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Abstract

Global distribution of aeolian dust is simulated from 1981 to 1996 with the Global Ozone Chemistry Aerosol Radiation and
Transport (GOCART) model. The results are compared with in situ measurements and satellite data. An index is calculated from
the model results and the satellite viewing angles to allow quantitative comparison with the Total ozone mapping spectrometer
(TOMS) absorbing aerosol index. The annual budget over the different continents and oceans are analyzed. The simulated annual
emission varies from a minimum of 1950 Tg in 1996 to a maximum of 2400 Tg in 1988. Of these emissions, 65% is from North
Africa and 25% from Asia. It is found that North America received twice as much dust from other continents than it emits per
year. There is no significant trend over the 16-year simulation. The inter-annual variability of dust distribution is analyzed over the
North Atlantic and Africa. It is found that in winter a large fraction of the North Atlantic and Africa dust loading is correlated
with the North Atlantic Oscillation (NAO) index. It is shown that a controlling factor of such correlation can be attributed to dust
emission from the Sahel. The Bodele depression is the major dust source in winter and its inter-annual variability is highly correlated
with the NAO. However, the long record of dust concentration measured at Barbados indicates that there is no correlation with
the NAO index and surface concentration in winter. Longer simulation should provide the information needed to understand if the
effects of the NAO on dust distribution is rather limited or Barbados is at the edge of the affected region.

O 2003 Elsevier Ltd. All rights reserved.
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1. Introduction ans and effectively controls phytoplankton blooming
(Martin and Gordon, 1988 Another important effect of
Mineral dust has an impact on the different compo- dust particles is their role in the photochemical pro-
nents of the Earth system. Several studies have showrduction of tropospheric ozone by reducing by as much
that dust particles, by absorbing and scattering solar radi-as 50% the photolysis rates (eRickerson et al., 1997,
ation, modify the atmospheric radiative budget (e.g. Liao et al., 1999; Martin et al., 2002nd by providing
Tegen and Lacis, 1996; Sokolik and Toon, 1996; Weaver reaction sites for ozone and nitrogen molecules (e.g.
et al.,, 2002. Dust could also play a positive role in Prospero et al., 1995; Dentener et al., 1J9%6inally,
reducing global warming by greenhouse gas,CCar- dust particles affect air qualityPfospero, 1999and are
bon fixation by phytoplankton in the oceans acts as a potential vectors for long range transport of bacteria
sink for CO.. Aeolian dust deposition is the primary (Prospero et al., in press
source of bio-available iron in the iron-limited open oce-  In situ measurements since the 1960s have shown
strong daily, seasonal and inter-annual variations of dust
* Corresponding author. Address: NOAA GFDL, Forrestal Campus, Concemra.'tlon over the Atlanti®(ospero, 1999 Aero- .
Route 1, 085420308 Princeton NJ, USA. Tel1-609-987-5071; fax. 50! Satellite data have been helpful to locate the major
+1-609-987-5063. dust sourcesHerman et al., 1997; Prospero et al., 2D02
E-mail address: paul.ginoux@noaa.gov (P. Ginoux). and to study the variability of aerosol distributions with

1364-8152/$ - see front mattét 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S1364-8152(03)00114-2



114 P. Ginoux et al./ Environmental Modelling & Software 19 (2004) 113-128

data from the late 1970s (Herman et al., 1997; Torres et
a., 2002). It is thus important to better understand the
long-term variability of dust distribution, in particular to
determine which processes are controlling such varia-
bility. Hurrell (1995) has shown that the circulation and
precipitation over Europe and the North Atlantic is
modulated by the North Atlantic Oscillation (NAO) with
aperiod of about 8 years. Moulin et al. (1997) suggested
that the dust distribution over the Atlantic was correlated
with the NAO, using satellite data and the long-term
measurement of dust concentration at Barbados. More
recently, Chiapello and Moulin (2002) showed that in
winter there is a significant influence of the NAO on the
year-to-year variability of dust export from Africa, as
seen from total 0zone mapping spectrometer (TOMYS)
and Meteosat satellite data. Transport models solve
explicitly the emission, transport and removal processes.
Therefore, they can provide more detailed information
on the major processes controlling the spatial and tem-
poral variability of dust distribution. Mahowald et al.
(2002) have used a tri-dimensional transport model to
understand the 30-year Barbados dust record. Their
analysis suggested that the Barbados dust variability
could be in part related by disturbed soilsin Africa. But
they recognized that their analysis is severely limited by
the accuracy of the available meteorological data sets.
Ginoux et al. (2001) have developed a transport dust
model whose emission is solely based on natura
sources. Over a 5-year simulation, it seemed that such
sources are sufficient to reproduce reasonably well most
characteristics of dust distribution at the global scale. In
this paper, the smulation is extended and covers 16
years from 1981 to 1996. The results of this simulation
are used to analyze the year-to-year variation of dust dis-
tribution with a focus on North Africa and the Atlantic.
After describing briefly the transport model used to
simulate dust distribution, the budget over the continents
and oceans will be discussed before comparing the
model results with in situ and satellite data. Finally, the
effects of the NAO on dust emission, concentration and
mass column will be analyzed.

