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Abstract

Airborne desert dust influences radiative transfer, atmospheric chemistry and dynam-
ics, as well as nutrient transport and deposition. It directly and indirectly affects climate
on regional and global scales. We present two versions of a parameterization scheme
to compute desert dust emissions, incorporated into the atmospheric chemistry general
circulation model EMAC (ECHAM5/MESSy2.41 Atmospheric Chemistry). One uses a
globally uniform soil particle size distribution, whereas the other explicitly accounts for
different soil textures worldwide. We have tested these schemes and investigated the
sensitivity to input parameters, using remote sensing data from the Aerosol Robotic
Network (AERONET) and dust concentrations and deposition measurements from the
AeroCom dust benchmark database (and others). The two schemes are shown to pro-
duce similar atmospheric dust loads in the N-African region, while they deviate in the
Asian, Middle Eastern and S-American regions. The dust outflow from Africa over
the Atlantic Ocean is accurately simulated by both schemes, in magnitude, location
and seasonality. The modelled dust concentrations and deposition fluxes compare well
with observations at (island) stations in the Atlantic Ocean and Asia, and are under-
estimated in the Pacific Ocean where annual means are relatively low (<1 ug m‘3).
The two schemes perform similarly well, even though the total annual source differs
by ~50 %, indicating the importance of transport and deposition processes (being the
same for the two schemes). Our results emphasize the need to represent arid regions
individually and explicitly in global models according to their unique land characteristics
and meteorological conditions.

1 Introduction

Desert dust is an important atmospheric constituent, given its potential to affect air
quality, nutrient deposition and climate (Sokilik and Toon, 1996; Tegen and Lacis, 1996;
Ramanathan et al., 2001; Mahowald et al., 2005; Forster et al., 2007). Global models,
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being less dependent on boundary and initial conditions than limited area models, are
useful tools to study the large-scale dynamics, the physico-chemical behaviour and
deposition distributions of the dust aerosols. Furthermore, anthropogenic influences,
including interactions between pollutant gases and aerosols with dust particles can
be analysed, and their role in atmospheric chemistry and climate change simulated
(Kallos et al., 2007; Astitha et al., 2010). The uncertainties associated with these pro-
cesses and research questions are indicated by the large variety of global models using
different emission parameterization schemes, input parameters and representations of
aerosol removal processes (Ginoux et al., 2001; Tegen et al., 2002; Zender et al., 2003;
Stier et al., 2005; Pringle et al., 2010). In many cases models are tuned towards the
available observations, often performed at long distances from the main dust source
areas. An important effort to compare the dust distributions from different global mod-
els, the Aerosol Comparisons between Observations and Models (AeroCom) project,
has revealed a wide range of calculated global dust sources (514 to 4314Tgyr'1),
deposition (676 to 5999 Tgyr‘1) and atmospheric burden (8.2 to 54 Tg) (Textor et al.,
2006, 2007; Prospero et al., 2010; Huneeus et al., 2011), indicative of the uncertainties
involved.

Mineral dust particles enter the lower atmosphere primarily through a mechanism
called saltation bombardment, which is strongly dependent on the meteorological con-
ditions near the surface, as well as the soil texture and particle size classification (Shao
et al., 1993; Alfaro and Gomes, 2001; Grini et al., 2002). Thus, the emissions of dust
particles have important consequences on a global scale, whereas the phenomenon
itself is of episodic nature driven by processes on small spatial and temporal scales.
Therefore, global models need to be based on a number of assumptions to simplify and
generalize the dust emission schemes. Several methods have been proposed to esti-
mate the dust flux into the atmosphere, some more detailed than others (Marticorena
and Bergametti, 1995; Marticorena et al., 1997; Shao et al., 1993, 2004, 2011; Alfaro
and Gomes, 2001; Nickovic et al., 2001; Tegen et al., 2002; Zender et al., 2003; Balka-
nski et al., 2004). In most cases a physics-based dust emission scheme is pursued that
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explicitly takes into account the soil surface characteristics. One of the limitations in a
global setup involves the availability of input parameters for which measurement data
are lacking. While this applies to both global and regional models, detailed datasets
have been collected of soil characteristics for specific desert areas (Callot et al., 2000;
Laurent et al., 2005, 2006, 2008), and regional models are typically more sophisticated
in representing dust emissions. Further, the difficulty of directly measuring the dust
emission fluxes in the source areas hinders the evaluation of model results.

The goal of our study is to develop and test two versions of a new dust emission
parameterization, implemented into the atmospheric chemistry — general circulation
model EMAC (Jockel et al., 2005, 2006, 2010; Roeckner et al., 2006), and overcome
some of the above mentioned limitations and difficulties. We address (i) the physical
processes that lead to the injection of dust particles into the atmosphere and (ii) the
role of the input parameters in representing the spatial heterogeneity of dust emissions.
One advantage of using EMAC is the direct coupling to meteorological calculations at
each time step (10 min), which is expected to realistically represent the grid-scale tem-
poral variability, e.g., compared to off-line calculations with a chemistry-transport model
based on 3- or 6-hourly meteorological analyses. We thus combine the meteorologi-
cal variables with specific input fields of soil properties, and without using a-priori (or
preferential) sources distributions of dust or pre-calculated tables of input variables.

