as one variable with no explicit chemistry included.

b. Aerosol sources.

In the ECMWEF IFS, the two natural aerosols (SS and DU) have their sources only linked to some prognostic
and diagnostic model variables. In contrast, the anthropogenic aerosols (OM, BC, SOg4) have their sources
read from external data-sets. Sources of sea-salt and desert dust are interactive with surface and near-surface
variables of the model.

Technica Memorandum No. 573 3
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Recently, the importance of accounting for gustiness in the surface wind used for diagnosing the surface flux of
particles was stressed by Engelstaedter and Washington (2007). However, in the following, we present results
obtained for sea salt and dust surface flux formulations using plain 10-m wind. The 10-m wind for April 2003
is presented in Figure 2, separately over the ocean and continental surfaces.

1) SEA SALT

Different approaches to sea salt production are reviewed in Guelle et al. (2001) and a detailed description of
the processes involved is given in Grini et al. (2002). They include the generation of sea spray by wind stress
on the ocean surface, either from air bubbles in the whitecaps, or at higher wind speeds, from spume drops torn
directly from the wave crests (Smith et al., 1993).

Original source of sea-salt: Monahan et al., 1986

The vertical flux Fp of sea salt aerosols is parametrised from the 10-meter wind at the free ocean surface
following Monahan et al. (1986)

d 2
d—FrO = 1.373 ujg r 3 (1+0.057r1%) 101%° (1)

where B = (0.380 — Inr)/0.650, r is the particle radius (in um) and uso the 10-m wind speed (in ms—1). The
emission flux F (in particles m~2 s~1) for a size bin (i) is obtained by integrating (2) over the size range (ri; to
riz) in the bin to yield

Fi(u10) = ajuis™ (2)

where
B

fi2 g2
a— / 1.373r 3(140.057r%) 1011% % gy @)
fi1

A density of 2160 kgm~2 is assumed for dry particles. Sea salt production is calculated assuming a 80 percent
relative humidity. At this relative humidity, the particle radius will be twice the dry radius (Fitzgerald, 1975),
and the density used in the production is thus 1182 kgm—3. The number of particles produced is converted to
mass according to

3
v = SR 4)

where M is the total mass produced in a model grid cell (kg), N is the total number produced, py, is the particle
density, and r is the radius.

Only the dry mass is added to the bin and transported. Thus no water is transported via the aerosols. Mass is
not transferred between bins because of growth. However, wet density and radius are considered for all the size
bins when dealing with dry deposition, sedimentation and radiation.

LSCE source for sea-salt: Schulz et al., 2004

The source function described above was initially tested in the IFS (”second aerosol simulation”: eupr). For the
extended simulation (third aerosol simulation”: exlz), the surface flux of sea salt is diagnosed using the source
function developed at LSCE. This later source function is based on Guelle et al. (2001) and Schulz et al. (2004).
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Similar source functions have been proposed by Vignati et al. (2001) and Grini et al. (2002). All these studies
suggest to combine different source functions if one is interested in a wider aerosol size range. Wet sea salt
mass fluxes at 80% relative humidity are integrated for the three size bins discussed above, merging Monahan
et al. (1986) and Smith and Harrison (1998) between 2 and 4 um. Figure 3 presents the source of sea salt
aerosols averaged over April 2003, showing maximum emission over the Northern and Southern Hemisphere
storm tracks.

FMI source for sea-salt

Another source function developed at the Finnish Meteorological Institute was also tested. Compared to the
two previous ones, it accounts explicitly for the water temperature and salinity. Given that the model does not
carry water salinity, that the formulation is much more computer-intensive and that the resulting sea salt surface
flux is intermediate between the two other formulations, in the following, we only discuss results obtained with
the LSCE formulation.

2) DusTt

Dust mobilization is sensitive to a wide range of factors including soil composition, soil moisture, surface con-
ditions and wind velocity. Dust uplifting into the atmosphere is mainly initiated by saltation bombardment (sand
blasting). Various parametrisations have been developed over the years to represent these processes (Gillette
et al., 1980; Tegen and Fung, 1994; Ginoux et al., 2001). Marticorena and Bergametti (1995) developed a
sophisticated parametrisation of this process, which requires detailed information on soil characteristics, which
is not readily available in the ECMWF global model.