2. Model description

The model used for this study is the Global Ozone
Chemistry Aerosol Radiation and Transport (GOCART)
model. The GOCART model simulates the distribution
of dust, sulfate, carbonaceous (organic and black
carbon), and sea-salt aerosols. Each model component
has been described in detail elsewhere (Chin et al., 2000;
Ginoux et a., 2001; Chin et a., 2002), and their com-
bined effect on total optical thickness has been compared
with in situ measurements and satellite retrievals (Chin
et a., 2002). Briefly, the GOCART model is a global
scale model driven by the Goddard Earth Observing Sys-

tem Data Assimilation System (GEOS DAS). It has a
horizontal resolution of 2° latitude by 2.5° longitude and
2040 vertical layers (vertical resolution depends on the
version of GEOS DAYS). The model contains the follow-
ing modules in aerosol simulation: emission, which
includes dust, sulfur, black carbon, organic carbon, and
sea-salt emissions; chemistry, which includes in-air and
in-cloud oxidations of sulfate precursors (SO, and
DMYS); advection, which is computed by a flux-form
semi-Lagrangian method; boundary layer turbulent mix-
ing, which uses a second order closure scheme; moist
convection, which is caculated using archived cloud
mass flux fields; dry deposition at the surface by eddies;
wet deposition, which accounts for the scavenging of
soluble  species in  convective updrafts and
rainout/washout in large-scale precipitation.

More detailed description and references are given in
Chin et a. (2000) for sulfate, Ginoux et al. (2001) for
dust, and Chin et a. (2002) for the other aerosols. Dust
distribution from GOCART model has been used to
derive optical properties from the TOMS data (Torres et
al., 2002), to calculate radiative forcing (Weaver et al.,
2002), to study the effects of heterogeneous reactions on
O; photochemistry (Martin et a., 2002), and to study
the effects of phytoplankton blooming by dust deposition
at the ocean surface with a global ocean circulation—eco-
system model (Gregg et d., in press).

Dust size distribution is calculated by solving the con-
tinuity equation for a discrete number of size bins. The
size distribution of mineral dust ranges from 0.1 um for
clay to several hundreds micrometer for sand. However,
the total volume (or mass) of particles larger than 10 um
is several orders of magnitude lower than for smaller
particles, and the maximum of the volume is around 2
pm radius (Dubovik et al., 2002). The occurrence of par-
ticles larger than 1 pm is primarily constrained by gravi-
tational settling. In GOCART model, the size distri-
bution is discretized into four size bins; 0.1-1, 1-2, 2—
3, and 3-6 um radius. The physical parameters of these
four bins are given in Table 1. The continuity equation
includes macroscopic advection by winds, parameterized
eddy diffusion and moist convection. The removal
mechanisms include dry deposition at the surface by
impaction, wet deposition in and below clouds, and
gravitational settling. Dust is uplifted by wind over pref-
erential sources, as opposed to any desert area, which
have been associated with topographic lows.

2.1. Dust sources

The approach used in GOCART to identify the major
dust sources is based on the analysis by Prospero et al.
(2002). Using the TOMS aerosol index (TOMS Al)
(available at http://toms.gsfc.nasa.gov), they have ident-
ified and characterized the geomorphological nature of
the major dust sources. Most of these sources correspond
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Table 1
Physical properties of the transported size bins

Bin Radius range (um) Size distribution Source fraction ri (um) Ppi (kg/m3)
1 0.1-1 dm/dinr = cst 0.1 0.75 2600
2 1-2 dm/dr = cst 0.25 15 2600
3 2-3 dm/dr = cst 0.25 25 2600
4 36 dm/dr = cst 0.25 45 2600