The paper is organized in five sections. The next section describes the EMAC model
and the configuration used for the simulations. In Sect. 3, the dust production scheme
is presented and analysed considering the two different implementations. The ob-
servational data, collected for the comparison with the model results, is discussed
in Sect. 4, which includes in-situ measurements from the AeroCom dust benchmark
dataset (Huneeus et al., 2011; Perez et al., 2011) and remote sensing data. In Sect. 5
the effects of nudging the model to meteorological analyses are discussed, and an
extensive model evaluation with sub-sections on concentrations, deposition fluxes and
aerosol optical depth presented. A discussion about the differences between the two
versions of the parameterization is also included.
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2 EMAC model configuration

The EMAC model combines the ECHAMS general circulation model (Roeckner et al.,
2006) and the Modular Earth Submodel System (Jockel et al., 2005, 2006, 2010).
The MESSy system (version 2.42) is modular and all sub-models follow strict coding
standards to allow easy implementation within other models. This provides the option of
running the model with multiple representations of processes to systematically test and
improve the results. The model was run with a spectral resolution of T106 (~1.1°x1.1°)
and 31 vertical levels up to 10hPa for the year 2000. The reason for selecting this
year is the availability of ample dust measurement data, important for the evaluation
procedure. Glaser et al. (2011) used four horizontal resolutions, with T106 being the
highest, and concluded that important differences occur in the dust emissions, which
are not well described in the coarser resolution setups. The model output is recorded
every 5h providing an entire daily cycle (1 h resolution) after 5 days. The simulations
performed include a simplified sulphur chemistry scheme allowing the production of
sulphuric acid and particulate sulphate, which play an important role in transforming the
dust particles from hydrophobic into hydrophyllic, thus affecting their ability to interact
with clouds and be removed by precipitation. More details on the sulphur chemistry
mechanism and the set of chemical reactions can be found in Glaser et al. (2011). The
aerosol microphysics sub-model is M7 (Vignati et al., 2004; Stier et al., 2005), which
describes the aerosol size distribution according to 7 lognormal modal size fractions; 4
soluble and 3 insoluble, encompassing the nucleation, Aitken, accumulation and coarse
modes.

The emissions of gases and aerosols are treated using online and offline routines
and the processes taken into account in the simulations include convection, deposi-
tion (wet and dry) and radiation, among others. The set of sub-models activated in the
EMAC version are described in Table 1, including references to the original work. The
following emission sub-models are used: (a) the fixed (offline) emissions include sul-
phur dioxide from anthropogenic, volcanic sources and biomass burning; nitrogen ox-
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ide from anthropogenic, aircraft, biogenic sources and biomass burning; black carbon
and organic carbon from wildfires; dimethyl sulphide from terrestrial sources; formalde-
hyde, formic acid and methanol from anthropogenic sources and biomass burning. (b)
The online emissions include dimethyl sulphide from water bodies, nitrogen oxide from
soil biogenic sources, organic and black carbon (bio-fuel, fossil fuel, and secondary
species), dust and sea salt. The present work extends this scheme with mineral dust
sources.

The model performance of simulating the global dust distribution was also tested
using the nudging option, in contrast to the free-running mode. As pointed out by
Timmreck and Schulz (2004), significant differences can occur between nudged and
free-running simulations, in particular with respect to the mean geographical distribu-
tion and seasonal variability of mineral dust. For the nudged simulations the European
Centre for Medium-Range Weather Forecasts (ECMWF) 40-yr re-analysis (ERA-40)
data for the year 2000 has been used. The prognostic variables nudged towards the
observations (i.e., the re-analyses) are temperature, vorticity, divergence and surface
pressure, and the nudging weights are chosen such that the boundary layer and the up-
per troposphere/lower stratosphere are not directly influenced (Lelieveld et al., 2007).
A discussion about the effects of nudging on the simulated dust concentrations and
deposition is included in Sect. 5.

3 Dust emission parameterization

The previous dust emission scheme in the EMAC model was based on the work
of Balkanski et al. (2004) as discussed in Stier et al. (2005). It includes three pre-
calculated tables of clay content, emission source strength factors (kgszm'z) and
threshold wind friction velocities (m s‘1), representing the entire globe. The modelled
temperature and precipitation fields are used to adjust the soil wetness and thus limit
the dust production in wetted soil areas. The vertical dust flux (only coarse dust parti-
cles were emitted) was calculated with the use of the diagnosed wind speed at 10 m,
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the threshold velocity and the emission source strength factor from the pre-calculated
tables. The results of the Balkanski dust emission scheme are also discussed in Glaser
et al. (2011), comparing it with the Tegen et al. (2002) scheme recently implemented
in the EMAC model.