For the production of desert dust in the ECMWF model, a formulation of the source was implemented following
Ginoux et al. (2001). First, the areas likely to produce dust are diagnosed for snow-free land with at least 10
percent of bare soil, and the soil moisture below the wilting point. For these areas, the dust flux is a function of
the surface wind

[ Suiy(up—up) ifuig > U
Fi(u10) = { 0 otherwise ©)

where u; is a lifting threshold speed depending on soil wetness and particle radius and S is the source function
(S = 2 x10~ kg s?m~5). The main difference with the approach of Marticorena and Bergametti (1995) is that
S, also called dust emission potential, is here independent of the soil morphology, and we rely on the 10-m
wind, vegetation cover, soil moisture, (absence of) snow cover provided by the model and the MODIS-derived
UV-visible component of the land surface albedo to diagnose which areas are likely to produce a flux of dust.
Figure 4 presents the UV-visible albedo, moisture in the first soil layer, and the fraction of bare soil for April
2003. The corresponding sources of dust aerosols diagnosed with the formulation discussed above is shown in
Figure 5.

3) ORGANIC MATTER, BLACK CARBON AND SULPHATE

Sources for the other aerosol types are taken from the GFED (Global Fire Emission Database), SPEW (Spe-
ciated Particulate Emission Wizard), EDGAR (Emission Database for Global Atmospheric Research) annual-
or monthly-mean climatologies until more temporally-resolved data are provided as part of the GEMS project.
Overall, these datasets include sources of organic and black carbon, and sulphate aerosols linked to fire emis-
sions, both natural and anthropogenic, plus emissions from domestic, industrial, power generation, transport

Technica Memorandum No. 573 5



cECMWF Morcrette et al.: Forward modelling of prognostic aerosols. ..

and shipping activities. More details on the sources of aerosols can be found in Dentener et al. (2006). The
data-sets used for the original model development were extracted from the AEROCOM emission inventories.

In the following, version 2 of the GFED dataset, given as 8-day means for the emissions of organic and black
carbon, and sulphate aerosols is used. Figure 6 presents, averaged over April 2003, the difference in total
aerosol optical depth at 550 nm (Ts50) using either GFED 8-day (fire emission data averaged over 8 days and
relevant for the period of simulation) or the GFED climatology (based on monthly means for the year 2000).
For April 2003, the effect of using a higher temporal resolution for emissions is seen over South-Eastern Russia
and west of Central America.

3. Removal processes.

Several types of removal processes are considered, the dry deposition including the turbulent transfer to the
surface and the gravitational settling, and the wet deposition including rainout (by large-scale and convective
precipitation) and washout of aerosol particles in and below the clouds. The wet and dry deposition schemes
are standard, whereas the sedimentation of aerosols follows closely what was recently introduced for the sedi-
mentation of ice particles. Hygroscopic effects are also considered here.

a. Dry deposition.

The turbulent transfer of particles at the surface is represented as a decrease in the emission flux represented
through a deposition velocity vq. A review of the knowledge on dry deposition, taking into account the surface
type (ocean or land, vegetation type) is given by Wisely and Hicks (2000). In these preliminary results, the
dry deposition to the surface is accounted for through a decrease of the aerosol concentration in the lowermost
model layer assuming a flux

Foo =Cvyq (6)

where C is the concentration in the first layer above the surface (in gm—3), vq is the dry deposition velocity,
simply function of the particle mode radius and surface type. More sophisticated representations would make
vq depend on the aerodynamic resistance r, and the resistance in the quasi-laminar sub-layer ry, linking it to
either the vegetation or the wave characteristics.

b. Sedimentation.