to dry lakes or riverbeds where a sufficiently deep layer
of aluvium was able to accumulate. Their analysis also
found that human impacts are not as important as pre-
viously suggested. Because of the global nature of these
findings, the relative altitude of any point in the sur-
rounding basin has been used as a global dust source
function. A problem with a continuous function is that
any point can emit dust particles. To increase the con-
trast between the topographic lows and their surround-
ing, an exponent is added to the function. Laboratory
and field measurements (e.g. Marticorena and Berga-
metti, 1995) have shown the importance of surface
roughness for dust uplifting. Vegetation will increase the
surface roughness and decrease or prevent dust emission.
In the model, the function is calculated only over bare
soils retrieved from satellite data. The function is sup-
posed to be invariant in time, athough the vegetation
cover changes with time. The justification is that it is
unclear if the error associated with satellite retrieval of
ground cover over active dust sources are low enough
to provide reliable vegetation cover. The inclusion of a
time dependent vegetation cover in the source function
by Mahowald et a. (2002) seems to dightly degrade the
correlation between the model predictions and the obser-
vations. The dust source function has served for the
present and future scenarios of the Intergovernmental
Panel for Climate Change (Penner et a., 2001) and
model intercomparison (Penner et al., 2002), is used by
severa global and regional model (e.g. Mahowald et dl.,
2002; Alpert et a., 2002; Barnum et al., this issue). Fig.
1 shows the global distribution of the source function on
one degree grid, and the 10-year average TOMS absorb-
ing aerosol index. In the arid regions, the location of the
maxima of the TOMS index and source function seems
to correspond. In the tropical regions, the TOMS data
indicate the presence of large amount of aerosols but
these are particles of black carbon which are associated
with biomass burning of savannah or forest (Torres et
al., 2002).

2.2. Dust emission

Dust uplift into the atmosphere is mainly initiated by
saltation bombardment (sand blasting). In GOCART, the
vertical flux of dust particles is assumed to be pro-
portional to the horizontal flux of sand particles, and it
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Fig. 1. Globa distribution of the dust sources on GOCART grid
(upper panel) and of the TOMS absorbing aerosol index average from
1981 to 1990 (lower panel).

is approximated by an expression similar to the empirical
formula developed by Gillette and Passi (1988):

- {Csspufo m(Uio m—Up) if Uom > U
P 0 otherwise

1)

where C is a dimensional factor equal to 1 ug s> m—5,
S is the source function described by Ginoux et al.
(2001), Uyo m is the horizontal wind speed at 10 m, uy,
is the threshold velocity for class p, and s is the fraction
of each size classes given in Table 1.

The threshold velocity for wind erosion is calculated
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from the Iversen and White (1982) numerical formu-
lation with the simplications proposed by Marticorena
and Bergametti (1995). The expression of the threshold
velocity for class p, in units of m s%, is given by

\/Ppgcb \/ 6 x 10
D25
utp = U. ’) ppg (2)
1 7638(4.6 X 10°9[L%6 + 1]0.092— —1)

where p, isthe particle density (kg m~3), g is the gravity
(9.81 m s72), ®, is the effective diameter of the class p
(m), p, is the air density. The values of p, and ®, are
given for each four classes p in Table 1. To take into
account the bonding effect of soil moisture, expression
(2) is modified as in Ginoux et a. (2001),

3 {utp X (1.2 + 0.2log,ow) if w< 0.5
o otherwise '

©)

where w is the soil moisture which varies from near zero
value in arid region to one over water, snow or ice.

3. Modd results

The dust distribution is simulated from January 1981
to December 1996. The instantaneous dust concentration
for each of the particle-size four bins at every model
grid point is archived every 6 h.

3.1. Global budget

Fig. 2 shows the global annual budget for 16 years.
It includes dust emission and removal by wet and dry
deposition. Although the lifetime of dust particles is
about 1 week, the annual budget is not equilibrated: the
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Fig. 2. Global annual budget of dust from 1981 to 1996: emission
(line), dry deposition (dark gray boxes), and wet deposition (light gray
boxes), in units of Tg year .

annual deposition by dry and wet deposition is system-
aically higher than the emission. This is an inherent
problem of transport models which cannot conserve
mass because of time interpolation. The error is of the
order of 1%. Dry deposition contributes to 90% of total
dust removal. The ratio between dry and wet removal
varies by less than 10% over the 16 years simulation.
The maximum difference of annua emission is about
23% with the lowest emission in 1996 (1950 Tg) and
the highest in 1988 (2400 Tg).

