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ABSTRACT

Desert dust modelling and forecasting attract growing interest, due to the numerous impacts of dusts on climate,
numerical weather prediction, health, ecosystems, transportation, as well as on many industrial activities. The validation
of numerical tools is a very important activity in this context, and we present here an example of such an effort,
combining in situ (horizontal visibility in SYNOP messages, IMPROVE database) and remote-sensing data (satellite
imagery, AERONET aerosol optical thickness data). Interestingly, these measurements are available routinely, and not
only in the context of dedicated measurements campaign; thus, they can be used in an operational context to monitor the
performances of operational forecasting systems. MOCAGE is the chemistry-transport model of Météo-France, used
operationally to forecast the three-dimensional transport of dusts and their deposition. Two very long-range transport
episodes of dust have been studied: one case of Saharan dust transported to East America through Asia and Pacific
observed in November 2004 and one case of Saharan dust transported from West Africa to Caribbean Islands in May
2007. Episodes of geographical extension had seldom been studied, and they provide a very selective reference to
compare the modelled desert dusts with. The representation of dusts in MOCAGE appears to be realistic in these two
very different cases. In turn, the model simulations are used to make the link between the complementary information
provided by the different measurements tools, providing a fully consistent picture of the entire episodes. The evolution
of the aerosol size distribution during the episodes has also been studied. With no surprise, our study underlines that
deposition processes are very sensitive to the size of dust particles. If the atmospheric cycle, in terms of mass, is very
much under the influence of larger particles (some micrometres and above), only the finer particles actually travel over
thousands of kilometres. This illustrates the need for an accurate representation of size distributions for this aerosol
component in numerical models and advocates for using a size-resolved (bin) approach as sinks, and particularly,
deposition do not affect the emitted log-normal distributions symmetrically on both sides of the median diameter.
Overall, the results presented in this study provide an evaluation of Météo-France operational dust forecasting system
MOCAGE.

'Météo France, DP/Serv/Env, France; >Météo-France and CNRS, CNRM-GAME
URA1357, France; *Leibniz Institute for Tropospheric Research, Leipzig, Germany; *CNRS and Universities Paris 7

1. Introduction

Dust emitted from desert surfaces by wind erosion of soil can be
transported in the atmosphere over thousands of kilometres (i.e.
Asian dust over the Pacific Ocean, Gong et al., 2006; Zhao et al.,
2006 or African dust over the Atlantic Ocean, Prospero and
Carlson, 1972; Colarco et al., 2003a,b). This mineral aerosol
plays a preponderant role during their transport in the atmo-
sphere: due to their radiative properties, these particles impact
on the Earth radiative budget (Sokolik et al., 2001) and the cli-
mate system or on numerical weather prediction (Chaboureau
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et al., 2007). There is also a sanitary impact of dust on human
health especially through their capability to be a vector for some
virus or bacteria (some researches are exploring the potential for
climate/environmental models to predict the probability of oc-
currence of meningitis epidemics; Thomson et al., 2006). Their
deposition on infrastructures impacts several industrial activities
(solar panels, transportation, etc.). Moreover, their deposition in
some limited-nutrient ecosystems (open ocean, tropical forest)
represent a significant supply in Phosphorus or Iron for these en-
vironments (Swap et al., 1992; Bergametti et al., 1992; Jickells
et al., 2005).

Modelling is an efficient tool to study or forecast the evolu-
tion of dust concentration in the atmosphere. Though it is not
a new research topic (for instance DEAD, Zender et al., 2003,
or DREAM, Nickovic et al., 2001 models), there is increased
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interest today, also in the context of the GMES program in
Europe (Global Monitoring for Environment and Security) or
with the development of the Sand and Dust Storm Research
Development Project (Sand and Dust Storm Warning and As-
sessment System; SDS-WAS) of the World Meteorological Or-
ganization.

MOCAGE is the chemitry-transport model of Météo-France
(see for instance Josse et al., 2004; Dufour et al., 2004; Nho
et al., 2005; Bousserez et al., 2007), and it is used to represent
the three-dimensions transport of dust. Though MOCAGE has a
multiscale option, the configuration used here is global with an
horizontal resolution of 2° x 2° and 47 vertical levels (from the
surface to 5 hPa). MOCAGE dynamics are driven in this study
by meterological analysis (winds, temperature, pressure, hu-
midity) coming from Météo-France’s operational global model
ARPEGE. Transport is computed by a semi-Lagrangian scheme
for all species (Josse et al., 2004), turbulent diffusion is ac-
counted for following (Louis, 1979) and MOCAGE convection
is parametrized with a mass flux scheme, described in Bechtold
et al. (2001). It can represents both gaseous and aerosols species
simultaneously, but the present work relies only on the aerosol
part of the model. Aerosols are considered as an external mix
and a sectional approach has been chosen (see the following).
For the present work focusing on dusts, phenomena such as
growth, coagulation and nucleation have been neglected. Parti-
cles are separated in bins following their diameter, and each bin
is considered as a passive tracer, aerosols concentrations vary
following depositions (wet and dry), sedimentation, emission
and transport. In this paper, MOCAGE is used to study two very
long-range transport episodes of dusts. In November 2004, a
very particular situation has been observed: Saharan dusts have
been transported easterly, passed through Asia and Pacific Ocean
and reached the Western America. In May 2007, Martinique has
been confronted with a heavy dust cloud. These particles have
been transported from Africa to Caribbean islands. These situa-
tions are frequent, but such an intensity had never been observed
in Martinique. These two episodes are good cases to evaluate
the results of our model.