The methodology followed in this work is based on previous dust emission schemes
for regional (Perez et al., 2006; Spyrou et al., 2010; Laurent et al., 2008, 2010; Marti-
corena et al., 1997) and global modelling systems (Zender et al., 2003; Tegen et al.,
2002). Two versions of our dust emission parameterization have been included into
EMAC, presented in detail in the following sub-sections.

3.1 Dust sources and input parameters

Dust particles are injected into the atmosphere through saltation and sandblasting
(Marticorena and Bergametti, 1995; Marticorena et al., 1997; Grini et al., 2002; Zender
et al., 2003). The saltation process is initiated when the drag near the surface exceeds
the gravitational inertia of the sand-size particles (diameter > 60-80 um) moving them
downwind horizontally. With this movement the large particles disaggregate and re-
lease smaller size silt and clay particles (sandblasting) (Grini et al., 2002; Alfaro and
Gomes, 2001). The height of the saltation layer is of the order of 1 m, which under-
scores that the dust emissions take place on small spatial scales. The direct emis-
sion of small and coarse dust particles, referred to as aerodynamic entrainment (Shao,
2004; Shao et al., 2011), is negligible because of cohesive and gravitational forces,
respectively, which bind the particles to the soil; this mechanism is not included here
considering the negligible contribution compared to saltation bombardment. A third
mechanism of dust entrainment into the atmosphere is disintegration (self-abrasion) of
large aggregates or fragments (Shao et al., 2011), which is considered difficult to model
on a global scale due to the lack of input data that characterize the aggregates in the
soil. The dust particles are considered to be mobilized in the atmosphere when the
wind friction velocity, a proxy of the surface drag properties, exceeds a threshold value.
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This threshold value depends on the soil size distribution and soil texture classification.
Details on the calculation of the threshold friction velocity are given in Sect. 3.2.

For the new implementation two formulations of the online dust production are tested,
from here on referred to as DU1 and DU2. DU1 utilizes a homogeneous global soil
size distribution of dust particles and DU2 uses an explicit geographical representation
instead. The input parameters that both emission schemes have in common are de-
scribed below. One of the first important input parameters is the location of the dust
sources. Both formulations use as input fields the geographical sources of dust based
on the Olson global ecosystem biomes (Olson, 1992) as described in Table 2. This
database provides global information on the location of deserts (sand or clay), semi-
deserts (steppe, shrub, sparse grass) and flat desert playas (Fig. 1, left plot). The set
of input parameters also includes the clay fraction of the soils (Scholes and Brown de
Colstoun, 2011) as shown in Fig. 1, right plot, the rooting depth (Schenk and Jackson,
2009) and the monthly vegetation area index (sum of leaf and stem area index) as
discussed in Zender et al. (2003). The schemes use the online meteorological fields
from the EMAC model: temperature, pressure, relative humidity, soil moisture and the
surface friction velocity. Each relevant parameter will be discussed in the following sub-
sections.

3.2 Threshold friction velocity

A central part of the dust production scheme is the calculation of the threshold friction
velocity (u,n,), above which the emission of dust particles into the air is considered
possible. It is based on an empirical relationship derived by Marticorena and Berga-
metti (1995) and analyzed in Marticorena et al. (1997) over smooth surfaces based on
the proposed formulations of lversen and White (1982). The relationship utilizes the
friction Reynolds number B, which depends on the soil particle size Dy, in Egs. (1-3).
This relationship indicates that the minimum threshold friction velocity occurs for soil
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particle diameters around 60—70 um (Fig. 2a).

0.129K

u*tS(Dp) = \/W
Us(Dp) = 0.129K[1 — 0.0858 exp(~0.0617(B — 10))]

Pp9Dp ;, 0.006
pa ppgD§5

i 2)

(1)

0.03<B<10
B>10

where K =

5 UusD

v
B =1331D,°°+0.38 empirical analytical solution (3)

where v, is the threshold friction velocity over smooth surfaces, D,, is the diameter of
the soil particle, v is the kinematic viscosity of air, o, is the particle density, o, is the
air density and g the gravitational acceleration. The above Egs. (1-3) are implemented
in the first version of the dust emission scheme (DU1), with the iterative Eq. (2) being
used in the second timestep whereas the analytical solution Eq. (3) is used at the
start of the calculation. The difference with the DU2 scheme is that in DU1 the D, is
constant and equal to the optimal diameter for saltation (60 um), when in DU2 the soil
size distribution is included as an input field, and the threshold wind friction velocity is
calculated for particle diameters in the range of 0.1 to 1000 pm.