Table 2 gives the budget over five different regions:
North Africa, South Africa, North America, South
America and Asia. The annual emission from North
Africais around 1400 Tg year—* which represents 65%
of the global emission, while Asia contributes for 25%.
The contribution from the other regionsis relatively low
and of the order of the standard deviation of dust emis-
sion from North Africa. Over the 16 years simulation,
there is a downward trend of dust emission from Africa
and Asia of 6 and 2 Tg year %, respectively. These
values are ten times lower than the standard deviation
of the annual emissions. Furthermore, the inter-annual
variability of dust emission is relatively low with a
maximum relative difference around 20%. Thus, the
emission trends are not significant over the simulated
period. Thisis also true for the deposition which follows
the variability of the emission rate. The difference
between annual emission and deposition is positive for
all continents except for North America. Over that conti-
nent the annual deposition is three times higher than the
emission. This means that long range transport from
other continentsis controlling the inter-annual variability
of dust loading over North America. Perry et a. (1997)
have observed African intrusions over continental US
with dust concentration exceeding by an order of magni-
tude the background values in the so-called “dust-bowl”
states of the central USA. The dust distribution over
North Americais also influenced by Asian dust episodes,
mainly in spring. Such episodes have been observed
from satellite data and forecasted by the GOCART
model, among others, during the ACE-Asia field cam-
paign (available at http://code916.gsfc.nasa.gov/Mission
S/ACEASIA/). These results indicate the importance of
inter-continental transport, but further simulations would
be needed to know the relative contribution of each con-
tinents.

Table 3 gives the annual dry and wet deposition rates
for six oceanic regions. The highest deposition rates are
in the North Indian Ocean while in the South Indian
Ocean the rates are a factor ten lower. The contribution
of wet deposition to total removal is the highest over the
North Pacific (50%) and the lowest over the South
Atlantic (10%). Such a large difference can be explained
by the combined effects of precipitation rate and altitude
of the dust plume. In East Asia, the dust storms are gen-
erated by passing cold fronts which uplifted dust up to
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Table 3

Annual budget of dust dry deposition (settling and turbuelnt transfer) and wet deposition over six oceans in units of Tg year™

Year North Atlantic South Atlantic North Pacific South Pacific North Indian South Indian
Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
1981 117 32 17 2 76 39 20 5 126 37 12 3
1982 101 28 15 2 74 37 20 4 118 36 11 3
1983 148 39 17 3 81 39 20 5 120 38 11 4
1984 135 39 18 3 88 45 22 6 145 42 13 4
1985 119 36 16 3 73 41 23 6 129 36 13 4
1986 129 30 19 2 77 42 22 5 128 38 13 3
1987 124 43 20 3 85 42 25 6 123 35 14 4
1988 130 42 21 4 85 44 27 8 140 47 15 5
1989 137 31 19 3 77 38 21 5 133 38 12 3
1990 133 32 20 2 70 37 24 5 132 44 12 3
1991 117 25 20 2 82 38 24 5 134 38 12 3
1992 144 30 14 2 83 39 20 5 117 35 10 3
1993 130 29 17 2 63 32 22 4 119 30 12 3
1994 144 23 18 3 86 45 24 5 140 40 14 4
1995 124 40 16 2 75 38 23 5 119 36 12 3
1996 112 24 18 1 78 38 22 4 111 25 12 2
Mean 128 33 18 2 78 39 23 5 127 37 12 3
Dev 12 6 2 1 6 3 2 1 9 5 1 1
Trend 0 -1 0 0 0 0 0 0 0 0 0 0

high elevation over Asia (Merrill et al., 1989). Also,
these fronts contain precipitating clouds which can
remove dust from the amosphere. In the Western
Pacific, the precipitation rates, diagnosed by GEOS
DAS, range between 0.5 and 2 m year—* while in the
South Atlantic, the rates are as low as 0.1 m year~! in
the coastal regions of Namibia (South Africa) and Pata-
gonia (Argentina).

3.2. North-African budget

Table 4 gives the winter, summer and annual budgets
over Sahara (North of 21.25° N) and Sahel (South of
21.25° N) in North Africa. The emissions from Sahara
are twice the corresponding emissions from Sahel, and
represents 64% of North Africaand 42% of global emis-
sions. The standard deviation of dust emissions from
Sahel and Sahara are equivaent. This means that there
is a stronger inter-annual variability of dust emission
over the Sahel. In Sahara, the emissions are 30% higher
in summer than in winter, while in Sahel the emissions
are dightly higher in winter. In Sahara the wet depo-
sition is negligible compared to the dry deposition, but
in Sahel it varies strongly with season: in winter it is
negligible but in summer it represents 22% of the
removal rate. This can be explained by the movement
of the inter-tropica convergence zone (ITCZ) which
occupies its northernmost position in summer. The ITCZ
is made manifest at the surface by the transition zone
between the dry harmattan air and the moist air from the
equatoria regions (Mbourou et a., 1997). Table 4 shows
that in Sahara, the highest emissions were in 1984 for

al seasons, while in Sahel the corresponding year of
maximum varies between seasons: 1983 for winter, and
1988 for summer and annual mean. For both regions,
the year 1996 has the lowest annual emission. For both
regions, there are equivalent downward trends of dust
emission.