2. Aerosol representation in MOCAGE

2.1. Dust emissions

Desert dusts emission fluxes mainly depend of wind velocity
and on the surface features (Marticorena and Bergametti, 1995).
Thus, modelling of dust is primarily dependent on how the
emissions are represented. MOCAGE has been coupled with
a module of dynamic source of dust emissions described in
(Marticorena et al., 1997; Laurent et al., 2005, 2006). This emis-
sions module mainly accounts for the effects of the soil size
distribution, surface roughness and soil moisture (Fécan et al.,
1999). In this study, since we focus on the impacts of Saha-
ran dust, only Saharan dust emissions are considered. Precisely,

emissions are simulated for an area covering Sahara, the Arabian
peninsula and the Middle East (36°N-12°N; 17°W-78°E). Over
this area, the aerodynamic roughness length has been calculated
from a geomorphologic study based on topographic, geological,
pedologic and climatologic information (Callot et al., 1990). The
horizontal resolution of this aerodynamic roughness length is
1° x 1°. In our simulations, surface wind velocity coming from
ARPEGE analysis are used. Dust emissions are calculated over
a 1° x 1° resolution and are summed over 2° x 2° grid cells. The
initial size distribution is a three-mode log-normal distribution.
The mean diameters and the standard deviations for these three
modes are, respectively, 1.5, 6.7, 14.2 um and 1.7, 1.6, 1.5.

Following (Ginoux et al., 2004), the annual emission from
North Africa is around 1400 Tg yr~!, which represents 65%
of the global emission. Studying the emissions modelled by
MOCAGE for the meteorological year 2000, major known areas
of emissions appearat Mauritania, Bodele depression, south of
Egypt and south of the Arabic peninsula. In all these areas, there
are more than 200 d of emissions (Fig. 1a). This geographical
repartition is consistent with Middleton and Goodie (2001). The
frequency of days x gridpoints emissions has been calculated
for every month of the year 2000 (Fig. 1b); from March to
August, the emissions are more frequent than during the rest
of the year (+38.5% in June, —49% in November). The link
between dust emissions and meteorological conditions implies
that the position of the Inter-Tropical Convergence Zone (ITCZ)
modifies the emissions. This phenomenon leads to the inter-
seasonal cycle of dust emissions over North Africa.
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Fig. 1. Statistical characteristics of emissions on the African zone.
a) Number of days of emission during 2000. b) Relative frequency of
emission days x grid-points during 2000.
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2.2. Management of the aerosol size distribution

The main phenomenathat rule the behaviour of aerosols in
the atmosphere—scavenging, sedimentation and deposition on
surfaces—depend on the size of the particles (Lunt and Valdes,
2002). To represent aerosol size distribution in aerosol mod-
els, two approaches are commonly used: the ‘sectional’ one,
which separates the particles in bins according to their size
(Wexler et al., 1994; Jacobson, 1997; Meng et al., 1998), and the
‘log-normal’ one, which assumes that the mass or number size
distribution can be represented by probability distribution func-
tion, generally a log-normal law (Binkowski and Shankar, 1995;
Ackermann et al., 1998). The main advantage of the log-normal
approach is to be able to represent aerosol distribution consider-
ing only three moments for each mode. On the other hand, the
sectional one is able to describe with user chosen precision the
aerosol size distributions, at the cost of increased CPU/MEM
required for the models. No assumption is made in the case of
bins regarding the shape of the distributions, which is an advan-
tage regarding the aging of dust particles affected differentially
by sinks according to the size (see the following).