Two corrections are imposed in the calculated v, which are related to the drag par-
tition scheme near the surface (Marticorena et al., 1997) and the soil moisture (Fecan
et al., 1999). Since the initial computation of the u,; is an empirical relation for smooth
surfaces, a correction is imposed depending on the surface roughness length (z,) and
the local roughness length of the uncovered surface (z,5). The empirical relation is
shown in Eq. (4) and it is valid for small values of aeolian roughness (z, < 1cm) (Dar-
menova et al., 2009). An example of how the correction factor (1/7y,g4 is the multiplica-
tion factor for u,;s) changes with the surface roughness length z, and local roughness
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length z.¢ is given in Fig. 2b. As shown in the graph, the correction factor is higher
for higher z, and lower z,¢, which leads to higher values of vy, (EQ. 5). The reason
for this is that a higher threshold friction velocity must be assigned for a surface with
more obstacles. When the soil includes an increased number of non-erodible elements
(solid obstacles, i.e. rocks, pebbles, vegetation), which translates into higher values of
z,, the threshold friction velocity increases causing a decrease in the emission of dust
particles. When z,4 increases (i.e., smoother surfaces) the correction factor decreases
(1/f4rag), giving smaller values of u, .

Z
In Z—:S
fdrag =1- 08 (4)
In [0.35 (;—0) ]
u*
Uiy = fi (5)
drag

For both dust emission schemes DU1 and DU2, globally uniform values have been
used for z, and z,, (0.01 and 0.00333 cm, respectively, as in Zender et al., 2003).

The final correction in the calculation of the threshold friction velocity is the soll
moisture adjustment as proposed by Fecan et al. (1999) and applied by Marticorena
et al. (1997) and also Zender et al. (2003), Laurent et al. (2005, 2006, 2008), among
others. The principle behind this correction is that the threshold friction velocity must
increase in wetted soils and this is accomplished by relating the residual soil moisture
to the clay content of the soil. The residual soil moisture w is calculated with the em-
pirical Eq. (6), and its physical meaning is given as the ratio of the mass of water to the
mass of dry soil:

w' = 0.0014(% clay)? + 0.17(% clay) residual soil moisture (6)

Besides the residual soil moisture, the soil moisture correction scheme requires the
gravimetric soil moisture w, which is calculated from the modelled soil moisture wg (m)
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by dividing with the rooting depth (Hillel, 1980). The final correction of the threshold
friction velocity is calculated based on Eq. (7), depending on whether the soil is dry or
wet.

for w < w'(dry soil)
for w > w'(wet soil)

u*t = u*thl’
Uy = Uy /1 +1.21(w — w)0-68

(7)

Both emission schemes DU1 and DU2 use the above soil moisture correction in the
formulation of Egs. (6) and (7), since it is not dependent on the soil size distribution. The
sequence described above provides the threshold friction velocity u,; that enters the
calculation of horizontal and vertical fluxes, as discussed in the following subsection.

3.3 Horizontal and vertical flux calculations

The final step is the calculation of horizontal (H) and vertical (V) fluxes of the dust par-
ticles entering the atmosphere. Following Marticorena et al. (1997) the horizontal flux
is calculated with Eq. (8) or (9), depending on whether or not the soil size distribution
is accounted for:

3 2
COiU u u
y = SPairts (1 + *t) (1 - *t) when u, > u, (8)
g u* *
3 2
CPA U us(D u4(Dp)
H(D,) = P Zr <1 + tL(I ”)> <1 - ‘u ) SeD,) when u,>u, (9)

where ¢ = 1 (Darmenova et al., 2009), p;, is the air density, u, is the friction velocity, u,,
is the threshold friction velocity, S, is the relative surface area covered from particles
with diameter D,, (assuming particles of spherical shape).

In DU1 the horizontal flux is calculated using Eq. (8) (Zender et al., 2003; Spyrou
et al., 2010), since there is no size distribution assigned to the soil particles. In DU2,
Egs. (9) and (10) are implemented to estimate the horizontal flux per soil particle of
size Dy, and the total horizontal flux per soil source 7, Hyy ;.

13247

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 13237-13298, 2012

=

ew
parameterization of
dust emissions in
EMAC

M. Astitha et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/13237/2012/acpd-12-13237-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/13237/2012/acpd-12-13237-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

The vertical flux V is defined as the mass of dust particles emitted from unit area
per unit time (kg m~2 3'1). V is considered proportional to the horizontal flux H and
is calculated by the relationship V = a-H, where a is the sandblasting efficiency that
depends on the clay content of the soil. In this formulation the empirical relationship of
Marticorena and Bergametti (1995) is adopted:

a= 100.134(% clay)-6 (1 0)

Equation (10) is valid for clay percentages up to 20 %. For higher clay contents the
sandblasting efficiency is set constant to the values proposed by Tegen et al. (2002).
Specifically:

a=1.0x10"%m™" for
a=1.0x10"cm™" for

20 < (% clay) < 45
(% clay) > 45

The final equation that provides the dust vertical flux V' for both DU1 and DU2 is
described in the following subsection, in which we discuss the particle size distribution,
which is stated to be of central importance by Kok (2011).