4. Variability of surface concentration

Fig. 3 shows the globa distribution of the mean sur-
face concentration, the seasonal standard deviation, and
the annual standard deviation of the 16-year simulation.
The figure shows a clear difference of dust loading
between the two hemispheres, with a much stronger
impact of long range transport in the North hemisphere:
dust transported from Africa to the Atlantic and from
Asiato the Pacific. The values of seasonal standard devi-
ation are afactor 2 higher than the annual standard devi-
ation, and of the same order of magnitude as the long-
term mean, except over the Caribbean, the Taklamakan
desert and Indonesia where they are a factor 2-5 higher
than the long-term mean. Thus, it seems that the inter-
annual variability is of second order compare to the sea-
sonal variation almost everywhere. In few regions (e.g.
Strait of Gibraltar) the inter-annual variability is signifi-
cantly higher. We should note that our relatively short
simulation does not cover previous decades with sig-
nificantly lower surface concentration observed in the
Caribbean (Prospero and Nees, 1986) and the year-to-
year variability is underestimated.
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Fig. 3. Long-term dust concentration at the surface (upper panel), standard deviation of the annual concentration (middle panel), and standard
deviation of the monthly concentration (lower panel), over 16 years, in units of ug m-—3.

4.1. Seasonal variation

Dust samples have been collected in the University of
Miami network over the past two decades. The sampling
is performed by using high-volume air-sampling systems
and Whatman 41 filters to collect dust particles (Savoie
and Prospero, 1977). Most sites are located on islands or
along the windward coast. Fig. 4 shows the comparison
between the observed and simulated monthly concen-
tration at 12 sites. The sites are within the boundary layer
(below 100 m), except for 1zanawhich is located at 2360
m above sea-level. The name, coordinates, first and last
days of measurements of dust concentration are given in
Table 5. The simulated values are averaged over 16
years. The results are very similar to the results
presented by Ginoux et al. (2001), athough they have
used a different parameterization of u. As before, the
model is performing correctly in the dusty regions but
overestimates dust concentrations in the remote regions
of the Northern hemisphere: over the Atlantic at Mace
Head and over the Pacific at Midway. In the Southern
hemisphere, the model results are within the standard

deviation of the measurements. Ginoux et al. (2001) sug-
gested that the discrepancy in the remote regions could
be due to the parameterization of u;,, but this new simul-
ation indicates that it has another origin. Preliminary
results from an improved database of bare surface over
China seem to indicate that the model is overestimating
dust emission from the loess plateau. Although the
source function is quite low over the loess plateau, its
high atitude (~3 km above sealevel) is particularly
efficient for the long range transport of dust all year long
and could explain the model overestimated concentration
in the remote regions.

4.2. Inter-annual variation

Fig. 5 shows the comparison between the measured
and calculated dust concentrations at |zana, Barbados,
Miami, and Bermuda. The data have been collected dur-
ing the multidisciplinary Atmosphere/Ocean Chemistry
Experiment (AEROCE) program (Arimoto et al., 1995,
1999; Prospero, 1999). The correlations coefficient (R)
between simulated and observed concentrations is 0.69
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Fig. 4. Comparison of the climatological monthly surface dust concentration, simulated (boxes) and observed (dots) at 12 sites in units of pg

m~3, with their standard deviation.

for l1zana, 0.79 for Barbados and Miami, and 0.58 for
Bermuda. At al stations, the model tends to dightly
overestimate dust concentration in winter. The observed
seasonal gradient seems to amplify as the distance from
African sources increases but the model shows the
opposite. The damping of the seasonal variation by the
model at Bermuda is quite obvious. It is unclear if this
is purely a problem of deposition rate or the combination
of different processes. As we will show in the case study
of the evolution of a dust plume reaching Bermuda in
March 1988, the model has difficulties maintain high
concentrations of narrow dust plumes. The model resol-
ution and time interpolation of the meteorological fields

tends to increase the numerical diffusion and the back-
ground dust concentration while damping the peak
values. Such a problem should not affect sites located
along the Sahara air layer (SAL) over the Atlantic like
Izana or Barbados because the SAL latitudinal width
ranges from 10° to 20° (5-10 grid points).