The sectional approach has been chosen for the present study.
Considering a log-normal initial distribution, 5g is the mean
diameter and o, the geometrical standard deviation. To separate
this distribution of N particles in bins, we have to determine the
fraction of particles included between D;; and D; ,:

_ — 1
Si = F(D;.) — F(D;;) = E[e’f(Di,u) —erf(D; )] (D)

where F(D) is the normalized cumulative function

FD) 1 N 1 ; InD —InD, @
=—-+ —erf| —
22 ﬁ Ino,
and erfis the error function :
erf(e) = —= / ey 3
NE '

Then we can define the mass of aerosol included between D;; and
D;,, considering D; as the mean diameter and p the volumique
mass:

m,-=N><S,-><%Di3><p. C)

This sectional approach requires to define the number of bins
and the average particle diameter for these different bins.
Increasing the number of bins is a way to assess the short-
comings of using reduced and more computationaly tractable
number of bins. But, this implies an augmentation of the CPU
needed, which is detrimental in an operational context. Another
way to improve the description of the aerosol concentrations is
to adapt the size of the bins to the efficiency of the sinks. To
improve the representation of the aerosol sinks, it is important to
describe more precisely the aerosol size distribution where the
sinks are more efficient. Studying the impact of the particle size
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on the sinks, an optimization of the number and the size of the
bins has been implemented.

It is important to have an accurate description not only where
the concentrations are high but also where the phenomena are
efficient. Wet deposition considers coagulation in the cloud
(Langner and Rodhe, 1991) and depends on the precipitation
rate, the cloud water content and the transfer efficiency of
aerosol in precipitation. These parameters are not linked with the
aerosol size. Under the cloud, impaction of droplets following
Chaumerliac (1984) and Seinfeld et Pandis (1998) to calculate
the efficiency of collision between particles and droplets are
used. Scavenging rate is the product of this efficiency of colli-
sion (E) and the colllision volume (V).

7(Dy + D,

Veol = 4

X [U(Dg) — ui(Dy)], &)

4
E=—"[14+04Re"*5c'
RexSc[ + ¢ el

St — 85\
3 -
* ¢+<St—S*+2/3) ’ ©

where D, is the droplet diameter, U, the droplet velocity, Re the
Reynolds number, Sc the Schmidt number, ¢ the impaction pa-
rameter, St the Stokes number and S* the critical Stokes number.
In this study, the droplet diameter has been arbitrarily fixed to
1 mm. This efficiency vary with the aerosol size (Fig. 2a). Wet
deposition is efficient for particles bigger than 2. x 107" m.

Dry deposition is parametrized as a function of particle size
and density, surface properties and micrometeorogical condi-
tions near the surface (Nho et al., 2004). The expression of dry
deposition velocity is

1

g +rp

O]

Vg =

where r, is the aerodynamic resistance and r, is the quasi-
laminar resistance and is the only term depending of aerosol
size. These resistances are calculated following the parametriza-
tion of Nho et al. (2004). So, this velocity is proportional to the
inverse of the quasi-laminar resistance. Figure 2b represents the
variations of the inverse of this resistance with particle size. De-
position on a surface is efficient for particles bigger than 1 x
10~ m.

Sedimentation is calculated from Stokes law: particles fall be-
cause of their own weight. A correction coefficient is introduced
to take into account the rarefaction of the air at high altitude:

D?gC.
v, = M, ®)
18 Mair
with
2A
C.=1+ [1.257 + 0.4 exp(—0.55 D,,/}»)] . ©)

17
In these equations, D, is the particle diameter. Sedimentation
velocity increases with size particles (Fig. 2c).
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Fig. 2. Efficiency of the phenomena. a) Efficiency of collision between desert dust particles and rain droplets, as a function of the particle size.
b) Inverse of the quasi-laminar resistance, as a function of the particle size. c) Sedimentation velocity as a function of the particle size.

In conclusion, we have to describe more precisely the concen-
trations of particles with diameters in the interval between 1 x
10~®and 5 x 10~ m. In the following, MOCAGE uses a scheme
with 20 bins and the bin-widths had been fixed considering the
efficiencies of the sinks described above. Figure 3 represents the
discretization in bins of the initial distribution and the Table 1
lists the mean, minimum and maximum diameters for all the
bins.
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Fig. 3. Size bins for dust aerosol representation in MOCAGE.

-4

2.3. Optical properties

Aerosol optical thickness is a parameter measured by satellite or
by in situ sensors like radiometers in the AERONET network.
The aerosol optical thickness t is the dimensionless product
of bey (the extinction coefficent of the layer) and z (the layer
thickness). Considering that aerosols are spherical particles in
MOCAGE, the extinction coefficient is related to the dimension-
less extinction efficiency Qe by

nD;
bext =—N Qexlv

) 10)

where N is the number concentration and D, the particle diam-
eter. The dimensionless extinction efficiency is the rate between
the extinction cross-section and the cross-sectional area of the
particle. The aera of the extinction cross-section is the area of
the shadow casted by the particle on the radiative energy. In
MOCAGE, the extinction coefficient is calculated from the Mie
and the complex refractive index m of desert dust is
m=n+ik =1.53—-0.0078i, 1n
following Chin et al. (2002). Aerosol optical thickness calculated
in MOCAGE from desert dust concentrations, can be directly
compared with measurements.