3.4 Soil and transport size distributions

The main difference between the two implementations involves the soil size distribution
characterization. In the DU1 version of the scheme we adopt an optimum size for salta-
tion of D, = 60um at which the threshold friction velocity has a minimum (Marticorena
and Bergametti, 1995; Spyrou et al., 2010). It assumes that all erodible regions contain
particles of size D, so that saltation is initiated when the friction velocity exceeds the
threshold at D,. Thus, the threshold friction velocity and the horizontal flux H are cal-
culated without a dependency on soil particle size. To estimate the dust vertical flux V
distributed over particle sizes, the soil size distribution at the sources is assumed to fol-
low a tri-modal distribution based on the “background” modes suggested by D’Almeida
(1987) and used in Zender et al. (2003). This source size distribution is considered
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globally uniform and the parameters of the distribution are as follows: mass median
diameters D, = 0.832, 4.82, 19.38 and geometric standard deviation Og = 2.10, 1.9,
and 1.6, followed by the mass fraction of each mode: m; = 0.036, 0.957, and 0.007,
respectively.

The size distribution of the soil elements is different from the size distribution of the
particles set in motion into the atmosphere. Once the particles are emitted into the
air, the particle size distribution is adjusted to the 8 size bin modes from 0.2 to 20 um
in diameter after Perez et al. (2006). Because the mass in the source modes is log-
normally distributed, the mass fraction overlap M; j of each source mode /, carried in
each transport bin /, is calculated with the use of the standard error function (Schulz
et al., 1998; Zender et al., 2003):

D (D /D -
Mij=% [erf(%) —erf (W)]
NGy, 2Ina,;

where D, and D,,, are the minimum and maximum diameters of each transport bin
/, and D, is the mass median diameter of the source /.

Finalizing the formulation of the dust emissions scheme DU1, the vertical flux
(kg m~2 s'1) for each transport bin j, is calculated using:

(11)

3
V= FiBaH > m;M, ;

i=1

(12)

where F; is an empirical conversion factor (10_4 for DU1), B is the fraction of bare soil
exposed in a grid cell (depends on the percentage of each Olson biome, the fraction
of land covered by water or snow and the fraction of ground covered by vegetation; the
vegetation area index is used to calculate the monthly fraction of ground covered by

3

vegetation), a is the sandblasting efficiency, H is the horizontal flux and > m;M, ; is
i=1

the mass fraction of each transport bin.
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In the second scheme DU2, an explicit size distribution of the soil is introduced,
based on the Zobler soil type categorization, thus representing each grid cell by frac-
tions of defined particle sizes (7 types from coarse to fine organized in 4 modes as
shown in Tegen et al. (2002), and shown in Table 3). The mass fraction mf; of each
size population is also listed in Table 3. As in DU1, the transport size distribution is ad-
justed to 8-size bins from 0.2 to 20 um in diameter. The horizontal dust flux is calculated
with equation 9 for each diameter of the soil particles (ranging from 0.1 to 1000 pm) and
equation 10 for the total horizontal flux of each source (i = 1 to 4). Consequently, the
vertical flux IV for every transport bin is estimated as follows:

V; = F,BaH o M; (13)
4
where M; = z mf;M;;
i=1

The parameters in Eq. (13) are the same as described in Eq. (12), with the exception
of the empirical conversion factor (F, = 1072 for DU2), Hiot, Which corresponds to the
total horizontal flux for each grid cell and mf;, which is the mass fraction of each of the
four source sizes in Table 3.

For consistency with the aerosol module in the EMAC model, the 8 transport size
bins are grouped into the accumulation and coarse insoluble modes used for all
aerosol physical and chemical processes (the Aitken mode is not produced by the dust
scheme). The aerosol module used in this work is M7 (Vignati et al., 2004), using 7
size modes for the aerosol distribution. The freshly emitted dust particles are assumed
to be initially insoluble, with a geometric standard deviation and mass median diameter
Og = 2, mmd = 3.5um for the coarse mode and Oy = 1.59, mmd = 0.7 um for the accu-
mulation mode (Cheng et al., 2008). The differences between the two versions of the
dust emission scheme (DU1 and DU2) are summarized in Table 4.
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4 Observational data

For the comparison with model results, available observational datasets of monthly and
annual dust concentrations and deposition, aerosol optical depth from sun-photometer
data include those of the Aerosol Robotic Network (AERONET), and additionally from
the MODIS-Terra (v5.1 — Level 3 product), MISR-Terra (v.31 — Level 3 product) satel-
lite instruments and Deep Blue algorithm. The concentration and deposition datasets
are taken from the AeroCom benchmark dataset presented by Huneeus et al. (2011)
(N. Huneeus, personal communication, 2011). More specifically, the comparison is per-
formed for monthly and annually averaged dust concentrations based on measure-
ments at 24 stations, of which 22 are managed by the Rosenstiel School of Marine and
Atmospheric Science, University of Miami (Prospero et al., 1989; Prospero, 1996; Ari-
moto et al., 1995). Two additional stations, Jabirun and Ruchomechi, are added as in
Huneeus et al. (2011). All measurement stations are located downwind though remote
from the main dust source areas, and the measurement period covers the 1980s and
1990s, while each station has been active during different periods.