For the larger aerosols, the most efficient removal process is the gravitational settling (sedimentation). The
change in concentration follows the approach developed by Tompkins (2005) for the sedimentation of ice. For
a concentration C, including a flux form term for transport at a velocity vs, the change in concentration is given

by

dC  1d(pvC)
dt p dz ()
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Tompkins (2005) shows that the solution is

n+1

Pi-1vj-1Cjy n
i —v
1+ 070t
which is solved from top to bottom of the column.
The settling velocity vs for a particle of radius r is determined by Stokes’s law
2
Vs = MrZCCunn )

u

where py is the particle density, g the acceleration of gravity, u is the absolute viscosity of air, and Ccynn is the
Cunningham correction to account for the viscosity dependency on air pressure and temperature.

¢. Hygroscopic effects on carbonaceous compounds

Black carbon and organic matter aerosols are produced from the sources discussed in Section 2.3. From those
sources, the organic matter (OM) is distributed between 50 percent of hydrophilic and 50 percent of hydropho-
bic OM, where as for black carbon (BC), 80 percent is kept as hydrophobic and 20 percent is considered as
hydrophilic BC. Once emitted, the hydrophobic component is transformed into a hydrophilic one with a time
constant of 1.16 day. This follows a similar parametrization in the LOA/LMD-Z model.

d. Conversion SO,/ SO4

Sulphur dioxide SO, is produced at or near the surface as discussed in Section 2.3. The transformation of SO,
into sulphate SO4 is done without any explicit chemistry. The exponential transfer from SO, and SO4 uses a
simple time constant, itself a variable with latitude, as done in the simplified aerosol model of Huneeus (2007).

e. Wet deposition.

A review of GCM-type schemes to deal with wet precipitation scavenging can be found in Lee and Feichter
(1995) and Rasch et al. (2000). In this study, wet deposition is computed separately for convective and large-
scale precipitation using the relevant precipitation flux profiles, and following Giorgi and Chameides (1986)
for the in-cloud scavenging.

The scavenging rate (s—1) is given by W, = B fr, with r the fraction of aerosol included in droplets through
dissolution or impaction, f the cloud volume fraction, and 8 the rate of conversion of cloud water to rainwater
(in kgkg~1s™1). r is set to 0.7 for both sea salt and desert dust. The parameter 8 at model level k is computed
from the 3D precipitation flux P (in kgm—2s~1) and the model condensed in-cloud water mixing ratio q (in
kgkg~1) as

P« — Pxi1

A= Pair kAZ fiak

(10)

In these preliminary results, as in Reddy et al. (2005), no distinction is made between rain and snow and f is
assumed to represent the cloud fraction over the full vertical layer.
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Below-cloud scavenging is computed considering the volume of space swept by a raindrop during its fallout.
The scavenging rate is given by

~ 3Ra

Wa =
®7 4Rip

1)

where R, is an average raindrop radius (set to 1mm), p the water density (kgm—3) and a the efficiency with
which aerosols are collected by raindrops. Values of 0.001 and 0.01 for raindrops and snowflakes were selected
for a based on measurements reported in Pruppacher and Klett (1997).

The release at a level k is equal to the amount scavenged at higher levels multiplied by the fraction of precip-
itation which is evaporated, with an 0.5 multiplicative factor to account for the fact that raindrops can shrink
without evaporating totally. If the incoming precipitation flux totally evaporates in the layer, the aerosols are
released totally as well.

4. Results

For the results presented below, there is no assimilation of any data related to aerosol. The model, including
the parametrisations for the physical aerosol processes discussed in sections 2 and 3, was run from a given
initial date in a series of 12-hour forecasts starting every 12 hours from the ECMWF operational analyses.
The model aerosols are free-wheeling, i.e., starting from null concentrations of aerosols on the initial date,
the various aerosols are let to spin up for about 8-12 days (the time their contents establish themselves) with
aerosols produced from surface emission fluxes, and going through the physical processes (dry deposition,
sedimentation, hygroscopicity, wet deposition by large-scale and convective precipitation). The aerosols at the
end of a given 12-hour forecast are passed as initial conditions at the start of the next 12-hour forecast. This
is in essence not very different from what is done within a transport model, except for the fact that the aerosol
processes are consistent with the dynamics and all other physical parametrizations.