Tellus (2009)
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Table 1. Mean, minimum and maximum diameters for each bin of the aerosol scheme used in our

simulations

Bin number 1 2 3 4 5 6 7 8 9 10
Mean (pm) 0.42 0.77 1.18 1.6 2.19 2.68 3.46 4.69 5.74 6.48
Min (um) 0.3 0.6 1 14 2 2.4 3 4 5.5 6
Max (um) 0.6 1 14 2 24 3 4 5.5 6 7
Bin number 11 12 13 14 15 16 17 18 19 20
Mean (pem) 7.34 8.32 9.48 10.9 12.7 14.7 17.4 21.8 35.3 70.7
Min (um) 7 7.7 9 10 12 13.5 16 19 25 50
Max (pum) 7.7 9 10 12 13.5 16 19 25 50 100

3. Study of a very long-range transport episode
in November 2004

We present results from a simulation of Saharan dusts emissions,
transport and deposition for the period ranging from November
10 to December 1, 2004. The model starts from zero concen-
tration on November 1. The spin-up period (from November
1 to November 10) is long enough to consider the whole dust
emission of this episode. This period was characterized by very
intense emissions of dust on November 14th over the Libyan
territory. The maximum value of the emission flux computed
by the model is 1.25 x 1073 kgm~2s~! and is simulated for
November 14 at 1200 UTC over the North of Lybia.

After crossing the Eastern Mediterranean Sea, the dust cloud
moves easterly across all Asia until November 21. Since the
goal of this paper is to track the Saharan dust cloud, the possible
emission of desert dust by Asian sources were not activated in
the model. Thus, the cloud which goes through the Pacific is only
composed of Saharan dust in our simulation. A significant frac-
tion of the initial dust amount, which has not been deposited,
reaches the West coast of the Northern America on Novem-
ber 27. Figure 4 represents the total column of dust calculated
by MOCAGE on November 15 and November 27, 2004. On
November 27, the total column of dust over Northern America
is about 0.1 gm™2. This value is significant considering that the
dust cloud has travelled over 24 000 km. Such very long-range
transport of Saharan dust is seldom documented (McKendry
et al., 2007). We use various data sources to evaluate the nu-
merical simulation depending to their distance from the dust
sources.

3.1. Comparisons with observations close to the sources

In the vicinity of dust sources, dust concentrations are important
enough to affect visibility (Kaufman et al., 1997). Satellite data
in visible channel are thus useful in determining the location
of a dust cloud. The horizontal visibility is also affected by
the presence of dust in the atmosphere, and this parameter is
included in SYNOP operational meteorological messages. These
two types of data can only be used near the source because the
quantity of dust is such that dust constitutes the main part of the
observed signal.

Tellus (2009)

10.00

.00

4.50

1.50

075

0.30

0.05

10,00

.00

4.50

1.50

0.75

60" L = 0.30
B e o Sy
=50 | — — — — — — H 0.05

1807 2107 2400 270° 300° 330° 0" 30" 60° 80° 1207 1507 1807

e

(b} 27 Nevember

Fig. 4. MOCAGE dust column (in g/m?) for two dates of the episode:
15 November (top) and 27 November (bottom).

Considering satellite observations, on November 14, the
moderate resolution imaging spectroradiometer (MODIS) on
NASA'’s Aqua satellite captured an image of rippling dust being
swept northeastward across Libya and Tunisia (Fig. 5). The
satellite image clearly shows the transport of dust over the
Mediterranean Sea. MOCAGE results reveal a maximum of dust
concentration on an area covering the Eastern Mediterranean Sea
(from Libyan coasts to Turkey). This comparison strongly sug-
gests that both the shape and the timing of the dust cloud is
correctly reproduced by MOCAGE during the first hours fol-
lowing emission event.

Operational synoptic surface weather reports contain infor-
mation about aerosols, either directly (eg. current and past
weather) or indirectly (eg. horizontal visibility; WMO Table
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Fig. 5. Dust cloud blowing off Lybian coasts (November 14, 2004):

MODIS satellite image compared to MOCAGE dust column (in g/m?).

codes, 1995). Figure 6 shows the synoptic surface weather report
for 16 November 2004 at 1200 UTC and the dust surface con-
centrations calculated by MOCAGE for the same date. The
weather report indicates westerly winds and significant reduc-
tion of visibility over Israel and Jordan due to the presence
of dusts (symbol co and S). These observations matches well
the position of the dust cloud simulated by MOCAGE. At
this time, the simulated concentrations are between 400 and
3000 g m~3; the highest concentrations being simulated over
Cyprus. The weather reports of two stations located on this island
indicate for the same date a significant reduction of visibility due
to the presence of dust.