The dust concentrations are derived from measured aluminium concentrations as-
suming an Al content of 8 % in soil dust (Prospero, 1999) or from the weights of filter
samples ashed at 500 °C after extracting soluble components with water as described
in Huneeus et al. (2011). Figure 3a shows the locations of the 24 stations; the names
and coordinates are given in Table S1 of the Supplement. From this dataset we also
use the annual average from each station to evaluate the model calculated annual and
seasonal dust distributions. These measurements are multi-annual and not for the sim-
ulation year 2000, which will be taken into account in the model evaluation in Sect. 5.1.
Furthermore, monthly dust concentration measurements for 2000 are available for Mi-
ami and Barbados (J. Prospero, personal communication, 2010) and for Tel Shikmona
(Haifa, Israel) (B. Herut, personal communication, 2012).

The deposition of dust particles directly relates to their distribution and mass load in
the atmosphere. Dust particles are mostly deposited through precipitation scavenging
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and sedimentation and to a lesser extent through dry deposition. Annual deposition
data from 84 sites (names and locations are listed in Table S2 of the Supplement) are
used to evaluate the modelled dust deposition. This dataset is a collection from different
sources, the measurement period being different for the stations; for more details we
refer to the indicated publications. The 84 stations are shown in Fig. 3b, colour-coded
according to region. The regions are: Europe, Asia, N- and S-Atlantic, S- and W-Pacific,
S-Ocean and Indian Ocean (Table S2, Supplement). Further, the monthly dust masses
deposited in three locations in Florida are used (Florida Atmospheric Mercury Study-
FAMS network; Prospero et al., 2010). The deposition measurements for each site
have been averaged by month over three years (1994-1996), providing the total and
the wet deposition fraction. More details on these datasets can be found in Huneeus
et al. (2011).

The AOD observed by the AERONET stations (level 2 data) is used to compare with
the model output for the year 2000 on a daily, monthly and annual basis. The mod-
elled AOD is calculated at 550 nm using concentrations of dust and sea salt particles
and biomass burning products (black carbon and organic carbon). The anthropogenic
fraction of the aerosol species is not relevant, since the simulation does not include a
full chemistry scheme but a simple sulphur chemistry alternative. Since the AERONET
AQOD is rarely given at 500 nm or 550 nm, the measured AOD at 550 nm is extracted
by an interpolation method using the measurements at 440 and 870 nm (de Meij and
Lelieveld, 2011). The AERONET stations provide AOD data during daytime and clear
sky conditions, and the daily average of the available measurements is used for the
evaluation.

The selection of the AERONET stations included in this evaluation presupposes that
they are located in areas influenced mainly by dust sources, thus excluding highly pol-
luted regions. To select the appropriate stations for the year 2000, two criteria were ap-
plied to the daily AOD of each available station. The first criterion is that the AODg5¢
exceeds 0.2 and the second that the Angstrom exponent (AEgyg_g7onm) IS l€ss than
1.2 to select the coarser particles associated with desert dust transport. The station is
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considered “dusty” if at least 20 % of the available data satisfies the above criteria. This
methodology has provided 19 available stations for the simulation year 2000. A list is
presented in Table S3 of the Supplement and the location of each station is shown in
Fig. 3d. For some stations the availability of the AERONET aerosol optical depth has
been limited and in these cases monthly AOD values from MODIS-Terra, MISR and
MODIS Deep Blue have been included to evaluate the model. Of course, there are
limitations in the use of level-3 data, which are averages from level-2 pixels ona 1 x 1
degree resolution. The sampling of actual retrievals is highly non-uniform in space and
time, even at the resolution of these products (MODIS 1 x 1 degree and MISR 0.5x 0.5
degree) (Kahn et al., 2009). The use of the satellite data is complementary to that of
the AERONET data, since it is not recommended to draw strong conclusions based on
level 3 data products.

5 Results
5.1 Effects of nudging to meteorological analyses

As discussed in Timmreck and Schulz (2004), nudging a simulation with observed, i.e.,
analysed meteorological data compared to a free-running general circulation model,
can substantially affect the simulated global dust budget and, e.g., the seasonal vari-
ability of concentration distributions. In this work, the ERA40 reanalysis data has been
assimilated into EMAC for the nudged simulation, and as a second option the free-
running model was used by applying multi-annual mean sea surface temperatures and
ice coverage as boundary conditions. The latter runs were included to study possible
artefacts by the nudging and differences relevant for climate change applications. The
simulations are denoted as DU1 and DU2 for the free-running model and DU1_ERA40
and DU2_ERA40 for the nudged model. At first glance the differences in the annual
emissions from running the model in these two modes are hardly discernible (Fig. 4,
comparing upper to lower panels). The geographical distribution is largely the same,
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except for some areas where the emission flux appears to be lower in the nudged
simulation (N-Africa, Arabian Peninsula). By calculating the global emission fluxes the
differences become more apparent (Table 5).