Two sets of forecasts were conducted. The first one (exlz), directly part of the GEMS project, is a series of
12-hour forecasts at T 159L60 covering the period 1 December 2002 00UTC to 31 May 2005 24UTC. The
second one (f0dm) includes experimental near-real time 72-hour forecasts at T 159L91 started on 15 May 2007
00UTC and going on since.

Although in this stage of the development of the ECMWF IFS, the aerosols are not interactive with the radiation
scheme, the optical thicknesses for all aerosols are evaluated as diagnostic quantities that can be compared to
measurements such as those taken by AERONET (Holben et al., 1998; Dubovik et al., 2002; Kinne et al.,
2003), or derived from satellite measurements like those of MODIS (Remer et al., 2005).

a. Observational datasets

Various sources of observational data have been used to verify the model aerosols. Satellite observations as car-
ried out by MODIS (MODerate resolution Imaging Spectroradiometer) on the Terra and Aqua satellites provide
optical depth at 550 nm (Tssp) each once a day over a wide path. MISR (Multi-angle Imaging SpectroRadiome-
ter) on-board Terra provides the aerosol optical depth at 557.5 nm in similar conditions, but with a coarser
spatial coverage. Figure 7 displays for April 2003 the monthly mean aerosol optical depth at 550 nm from
MODIS on Terra, MODIS on Agua (Remer et al., 2005) and MISR (kahn et al., 2005) on Aqua, with Figure 8
showing the difference in monthly mean 1s5p between MODIS on Terra and Aqua. First, Figure 7 shows that
Tsso IS not retrieved at high latitudes when the solar illumination is small, nor over bright surfaces (snow over
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Northern hemisphere high latitudes or the desert areas of Sahara and Australia). MISR Tss7 displays a similar
(but noisier) geographical distribution of aerosol as MODIS, with some suspicious features over high-latitude
snow-covered areas.

As shown in Figure 8, although the differences are not systematic and may be due to different overpass times
in some regions, there appears to be an uncertainty of + 0.05 on 7s5p over a large fraction of the ocean. These
differences are less extended over land.

The CALIPSO lidar on the Aqua satellite provides vertical profiles of the aerosol extinction coefficient along
the satellite track over a narrow track whereas the radar on-board CloudSat provides a similar information on
clouds (Stephens et al., 2002). In the following, the vertical distribution of aerosols and clouds along the A-
Train track within the ECMWF IFS is qualitatively compared to the cloud-aerosol mask derived from combined
CloudSat-CALIPSO observations.

AERONET is a federated network of ground stations measuring the solar radiation over a number of wave-
lengths (Holben et al., 1998). In absence of overlying cloudiness, these measurements are processed to give
the aerosol optical depth. For validating the model aerosols, a number of stations (41 in April 2003) spanning
the whole globe are used to compare the model optical depth at 550 nm with the observed optical depth (at 500
nm).

b. Model aerosol optical properties

Aerosol optical depth is diagnosed for the 17 shortwave wavelengths given in Table 1. The refractive indices
were derived from Lacis (2001) for sea salt and interpolated from Dubovik et al. (2002) for desert dust. Then
a standard Mie scattering algorithm is applied using, for sea salt and dust aerosols, the particle size distribution
as simulated by the bin scheme but also accounting for a fixed size distribution within each bin that has been
calibrated against a model with more bins. Optical depth for sea salt and dust are obtained by summing the
individual bin contribution to the optical thickness for each aerosol type. Absorption and scattering coefficients
for organic and black carbon, and sulphate were adapted from those in the LOA/LMD-Z model (Reddy et al.,
2005).