We select the visibility observations performed between 15
November and 19 November in the meteorological station of
Damas in Syria to investigate more precisely the capability of
the model to correctly reproduce the timing of the event. By
default, when there is no visibility reduction, the value is set
to 15000 m by observers for this parameter. Since MOCAGE
does not directly compute the horizontal visibility, we used the

aerosol optical thickness (AOT) as a proxy of visibility (AOT
increases when visibility is reduced). The data are compared
every 3 h, which is the frequency at which the observations
are available. Figure 7a shows the temporal evolution of the
visibility as observed in Damas and that of the AOT as simulated
by MOCAGE. The visibility is reduced on the 16 November
between 0600 UTC and 1500 UTC, and on the 17 November
at 0900 UTC. MOCAGE AQT suggests that a first dust cloud
arrives over Damas on 15 November at 1800 UTC but that the
major peak begins on 16 November at 0900 UTC. The model
simulates an episode having a longer duration (by 6 h) than that
reported by the observations (in the simulations, the dust cloud
remains over Damas until 17 November at 1500 UTC), which
is not unexpected given that the horizontal resolution of the
configuration of MOCAGE used here is 2° x 2° (about 200 km).
At this stage, the dust particles have been transported over some
2000 km (from Lybia to Syria) and the results of MOCAGE are
in line with the dusts observations available in that region.

3.2. Comparisons with observations far from the sources

Far from the sources, horizontal visibility cannot be used to
check the simulations. Indeed, The total amount of dust is not
sufficient to reduce visibility. Other types of observations have
been considered: remote-sensing observations provides AOT
measurements that are available all over the world. In situ mea-
surements of aerosol concentrations are also available on few
stations.

The aerosol robotic network (AERONET) programme is an
inclusive federation of ground-based remote sensing aerosol net-
works (Holben et al., 1998). Data provides globally distributed
observations of AOT. Two stations have been chosen on the path
of the dust cloud: Dalanzadgad (43°E; 104°N) in Mongolia and
Bratts Lake (50°N; 104°W) in Canada.

Figures 7b and ¢ shows the comparisons of AOT measured by
the AERONET network and simulated by MOCAGE. Data are
compared between 16 and 26 November 2004 for Dalanzadgad,
between 21 November and 1 Decmber 2004 for Bratts Lake.
These periods correspond to the dates at which MOCAGE sim-
ulates the transport of dust above these two stations. At Dalan-
zadgad, there is a time shift of 12 h on the date of the arrival
of the dust cloud between observations and MOCAGE simu-
lation: according to AERONET data, the cloud is observed at
Dalanzadgad the 20 November at 0300 UTC whereas MOCAGE
simulates it the 19 November at 1500 UTC. Despite this time
shift, the maximum values of AOT between AERONET and
MOCAGE are relatively consistent (0.048 for AERONET and
0.062 for MOCAGE). Considering Bratts Lake, the results are
fair even if some observations are missing. Following MOCAGE
simulations, the dust cloud reaches America on 25 November.
The AOT measurements increase at the same time. Moreover,
the maximum values are around 0.05 for the observations and
0.07 for the MOCAGE simulations. To confirm that the increase

Tellus (2009)
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in AOT in Bratts Lake is connected with a long-range dust trans-
port event, we also used in situ data. The Interagency Monitoring
of Protected Visual Environments (IMPROVE) monitoring net-
work consists of aerosol, light scatter, light extinction and scene
samplers in a number of National Parks and Wilderness areas
(Joseph et al., 1987). The IMPROVE programme includes the
measurement of the composition and concentration of tracers
allowing to identify emission sources. The standard IMPROVE
instrument has four sampling modules, one collects PM10 par-
ticles (0—10 um). This parameter is not directly the quantity of
desert dust but dusts are a large fraction of it (following Malm
et al., 2007). We have considered the station of Olympic, Wash-
ington (48°N; 123°W), which is relatively close to Bratts Lake.
Figure 7d shows the comparisons between the PM10 in situ
observations and MOCAGE simulations during the last days
of November and the first days of december 2004 (from 17
to 23 November 2004). Observed PM10 concentrations (in
ugm™>) and dust concentrations (in the same unit) simulated
by MOCAGE are compared. Considering Olympic, an increase
of PM10 occurs the 29 November, in phase with the maximum
concentration of desert dust simulated by MOCAGE.
Nevertheless, we can wonder if the particles reaching Olympic
are really coming from Pacific Ocean and rather not from local or
continental sources of PM10. The occurrences of wind directions
during this period (Fig. 8) show that the main wind direction is
Southwest, which is the direction for winds coming from the
Pacific Ocean at the Olympic station. Thus, we can assume that
most of the particles observed at this station are probably not
coming from local sources or from American sources of dusts but
are probably particles having travelled over the Pacific Ocean.