The nudged simulations (DU1_ERA40 and DU2_ERA40) produce less dust globally
compared to the free-running model, in agreement with the results of Timmreck and
Schulz (2004) for the ECHAM4 climate model, indicating that the nudging somewhat
reduces the wind speed and the dust emissions accordingly. For DU1, the reduction of
the annual emissions is ~20% and for DU2 it is ~ 24 %. The atmospheric lifetime of
airborne dust is slightly longer in the nudged version of the model. The annual depo-
sition reduces in line with the emissions between 16 and 25 %, and the annual atmo-
spheric loads are also reduced compared to the free-running model (-14 % for DU1
and —19% for DU2). The parameterization of the dust emissions is such that even
small differences in the friction velocity can have substantial effects (Eqs. 8 and 9 in-
clude a dependency of the horizontal flux on the friction velocity to the power of three).
The same is evident from the regional analysis of the dust budgets in Table 6. The
nudged simulations produce lower emissions compared to the free running model in
all areas except Australia, probably because the wind speeds are less affected there
by the nudging (Fig. S1 in the Supplement demonstrates the seasonal difference in the
emissions for DU1 and DU1_ERAA40).

In spite of the effects of the nudging on the dust emission strength, its importance for
a direct comparison with observations is illustrated in Fig. 5, showing model results and
measurement data at the station Miami (courtesy J. Prospero). This station is affected
by dust transport from the Sahara, predominantly in summer, whereas during winter
the predominantly westerly winds prevent such transports. The lower panel shows the
multi-year mean simulation, indicating that the seasonal cycle is captured well by the
free running model in a statistical sense. The upper panel shows the comparison for the
year 2000, indicating a bimodal seasonal profile, thus deviating from the multi-annual
mean. Again the model seems to capture the seasonality well, suggesting that the
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statistics can be reproduced without accounting for actual meteorological conditions,
whereas the simulation of the year 2000 is clearly more realistic.

5.2 Evaluation of model results

5.2.1 Dust concentrations

Figure 6 presents a comparison of the annual mean dust concentrations calculated
for the year 2000 and the observed multi-annual means at 24 stations. The model ap-
pears to simulate the spatial variability with both emission parameterization schemes
DU1 and DU2 reasonably well. The colours of the symbols in Fig. 6 correspond to
the station locations shown in Fig. 3a, to help distinguish the geographical areas. The
same colour coding is used throughout this section. The month of January is excluded
to avoid differences due to the model initialization. The comparison for stations in the
Atlantic region (Barbados, Izana, Bermuda, Miami and Mace Head shown in green) in-
dicates good agreement for all simulations (DU1, DU2, DU1_ERA40 and DU2_ERA40),
i.e., quite close to the 1:1 relationship. This demonstrates the ability of the model to
simulate the transport of dust from the main source areas in N-Africa. The simula-
tions for the Asian stations (Cheju and Hedo in pink) are also in good agreement with
the observed annual means, with the highest correlation for the DU2 and DU2_ERA40
model versions. By also considering Midway Island (no. 12 in Fig. 3a) as a station pre-
dominantly affected by Asian desert dust transports, the correlation with the observed
values is close to 1:1 in the DU2 simulation. This contrasts with the findings of Huneeus
et al. (2011) for most of the global models. For the S-Ocean stations (grey) the model
overestimates the dust concentrations at two of the three stations (Marsh and Palmer)
and underestimates it at the third (Mawson in Antarctica). The results nevertheless lie
to a large extent within the 1:10 and 10:1 range for most of the simulations. For the two
stations in S-Africa (blue), which are influenced by the Kalahari Desert, the compari-
son is not conclusive, since at one station the model overestimates (Cape Point) and
at the other it underestimates (Rukomechi) the dust concentrations. The Pacific Ocean
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stations (orange and red) appear to be the most problematic since different results are
obtained for each of the simulations, though the model generally underestimates the
observed concentrations. Interestingly, these are stations with annual average concen-
trations below 1 ug m~3. Huneeus et al. (2011) found that many global models have dif-
ficulties representing dust concentrations at such locations. Finally, the dust observed
in Australian stations (yellow), i.e., Cape Grim and Jabirun, is underestimated by all
simulations.