A (nm) Observation type Instrument
340 T AERONET
380 T, extinction AERONET, SAGE-3
400 T SEVIRI
443 T AERONET (440), MISR (446)
470 T, reflectance MODIS (469) (land/ocean)
500 T AERONET
532 backscatter coefficient CALIOP
550 T, reflectance MODIS (555), MISR (557)
645 T, reflectance MODIS (645) (land/ocean)
670 T, extinction MISR (672), AERONET (675), SAGE-3 (676)
800 T SEVIRI
858 T, reflectance MODIS (land/ocean)
865 extinction, T MISR (867), SAGE-3 (868)
1020 | extinction, backscatter coefficient, T SAGE 3, CALIOP (1064), AERONET
1240 T, reflectance MODIS (ocean)
1630 T, reflectance MODIS (ocean)
2130 T, reflectance MODIS (land/ocean)
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Table 1: Satellite observations simulated by the ECMWF IFS with prognostic aerosols. AERONET, MISR and
SEVIRI provide optical depth T, MODIS provides reflectance and 7, CALIOP provides profiles of the
backscattering coefficient, SAGE-3 provides extinction coefficient.

¢. Monthly-mean total aerosol optical depth

Figure 9 compares the total aerosol optical depth averaged over April 2003, derived from MODIS on Terra to
the one produced by the ECMWEF IFS. A number of features of the aerosol distribution are present, namely
the desert dust over Sahara, anthropogenic aerosols over Eastern Europe, South India and Eastern China, effect
of fires in Mexico. However, the comparison between the model and the MODIS observations also shows too
large 1550 over the Southern hemisphere storm track (likely to be linked to too large production of sea salt
aerosols), too little 1550 over Central Africa (biomass burning), Central America and downwind of Asia.

Comparing the model 1550 to the AERONET 1500 0n @ monthly mean basis (for April 2003), Figure 10 further
points out a deficit of aerosols in Northern and Eastern Europe, Saudi Arabia and Northern India (between -
0.025 and -0.25) and a large one for the Arica station (Northern Chile) where aerosols linked to copper smelters
are not well represented in the emission datasets. Although from theoretical considerations, Tssp can be ex-
pected to be slightly smaller than t5q, the difference in wavelength cannot explain the differences between
model and AERONET observations.

It is also to be noticed that as for satellite observations, ground observations of aerosols in the short-wave
spectrum are very scarce at high latitudes with only a few observations during daytime in absence of cloudiness.

d. Time variability of the aerosol optical depth

Figure 11 presents the time evolution of the bias and r.m.s. error of the model total aerosol optical depth relative
to a set of 41 AERONET stations over the globe, in Europe, Africa, South-East Asia and North America. The
biases are generally negative (by 0.1 to 0.25 over S.E. Asia), showing an underestimation of 7559 in the model.
The r.m.s. error is on average below 0.2 with much higher peaks corresponding to aerosol events, not seen by
the model, usually because of sources not displaying increased emissions. For a number of individual stations
where either sea salt, desert dust, or anthropogenic aerosols are dominating the total aerosol optical depth,
Figures 12 to 14 display the evolution of the bias and r.m.s. error in Ts5g relative to AERONET measurements
and the corresponding MODIS optical depth, when available.

Figure 12 considers stations where sea salt aerosols are likely to be dominant (Amsterdam Island 37.81S-
77.57E, Ascension Island 7.98S-14.42W, Azores 38.53N-28.63W, Nauru 0.52S-166.92E, Tahiti 17.58S-149.61W).
Overall the agreement between model and observations is good with a proper representation of the temporal
variability. Figure 13 presents similar comparisons for stations where dust aerosols are prevalent (Dahkla
23.72N-15.95W, Dalanzadgad 43.58N-104.42E, Forth Crete 35.53N-25.28E, Sede Boker 30.86N-34.78E, So-
lar Village 24.91N-46.40E). For these stations for which sudden increases in aerosol optical depth are linked to
dust plumes, the agreement is also good, with a correct representation of the background aerosol optical depth
and of the timing of the sudden increases. However, as can be seen particularly for Sede Boker and Solar Vil-
lage, the amplitude of these events is generally underestimated by the model. Figure 14 considers comparisons
over stations where anthropogenic aerosols dominate the total aerosol optical depth (Bondville 40.05N-88.37W,
Hamburg 53.57N-9.97E, Moldova 47.00N-28.82E, Sao Paulo 23.56S-46.74W, Shirahama 33.69N-135.36E,
Wallops 37.94N-75.47W). For these stations, even when the average optical depth over the month is reason-
able, the model temporal variability only reflects the quality of the dynamics of the ECMWF IFS. If the sources
of aerosols in upwind regions are reasonably represented (Bondville, Wallops), a proper timing of the fluc-
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tuations in Tsgg is seen. If the sources are not well included (either in timing or intensity of the emissions),
either the fluctuations are out of phase (Sao Paulo, Shirahama) or the aerosol optical depth is underestimated
(Hamburg, Moldova).