Fig. 8. Occurrences of wind directions between November 24, 2004
and November 30, 2004 at the station of Olympic.

Bin number

[==20 Now —==22 Nov =24 Nov —+26 Nov|
Fig. 9. Evolution of the dust size distribution during the transport
between Africa and America for the November 2004 case for four
different dates.

We provide now some insight on the evolution of the dust par-
ticles granulometry during this very long-range transport. Dur-
ing the transport, depositions (wet, dry and by sedimentation)
have different impacts on dust concentrations following their di-
ameters. The evolution of the concentration of each bin has been
studied during the transport of dust from Africa to America.
Figure 9 represents the evolution of these concentrations during
November. The three log-normal modes of the initial distribu-
tion are visible at the first date (20 November 2004). During
the transport, the deposition is more efficient on big particles.
This phenomenon is visible on the evolution of the third mode
of the distribution. Considering the concentrations of the last
date (26 November 2004), the distribution has only two modes,
the biggest particles have been progressively eliminated by the
different sinks. This indicates very different lifetimes across the
spectrum of the dust size distributions, as precised for instance
in (Tegen and Fung, 1994).

This leads to a remark: a log-normal approach would be a real
shortcoming for such long-range transport episodes, as modes
(and specially the coarse ones) are gradually departing from
the initial gaussian distributions. This is also of importance re-
garding the initial total dust mass deposited far from the source
zone.

4. Study of a trans-Atlantic episode in May 2007

In May 2007, the air quality network Madininair of Martinique
Island (14°N; 61°W) in the Caribbean Sea recorded the highest
value of PM10 observed since the begining of their operations
in 2000. These high particulate concentrations were suspected
to result from an intense Saharan dust transport. Such cases
of transatlantic transport of dusts have already been reported
(Mahowald et al., 2002). Some campaigns have studied similar
cases like Puerto RIco Dust Experiment (PRIDE; Reid et al.,
2003; Colarco et al., 2003a,b) or Saharan Dust Experiment
(SHADE; Formenti et al., 2003; Myhre et al., 2003).

Tellus (2009)
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For May 2007, the simulation starts from zero concentration
on 1 May 2007. As in the November case, the spin-up time lasts
around one week. MOCAGE simulates strong dust emissions in
Mauritania. The maximum flux is about 2.8 x 10™*kgm=2s~!,
At the beginning of the episode, the area of maximum
concentrations (more than 150 ug m~?) is located between the
West African coasts and the Cape Verde Islands. The vertical
extension is about 2 km (until 800 hPa). This cloud moves west-
ward across the Atlantic Ocean and reach Martinique on 15 May
2007. Despite of sedimentation, dry and wet deposition, the con-
centrations simulated by MOCAGE in Martinique remain very
high (between 80 and 150 ugm~> on May 15). Zonal cross-
sections show that the vertical dust transport occurs only in the
two first kilometres of the atmosphere (not presented here).

4.1. Comparisons with observations close to the sources

Figure 10 compares MODIS image and the column of dust sim-
ulated by MOCAGE (in g m~2) at the same date (9 May 2007).
On the MODIS image, we note that a dust plume with a width
of several hundred kilometres blew off the west coast of Africa
on 9 May 2007. This image shows the dust plume fading out
approximately 500 km west of the coast. The plume is thickest
in the south, near Cape Verde Islands, although a plum of dust
stretches out toward the Canary Islands in the north. Neverthe-
less, the area of maximum concentrations is quite well captured
by MOCAGE, located between the west coast of Africa and
Cape Verde Islands.

As for the November 2004 case, we have examined the syn-
optic surface weather reports in order to estimate the consistency
between MOCAGE simulations and the observations. Figure 11
shows the synoptic surface weather report on the west African
coast and Cape Verde Islands as well as the dust surface con-
centration simulated by MOCAGE for the same date (9 May at
1200 UTC).

In Mauritania and Senegal, all weather reports indicate that
the horizontal visibility is reduced (from 2 to 4 km) because of
dust. Messages from Morocco also point out reduced visibilities
but less intense than in the two countries mentionned above.
These observations confirm that the location of the dust cloud
in the MOCAGE simulation is correct. In Cape Verde Islands,
horizontal visibility is reduced to 2.8 km and the symbol asso-
ciated means ‘widespread dust in suspension in the air’. At this
date, the area of maximum concentration is located near Cape
Verde Islands in the MOCAGE simulation suggesting that the
shape and extension of the cloud are realistic.