5. TOMS aerosol index
The TOMS instrument on board the satellite Nimbus

7 measured aerosol backscattering radiances at 340 and
380 nm from November 1978 until May 1993. In this



122 P. Ginoux et al./ Environmental Modelling & Software 19 (2004) 113-128

Table 5
List of sites of the University of Miami with their name latitude, longitude, first and last days of measured dust concentration used in Fig. 4

Name Latitude Longitude First day Last day
1 lzana 28.3° N 16.5° W 25 Jul 1987 1 Jul 1998
2 Barbados 13.17° N 59.43° W 5 May 1984 1 Jul 1998
3 Miami 25.75° N 80.25° W 2 Jan 1989 7 Aug 1998
4 Bermuda 32.27° N 64.87° W 29 Mar 1989 1 Jan 1998
5 Mace Head 53.32° N 9.85° W 11 Aug 1988 15 Aug 1994
6 Cheju 33.52° N 126.48° E 10 Sep 1991 27 Oct 1995
7 Hedo 26.92° N 128.25° E 1 Sep 1991 18 Mar 1994
8 Cape Grim 40.68° S 144.68° E 11 Jan 1983 8 Nov 1996
9 Cape Point 34.35° S 18.48° E 27 Feb 1992 21 Nov 1996
10 King George 62.18° S 58.3° W 27 Mar 1990 25 Sep 1996
11 Midway 28.22° N 177.35° W 18 Jan 1981 2 Jan 1997
12 Funafuti 85° S 179.2° W 8 Apr 1983 31 Jul 1987
Izana monthly concentration R=0.69 (119 points)
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Fig. 5. Monthly dust concentration from January 1981 to December 1996, simulated (gray line) and observed (black line) at 1zana (upper panel),
Barbados (upper middle panel), Miami (lower middle panel), and Bermuda (lower panel) in units of ug m—3.
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study, we use the data from the period 1981-1990. These
measurements cover the Earth daily with a 50 km resol-
ution at satellite footprint. The local passing time is
about 11:30 am. By taking the difference between the
measured and calculated radiances for a purely molecu-
lar atmosphere, Herman et al. (1997) defined the TOMS
Al as follows

Al = — 100{"3910('%10) =l 0910(?)}1 4

380 380,

where I™ is the backscattered radiance measured by
TOMS at the given wavelength and I° is the radiance
calculated using a radiative transfer model for a pure
Rayleigh atmosphere. The TOMS Al is a qudlitative
indicator of the presence of ultra-violet (UV) absorbing
aerosols. An inversion procedure that retrieves aerosol
properties from the TOM S radiances has been devel oped
by Torres et a. (1998). They have shown that for UV
absorbing aerosols, like dust particles, the optical thick-
ness can be derived from the TOMS Al knowing the
values of single scattering abedo, the altitude of the
aerosol layer, and the surface pressure. However, the
assumed absorption properties in their calculations are
an order of magnitude higher than recent investigations
(e.g. Colarco et a., 2002). Instead of comparing optical
thicknesses retrieved from TOMS and calculated from
our model results using different assumptions of optical
properties, it is suggested to compare the TOMS All, for
which there is no assumption, and an equivalent index
calculated from the model results. Such methodology
allows a better control of eventual discrepancies because
errors can only be associated with the model results. The
equivalent aerosol index is calculated from the satellite
viewing angles and the ssimulated size distribution. The
methodology consists to first calculate the optical thick-
ness at 380 nm from the relation:

7 7
3 Quu M

T3go = z T = z ”
k=1 k-1 4 o

=4andi = k—3fork> 4

i =1fork (5)

where 1, is the optical thickness at 380 nm for seven
bins k, Qy is the extinction efficiency at 380 nm, M; is
the column mass loading of bin i of the four transported
size hins, o is the fraction of each seven sub-bins, ry is
the effective radius, and p, is the mass density of the
size class i. The values of Q, (380 nm) are calculated
using Mie theory and using the real and imaginary parts
of the refractive index derived by Colarco et a. (2002).
Second, the single scattering albedo at 380 Nnm (wsg0) iS
calculated by the relation.

7
z W Ty

k=1
Os0 = <2 ©)
380

where @, is the single scattering albedo of particle radius
r.and is calculated using Mie theory and the same values
of the refractive index as Q,. The values of r,, oy, Qy,
and wy are given in Table 6, and the values of p, are
given in Table 1. Third, the centroid of mass Z is calcu-
lated by the formula

nlev 4
> ( > mu)zj
j=1%i=1
z=" 2 (7
M
i=1
where z is the dtitude above ground at level j among
the nlev model levels, m; is the mass concentration of
sizeclassi at level j, and M; is the mass column. With
T3g0, Wag0, Z, and the TOMS instrument viewing angles,
an aerosol index is calculated using the method
developed by Torres et al. (1998). Such calculated aero-
sol index can be directly compared to TOMS index, and
is mainly sensitive to the optical thickness and vertical
distribution and to a lesser extend to the single scattering
albedo (Ginoux and Torres, in press).