e. \ertical and horizontal distribution of the aerosol layers

Plumes of aerosols of desert origin are not uncommon over Europe. In April 2003, three such plumes were
observed coming out of Africa. Figures 15 to 17 compare qualitatively the MODIS visible imagery and r%’)
for these three events on the 4t", 15t and 30" of April 2003. In all cases, the model displays a plume of desert
aerosols in the area of concern showing that, given a source of dust over Africa, the dynamics of the model
is successful at distributing spatially the aerosols with the proper timing. However, the representation of the
actual intensity of these events is much more difficult to capture, with, for example, too large an intensity on 4
April (Fig. 15) and too small on 15 (Fig. 16) and 30 April (Fig. 17).

Figure 18 illustrates the potential of the future aerosol forecasts, in terms of instantaneous vertical and horizontal
distributions of aerosols. For an ascending orbit over Africa (Fig. 18a), a classification of cloud and aerosol
produced by the CALIPSO Science Team (Fig. 18c) is compared with the corresponding model cloud and
aerosol (Fig. 18d). Even for this relatively low horizontal resolution (T 159), the ECMWF model generally
produces the cloud and aerosol in the proper location both horizontally and vertically. Over the same orbit, the
total aerosol optical depth at 550 nm produced by the model (Fig. 18b) is compared to the equivalent optical
depth retrieved from MODIS observations over ocean and dark land surfaces in absence of extended cloud
cover. For desert dust, the agreement is usually good reflecting the high quality of the initial conditions and
of the atmospheric motions in the subsequent 12-hour forecast. Over Central Africa, the sources of sulphate,
organic and black carbon aerosols linked to biomass burning are well represented in the inventories, and the
agreement on the optical depth of the plume moving towards the South Atlantic is also good.

f. Multi-spectral optical depth diagnostics

The optical thickness in the seven MODIS short-wave channels is presented in Figure 19 as forecasted for July
2007 from the same aerosol simulation as in Fig. 18. As expected, different aerosol types, dominant in different
locations, have a distinct spectral signature. The sea-salt aerosols (dominant in the Southern hemisphere storm
track) display a rather flat spectral signature with almost no variation in optical thickness between 469 and 2130
nm. Desert dust aerosols (Sahara) show a steady decrease in optical thickness with increasing wavelength.
Black carbon aerosols (Central Africa) display a rapid decrease from 469 to 865 nm, then keep a roughly
constant value of optical thickness at longer wavelengths. These spectral characteristics will obviously help in
the validation of the prognostic aerosols against multi-spectral surface and satellite measurements. This will
also form the basis of the variational assimilation of aerosols using radiances, which will be tested, in the future,
in the analysis part of GEMS-Aerosol.

5. Conclusions and per spectives

This report has presented the representation of tropospheric aerosols, now included in an experimental version
of the ECMWF forecast system. It has detailed the various parametrisations introduced for dealing with the
sources and sinks of the sea-salt, dust, organic matter and black carbon and sulphate aerosols. The quality
or otherwise of the resulting aerosols has been documented through comparisons with monthly mean opti-
cal depths from MODIS and MISR, and from comparisons with time-series of optical depths at a number of
AERONET sites. This report has concentrated on the forward model providing the trajectory calculations used
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for the 4D-Var assimilation of aerosol-related observations discussed in Benedetti et al. (2008).