Figure 12 shows the evolution of the AOT measured
by AERONET over Cape Verde Islands and simulated by
MOCAGE. The absolute maximum observed is around 2.3
(9 May at 1741 UTC). During the following days, peaks of
AOT are observed. In particular, AOT reaches 1.5 the day after
the first peak. This second maximum is caused by another strong
dust emission in West Africa. MOCAGE simulation represents
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Fig. 10. Dust cloud blowing off African coasts (May 5, 2007). MODIS
image and MOCAGE dust column on g/m?.

only one maximum during that period. This maximum value is
1.3 (9 May at 1200 UTC). This peak is underestimated by the
model and occurs about 5 h earlier compared to the observa-
tions. The underestimation could be explained by the horizontal
resolution of 2° used here. Such a resolution smoothes the dust
concentrations and consequently, the AOT simulated. Still, the
agreement is quite nice. Considering the secondary peaks that
are not simulated by MOCAGE, it is caused by an underestima-
tion of the dust emission fluxes over Africa the days following
the first emission. The AOT observations over Cape Verde show
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Fig. 11. Synoptic surface weather reports compared with MOCAGE
dust surface concentration in g/m3, May 9, 2004 at 1200 UTC. Cyan
symbols correspond to aerosol affected area. S represents “widespread
dust in suspension in the air, NOT raised by wind at the time of the
observation” and co “haze”.

that emissions happened the days following the first emissions.
But, MOCAGE dust emission fluxes are not important enough
in Africa between the 9 and 12 May 2007. This underestimation
of the emission flux is responsible of the bad representation of
the secondary peaks observed in AOT measurements over Cape
Verde.

MOCAGE simulation indicates that the dusts emitted in West
Africa are transported over the Atlantic Ocean along the 10th

parallel. Figure 13 compares the GOES-E (a geostationary satel-
lite having its operationnal position is 75°W) colour-composed
image produced by Météo-France (Bellec and Le Gléau, 1992)
and the dust column represented by MOCAGE at the same date:
16 May 2007 at 1500 UTC. The colour-composed image is a
combination of infrared and visible channels, the clouds are col-
ored with different shades. On this image, the dust cloud has a
light brown color. This image is the basis of a qualitative com-
parison of MOCAGE results with the reality. On the satellite
observation, the dust cloud spreads from the African coasts to
the Caribbean Sea. MOCAGE results match very well with this
position. The dust column simulated by the model is placed on
the same area. High values (higher than 0.5 gm~2) are situated
over West Africa (specially over Guinea), spread along the 10th
parallel and reach South American coasts. This comparison con-
firms that the trajectory and timing of the dust cloud are correct
in MOCAGE simulation.

4.2. Comparisons with observations far from the sources

The synoptic surface weather report for Caribbean islands points
out the presence of dusts on 14 May at 1800 UTC. All the stations
of the area report ‘haze’ (symbol 00), on the south of the zone,
some reports talk about ‘widespread dust in suspension in the air,
NOT raised by wind at the time of the observation” (symbol S)
and in Martinique, the horizontal visibility is reduced to
2 km because of dusts. The dust column simulated by MOCAGE
suggests that high dust concentrations reach Martinique at the
same date (Fig. 14). The position of the dust cloud represented
by the model seems to be less stretched out on the north of the
area.

In Martinique, five stations are measuring operationaly PM10
concentrations every day since 2000. They are operated by
Madininair, the local air quality network. A warning has been
published by them on 15 May, the PM 10 concentration reaching
a maximum value of 155 & gm™~>. Such a particulate concen-
tration had never been measured on this island. Again, it should
be underlined that PM10 includes all types of aerosols (black
carbon, sea salts. . .) and not only desert dusts. Figure 15 shows
the evolution of PM10 measured at the Lamentin station and the
desert dusts concentration simulated by MOCAGE. The first day
(May 13, 2007), PM10 is about 50 g m~ but the Saharan dust
cloud has not reached Martinique yet. This concentration can
be considered as representative of typical levels of PM10 at this
monitoring site in the absence of any specific event. MOCAGE,
in the configuration used here, does not account for other sources
than dust and these typical levels of particulate matter cannot be
represented in the simulation. Thus, to compare MOCAGE sim-
ulation, we have to remove this background concentration; only
the values in excess of 50 ugm™ are thus expected to mainly
account for dusts.

The dust concentration calculated by MOCAGE rises from
May 13 at 1200 UTC and reaches a maximum value of
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Fig. 15. Comparison between PM 10 observations (triangles) and
MOCAGE concentrations at Lamentin, from May 13 to May 20, 2007.
The dots correspond to observations minus 50 pg/m?, corresponding to
the background PM 10 concentrations at this time in Lamentin.