Fig. 6 shows the comparison between the observed
and calculated aerosol index during a dust storm from
Sahara in March 1988. Around 27 March 1988, a dust
plume was produced from Sahara and transported by the
Azores high towards Europe. Two days later, the plume
separated into two branches: one went West and the
other East. The West branch formed a half circle two
days later over most of the North Atlantic. The model
is able to reproduce the evolution of the complex pattern
of thisintense dust plume. However, the model is unable
to maintain the narrow aspect of the plume on the 31st.
The simulated widening of the plume is accompanied by
a drop of the index by afactor 2. It necessitates a mini-
mum of three grid points to reproduce a spatial gradient,
or 6° in latitude and 7.5° in longitude. This dust plume
is particularly narrow, less than 5°, and exemplifies the
problem of model diffusion and conservation of steep
gradients.

The aerosol index has been calculated for a 10-year

Table 6

Optical properties of dust particles used to calculate an aerosol index:
effective radius (r,) of the sub-bin k of the four transported bins (i),
size fraction of the sub-bin (ey), extinction efficiency at 380 nm (Q,),
and single scattering albedo at 380 nm (w,)

k e (Um) i o Q (380 nm) (380 nm)
1 0.14 1 0.01 0.732 0.962
2 0.24 1 0.08 0.276 0.976
3 0.45 1 0.25 3.975 0.968
4 0.8 1 0.65 2427 0.905
5 15 2 1 2.354 0.861
6 25 3 1 2.228 0.798
7 45 4 1 2.182 0.725
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Fig. 6. Comparison between the TOMS absorbing aerosol index (left panels) and simulated index (right panels) during the evolution of a dust

plume over the North Atlantic in March 1988.

simulation from January 1981 to December 1990,
excluding July 1990 because of problems with TOMS
calibration. Fig. 7 shows the global distribution of the
correlation coefficient between the observed and simu-
lated aerosol index. Over the arid regions the correlation
coefficient is higher than 0.8, as well as over the North
Atlantic. Over the North Pacific there is a 15° band with
significant correlation but most Asian dust plumes are
moving eastward at higher latitudes. It is important to
understand that the TOMS Al is sensitive to al absorb-
ing aerosols including dust and black carbon, while the
simulated aerosol index considers only dust particles. So,

if the seasona and inter-annual cycle of the simulated
dust distribution is in phase with other absorbing aero-
sols there will be a positive correlation. Such phase cor-
relation is apparent in the biomass burning regions over
South America where smoke aerosols are emitted. This
could also be true over the North Pacific. When compar-
ing surface dust concentrations at Midway, we showed
that the simulated values are overestimated. |f the model
overestimates dust loading in the remote Pacific and
TOMS data indicate the presence of absorbing aerosols,
it is possible that the major absorbing aerosol is not dust
but black carbon but their temporal variability is similar.
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Fig. 7. Global distribution of the correlation coefficient (R) between the TOMS Al and an index calculated with the model results and TOMS

viewing angles from January 1981 to December 1990.

6. Effects of North Atlantic Oscillation on dust
distribution

In this section, we examine the inter-annual variability
of dust distribution in relation to the NAO. The NAO
exerts a strong influence on the large-scale variations of
both the atmospheric circulation and the hydrologica
cycle in the Northern hemisphere. Hurrell (1995) defined
a NAO index which is calculated by taking the differ-
ence between normalized sea-level atmospheric press-
ures between Lisbon, Portugal, and Stykkisholmur, Ice-
land. Winters with high NAO indices are characterized
by a deepening of the Icelandic low associated with a
stronger Azores anticyclone. This yields higher surface
pressure and drier conditions over Northern Africa. Dur-
ing low NAO conditions, there is an increase of precipi-
tation over the Mediterranean and North Africa. Moulin
et a. (1997) have shown that both pattern and intensity
of the transport of African dust are affected by the NAO.

Fig. 8 shows the year-to-year variability of the NAO
winter index values from
http://www.cgd.ucar.edu/~jhurrell/nao.html, and the
simulated and observed dust concentration at Barbados
in winter (January—March). There is no data at Barbados
from December 1981 to March 1982. The correlation
coefficients (R) between the NAO index and the simu-
lated and observed concentrations are 0.67 and 0.5,
respectively. For the other seasons, there is no significant

correlation. If one uses the corresponding season of the
NAO index, the correlation does not improve, mainly
because the pressure difference between Iceland and
Portugal is much weaker, and thus its effects on the
meteorology. On the other hand, the NAO index is
mostly positive during our simulation, and longer per-
iods with stronger variation of the NAO index would
provide better constrain in summer.