The experimental aerosol model discussed here is likely to undergo further developments. Such potential
improvements will be reported elsewhere. However, the results presented here show that this version of the
IFS including prognostic aerosols produces reasonable stand-alone forecasts and already offers a good starting
point for the analysis of aerosol-related observations into the 4D-Var assimilation system. One of the priorities
will be to unbias the forward model. Again, it has to be stressed that the forward model discussed here might
not include all the sophistication encountered in some climate-orientated general circulation models including
prognostic aerosols. The model presented here offers a good trade-off between the computer efficiency and the
quality of the resulting aerosol fields, both required for use as forward model in an analysis scheme.

Since 15 May 2007, this experimental version of the forecast model including aerosols has been running at
T 159 L91 producing a near-real time aerosol forecast available from the ECMWF web site (see web address
below).

The quality of the results of the forward model depends not only on the dynamics of the model and the adequacy
of the aerosol physical parametrizations, but also on the representativeness of the sources. With the exact
sources of aerosols (in particular, those of anthropogenic origin) not available in real time, the aerosol analysis,
through the assimilation of aerosol-related observations, will provide initial conditions more representative of
the true aerosol distribution in the atmosphere. The development of a successful aerosol analysis is therefore
fundamental to the quality of the subsequent aerosol forecast. Here the forecast model including prognostic
aerosols was shown to provide a reasonable basis for this analysis.

How succesful the model is at reproducing the temporal variability of the aerosol load depends mainly on the
quality of the model dynamics. In that respect, the results indicate that the model advection is very dependable
in describing the maxima and minima of the aerosol optical depth over most stations. Whether the overall
amplitude of the model optical depth is consistent with what is observed depends for a large part on which
aerosol type is dominant and when anthropogenic aerosols dominate the optical depth, on the quality of the
information on the sources of aerosols.

The ECMWF model fields were compared to the equivalent fields compiled within the framework of AE-
ROCOM ( http://nansen.ipsl.jussieu.fryAEROCOM ), the Global Aerosol Model Intercomparison project. As
discussed by Textor et al. (2006), even for the natural sea salt and desert dust aerosols, there is a wide diversity,
not only in emission, but also in the partitioning between wet and dry deposition, and between gravitational
settling and turbulent deposition. This results in a reasonable agreement between models as far as total optical
thickness is concerned, but different distributions between aerosol types, as well as different vertical distribu-
tions of aerosols. At the end of this stage, the main message is that the ECMWF model can handle prognostic
aerosols reasonably well, and be within the “accepted” diversity of the AEROCOM results.
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CCECMWF

Development of a prognhostic aerosol package for the ECMWF forecast model

Physics —p | Physics with prognostic aerosols
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Vertical diffusion

Mass-Flux convection

Vertical diffusion

Large-scale condensation

' Mass-flux convection |
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Modified routine
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FiG. 1. Comparison of calling sequence for the physics without and with routines for prognostic aerosols. Left
column: without. Right column: with.
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FiG. 2. The wind at 10 metres over ocean (top panel) and land (bottom panel) for April 2003 (in ms—1).
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FiG. 3. The source of sea salt aerosols for April 2003 with the LSCE formulation (in units of gm —2year—1).
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FiG. 4.

Top panel: The background albedo in the ultraviolet-visible part of the shortwave spectrum, for April 2003,
from a snow-free climatology based on 2000-2004 observations. Only albedo with values between 0.09 and
0.54, assumed to be representative of light-coloured soil and sparse vegetation are plotted.

Middle panel: The soil moisture in the first layer of the ECMWF IFS model for April 2003.