121.8 ugm=3 (15 May 2007, 0000 UTC). During the two first
days of simulations, observations and modelled concentrations
are in good agreement. MOCAGE represents the arrival of the
dust cloud by a gradual increase of the concentration. The max-
imum value is simulated a few hours earlier than in the observa-
tions, but the maximum is in the correct range.

During the following days, MOCAGE evacuates the dust
cloud more quickly than observed. The concentrations are lower

(d) MOCAGE
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- Fig. 14. Synoptic surface weather reports
%5 compared with MOCAGE dust surface
concentration in p,g/m3, May 14, 2007 at
= 0600 UTC and 1800 UTC. Cyan symbols
correspond to aerosol affected area. S
o represents “widespread dust in suspension in

the air, NOT raised by wind at the time of the
observation” and oo “haze”.

than 10 ugm™ from 16 May at 0400 UTC in the simulations
and from 16 May at 2200 UTC in the observations. Moreover,
two maxima are observed in the PM10 data (17 May at 1700
UTC and 18 May at 1300 UTC). These high concentrations are
not represented in the model, probably because of an underes-
timation of secondary Saharan dust emissions during the days
after the major one as previously underlined by the comparison
of measured and simulated AOT over Cape Verde Islands.

During this episode of Saharan dust transported to the
Caribbean islands, the simulation of aerosol concentrations by
MOCAGE is satisfying. Indeed, on a qualitative way, compar-
isons with horizontal visibility and satellite image have shown
that the location and time of arrival of the dust cloud have been
well simulated by the model. On a quantitative way, the com-
parison of dust concentrations with PM10 measurements has
shown that the results of MOCAGE are consistent with the
fraction of observed PM10 not attributable to local air pollu-
tion sources, several thousands of kilometres away from the
emissions sources. The study of the AOT measurements over
Cape Verde and the PM10 measurements in Martinique Island
have shown that MOCAGE correctly simulates the first peak of
dust concentrations but do not simulate the following peaks due
to an underestimation of the dust emission flux.

As in the case of November 2004, the evolution of the dust size
distribution have been studied during the transport from Africa

Tellus (2009)



LONG-RANGE TRANSPORT AND DEPOSITION OF DESERT DUST 13

Concentration (ug/m®)

Bin numbar

=+=0 May - 11 May -== 13 May --15Majr|

Fig. 16. Evolution of the dust size distribution during the transport
between Africa and Caribbean Islands for the May 2007 case.

to Caribbean Islands. Figure 16 represents the evolution of these
concentrations during May. On 9 May, the cloud is located near
the sources and the dust distribution is similar to the emission
size distribution—three log-normal modes. The following days,
depositions eliminate dust from the atmosphere and the size
distribution shows that the big particles are eliminated faster
than the little. Thus, when the dust cloud reach Martinique Island
(May 15), the third mode has disappeared and the concentrations
of particles bigger than 6.5 um (bin number 10) is negligible.
The evolution of the aerosol size distribution follows the same
scheme than in the case of November 2004—the third mode
is eliminated faster and each mode is distorted because of the
variable treatment of sinks following particle sizes.

5. Conclusions

The study of two very long-range transport episodes of dust
transport has been used to evaluate our model simulations. In
turn, the model simulations have allowed to better understand the
chronology of the event and to make the link between different
types of observations to build a consistent picture. The com-
parisons with available data (satellite observations, horizontal
visibility, PM10 measurements) have shown that the represen-
tation of Saharan dusts in MOCAGE is realistic in two very
different cases: the transport of dusts from Africa to Northern
America across Asia and the Pacific, and the transport of an
intense outbreak of desert dusts from West Africa to Carribean
Islands. During both events, the simulations of the dust cloud
path were realistic and the timing of the arrival of dust on the
different sites where observations are available was in general
anticipated by only a few hours. In this study, horizontal visi-
bility in SYNOP messages has been used to contribute to the
evaluation of our numerical simulations. Although reduction of
visibility can result from a number of reasons (dust, but also other
aerosols or moisture) and is thus only semi-quantitative, the use
of this type of observations in synergy with other sources of data
available operationaly (PM10 and AOT measurements) provide
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strong constraints for routine dust forecast models evaluation.
The MOCAGE model, evaluated in this study, is providing daily
dust forecasts on the French national platform Prev’ Air (Honoré
et al., 2008).
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7. Appendix A

Internet Sites

AERONET http://aeronet.gsfc.nasa.gov/index.html
PREV’AIR http://www.prevair.org/

SDSWS http://salam.upc.es/wmo/

IMPROVE http://vista.cira.colostate.edu/improve/

MADININAIR http://www.madininair.asso.fr/

MODIS http://rapidfire.sci.gsfc.nasa.gov/
NRL http://www.nrlmry.navy.mil/aerosol/
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