Fig. 9 shows the distribution of the correlation coef-
ficient between the NAO winter index and the winter
dust emission, surface concentration and columnar mass,
from 1981 to 1996. There is a high correlation (>0.9)
with the dust emission from the Bodele depression-L ake
Chad region which is the most active African source in
winter (cf. Table 4) and the most active dust source on
Earth at present (Prospero et al., 2002). The year-to-year
variability of surface concentration in winter seems to
be correlated with the NAO over much of the North
Atlantic and the western part of North Africa. Similar
correlation exists for the dust mass column, athough to
a lesser extent. The NAO modulates the year-to-year
variability of dust emission in winter, but it is unclear
if the year-to-year variability of surface concentration
and mass column is due to the modulation of the emis-
sion or transport.

A limitation of our study is due to the relatively short
period considered which covers mostly positive values
of the NAO index. By considering the 36 years of
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Fig. 8. Comparison between NAO index (bold black line) and the simulated (gray continuous line) and observed (diamonds and gray dashed line)
surface concentration in winter at Barbados, from 1981 to 1996, in units of pg m—3.

recorded data at Barbados from 1965, the correlation
coefficient with the NAO index is only 0.26. Therefore,
it is unlikely that the two are correlated at Barbados.
However, it does not mean that the NAO is not con-
trolling dust emission over North Africa, and dust distri-
bution over the Western part of the North Atlantic.
Indeed, the dust plumes over the Atlantic are transported
generaly South of Barbados in winter (Husar et a.,
1997). Comparison with satellite data (e.g. TOMS index)
could be helpful to determine the spatia extend of the
NAO effect on dust distribution over the Atlantic. How-
ever, GOCART model indicates that aerosols from
biomass burning activity during the dry season in West
Africa contribute for most of the aerosol loading in the
tropical Atlantic (Chin et a., 2002), and it is difficult to
separate aerosol components from satellite data.

7. Conclusions

The dust size distribution in the atmosphere is simu-
lated with the GOCART model from 1981 to 1996. The
major features of the dust model are that it is driven by
the NASA GEOS DAS assimilated meteorological fields
and the dust sources are associated with bare soils in
topographic lows. The seasonal and inter-annual varia
bility of surface concentrations have been compared with
in situ measurements. The model performs correctly in
the dusty regions but tends to damp the seasonal vari-
aion in the remote atmosphere: simulated values over-
estimated in winter and underestimated in summer. A
difficulty to correct such discrepancy is that it could
come from different processes, including numerical dif-
fusion. This last possibility is clearly apparent when
studying a dust event in March 1988. This dust event
was analyzed by calculating an index equivalent to the
TOMS Al.

The budget over the different continents and oceans
has been compared. Globally, the maximum difference

of annual emission from 1981 to 1996 is about 23% with
the lowest emission in 1996 (1950 Tg) and the highest
in 1988 (2400 Tg). The dust removal by wet deposition
contributes globally by only 10% but with important
regional variations. Over the North Pacific the wet depo-
sition is about 50% of the total loss. The dust deposition
over the Indian Ocean (northern hemisphere) is as
important, annually, than over the North Atlantic. The
annual mean North African emission is about 1400 Tg
which corresponds to 65% of the global emission. The
second major source region is East Asia which contrib-
utes for 25%. Although North America has active dust
sources in the south-west, it constitutes a sink for dust
by about 30 Tg year—*. This result indicates the impor-
tance of inter-continental transport. The analysis of the
budget over Africa confirms that dust emission shifts
from Sahel and Sahara following the seasonality of the
ITCZ latitudinal movements. Each region presents a dif-
ferent inter-annual variability.

The inter-annual variability of dust distribution and
emission is compared with the NAO index. It is shown
that the winter surface concentration is correlated with
the NAO index over much of the North Atlantic and
western Africa, in relation to a strong correlation of the
emission over the Bodele depression—Lake Chad region.

The simulated period covers only two cycles of the
NAO with its index mostly positive. Previous decades
showed mostly negative values of the index. The 36
years recorded dust concentration at Barbados indicates
that there is no correlation between surface concentration
in winter and the NAO index. The forthcoming release
of 40 years re-analysis by the European Center for
Medium range Weather Forecasting (ECMWF) will
hopefully provide reliable information needed to under-
stand if the effects of the NAO on dust distribution is
rather limited or if Barbados is at the edge of the affec-
ted region.
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Correlation: Dust Emission (Jan—Feb—Mar) & NAO Index 1981-1996
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Fig. 9. Global distribution of the correlation coefficient (R) between the NAO index and the winter (January—February—March) simulated dust
emission (upper panel), surface concentration (middle panel), and mass column (lower panel), from 1981 to 1996.
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