Bottom panel: The fraction of bare soil for April 2003.
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FiG. 5. The source of dust aerosols for April 2003 (in units of gm—2year—1).
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Fic. 6. The difference in aerosol optical depth at 550 nm for April 2003 using either GFEDv2 8-day or and
GFED monthly climatologies for the sources of black carbon, organic carbon, and SOg4.
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FiG. 7. The aerosol optical depth around 550 nm retrieved from satellite measurements for the months of
April 2003. Top figure is the aerosol optical depth at 550 nm from MODIS on Terra, middle figure is the same
quantity but from MODIS on Aqua. Bottom figure is the optical depth at 557.7 nm from MISR on Terra.
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FiG. 8. The difference in aerosol optical depth at 550 nm (7ssp) derived from the MODIS measurements
on-board the Terra and Aqua satellites, for April 2003.
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FC-OBS Bias. Model (exlz) AOT at 550nm against L2.0 Aeronet AOT at 500nm.
Mean=-0.0516. Period=00Z-00Z 01-30 Apr 2003. FC start hrs=00,12. FCRS=T+3,9.
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FiG. 10. Biasandr.m.s. error of the model aerosol optical depth at 550 nm against the AERONET observations
at 500 nm for April 2003.
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FiG. 11. Statistics of comparisons of the model 1550 with Tsgg observed at AERONET stations for the 30 days
of April 2003, over the globe, Europe, Africa, South-East Asia, and North America. Left column is the bias,
right column is the r.m.s. error (non dimensional).

Technica Memorandum No. 573

27



CCECMWF

Morcrette et al.: Forward modelling of prognostic aerosols...

Amsterdam_Island (lat=-37.81, lon=77.57)

Ascension_lsland (lat=-7.98, lon=-14.42)

1 1
0.751 0.75-
0.51 0.51
\
0.251 L\ M 0.251
0 MM 0
5 10 15 20 25 30
15 Azores (lat=38.53, lon=-28.63) 1 Nauru (lat=-0.52, lon=166.92)
1.25-
0.75-
l,
0.751 0.51
0.5/ \
J\/ 0.251
0.251 :A/J\;?M VAN < A NS ]
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Tabhiti (lat=-17.58, lon=-149.61)

1
0.75
0.5
0.25
M . & Pt 7fj77:f
0 5 10 15 20 25 30

FiG. 12. Time-series of the optical depth at 500nm/550nm over five stations where sea salt aerosols are dom-
inant. AERONET observations at 500 nm are given by blue-grey circles and MODIS 1557 by blue segments.
The total model optical depth at 550 nm is in red. Other lines are for the various aerosol components: sea-salt
(grey), dust (brown), organic carbon (green), black carbon (black), and sulphate (orange).
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FiG. 13. Asin Fig. 12, but for five stations where dust aerosols are prevalent.
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Fic. 14. Asin Fig. 12, but for six stations where aerosols of anthropogenic origin are prevalent.
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0.4

Fic. 15. Top: The MODIS imagery for a desert dust plume of aerosols on 4 April 2003. (courtesy, Louis
Gonzalez, Laboratoire d’Optique Atmosphérique de Lille, France). Bottom: The corresponding optical depth
at 550 nm for desert dust aerosols produced by the ECMWEF forecasts started every 12 hours from operational
analyses, and including prognostic aerosols, started from aerosol-free conditions on 1 December 2002 and

cycling since that initial date.
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FiG. 16. Asin Fig. 15, but for the optical depth at 550 nm for desert dust aerosols on 15 April 2003.
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FiG.

17. AsinFig.
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15, but for the optical depth at 550 nm for desert dust aerosols on 30 April 2003.
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FIG. 18. (a) The orbit of the A-train of satellites on 16 July 2007 between 12:42 and 13:02 UTC.

(b) The aerosol optical depth at 550 nm derived from MODIS-Aqua observations (left) and produced by the
ECMWEF forecast model (right).

(c) The cloud/aerosol classification derived from CALIPSO measurements along the orbit shown in (a).

(d) The cross-section along the same orbit as used for (c) showing the aerosol (yellow/green) and cloud (grey)
quantities produced by the ECMWF forecast model. The MODIS and CALIPSO data were downloaded from
the NASA Giovanni servetr.
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0.001

FiG. 19. The total optical depth for July 2007 produced by the ECMWF forecast including prognostic aerosols
and simulated for the MODIS channels, from top to bottom, left to right, 469, 550, 670, 865, 1240, 1640 and
2130 nm respectively. Same forecast conditions as in Fig. 18 (see text).
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