The statistical analysis, comparing the annual average dust concentrations from
multi-annual observations to the model results for the year 2000, indicates overall good
agreement (Table 7). The correlation coefficient is in the range 0.84—0.88 and the bias
is relatively low, especially for the nudged simulations. The root mean square error
(RMSE) is lowest for the nudged simulations, for which the linear regression is closest
to one. The difference between the simulations is generally small, although the nudged
run using the DU2 version of the dust scheme (DU2_ERA40) slightly outperforms the
other model versions.

Extending the comparison for these 24 stations to the monthly average dust con-
centrations, the general picture is similar (Fig. 7). Again, January has been excluded.
The simulation results for the Atlantic Ocean stations (green) correlate rather well with
the observations in all simulations, though there are some exceptions. These involve,
e.g., the months March and October for the stations Mace Head, Bermuda and Miami,
where the modelled dust concentrations are significantly too low. This also applies to
July in Mace Head, and to September and November in Bermuda. The monthly mean
model results at the Asian stations (pink) agree well with the observations, in line with
the annual averages. The modelled dust concentrations over the Pacific Ocean stations
(orange and red) are again underestimated by all simulations, in line with the results
for the annual means mentioned above (< 1ug m'3). The comparison for the S-Ocean
stations indicates best agreement between the DU1_ERAA40 results and the observa-
tions, though an overestimation is evident for all simulations. The statistical analysis
shows that the comparison is generally best for the DU2_ERA40 nudged simulation
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with a correlation coefficient of 0.54, a linear regression close to one and the small-
est RMSE (Table 8). Nonetheless, it appears that the model generally underestimates
dust concentrations, notably in locations where concentrations are relatively low. This
may indicate that removal processes during transport may generally be too efficient,
possibly related to the solubility and the wet removal of dust particles.

Dust concentration measurements for the year 2000 were kindly provided for 3 sta-
tions (Barbados, Miami, USA, and Tel Shikmona near Haifa, Israel) by J. Prospero
(personal communication, 2010) and B. Herut (personal communication, 2012), re-
spectively. The availability of these important datasets, together with AERONET data,
has motivated our selection of the year 2000 for the simulations. Figure 8 compares
the observations to the results of the nudged simulations, and the agreement is gen-
erally satisfactory though not ideal. The two parameterizations give similar results for
Barbados and Miami (Fig. 8 upper and middle plot, respectively), with the Barbados
concentrations being overestimated by the model and the Miami ones matching rela-
tively well. In Barbados the model overestimates concentrations during the dusty sum-
mer season, especially in August. In Miami concentrations agree well in this season
though the model underestimates concentrations in the transition seasons, especially
in September—QOctober. For the Tel Shikmona station, the DU1 scheme appears to per-
form better than DU2, though the differences are not large. During two days in April
(11-12) the model results are substantially higher than the observations, i.e., with both
versions of the parameterization scheme, which may be related to the meteorological
conditions in that period. For all three stations the correlation coefficients are rather
high (0.73-0.91) and the spread in the scatter plots is low.

5.2.2 Dust deposition

Annual deposition measurements of dust are available for 84 stations, and monthly bulk
and wet deposition dust data for three locations in Florida, as mentioned in Sect. 4. The
84 stations are shown in Fig. 3b, and are typically located downwind and partly remote
from the main dust source areas. This implies that to a large degree we test the trans-
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port and deposition qualities of the model, and to a lesser extent the emission schemes,
depending on the distance from the sources. The data represent multi-annual averages
that unfortunately do not match the simulation year. The comparison with the different
simulations is shown in the scatter plots of Fig. 9, which also includes correlation co-
efficients, biases and RMSEs. Again, the colour of the data points in the scatter plots
relates to the location of the stations shown in Fig. 3b.

The deposition over Atlantic Ocean stations (green) is very well reproduced by the
model in all four simulations, in line with the above described evaluation, indicating that
the dust outflow from N-Africa over the Atlantic Ocean is accurately simulated. Dust
deposition in the E- and W-Pacific locations (red and orange) tends to be underes-
timated by the model, though the DU2 version substantially improves the simulation
for the E-Pacific region. The modelled deposition over the S-Ocean (grey) is overesti-
mated in some locations, while indicating higher correlations with observations in the
DU1_ERA40 simulation. The modelled deposition over the Indian Ocean (black) and at
European stations (blue) agrees reasonably well with the observations. Only for one
location at the Taklimakan desert in Central Asia (purple) and one in the Middle East
(brown) the model systematically underestimates the dust deposition. The statistical
analysis of the four simulations shows that the bias and RMSE are lowest and the cor-
relation highest for the DU2 simulation, while the DU2_ERA40 simulation results are
actually quite similar.

Measurements of bulk and wet deposition at three locations in Florida during three
consecutive years (1994-1996) have been used to additionally evaluate the dust depo-
sition simulations and also to assess the contribution of wet deposition. The stations are
Lake Barco, Tamiami Trail and Little Crawl Key, as in Huneeus et al. (2011) (Prospero
et al., 2010). The free-running simulation results are compared with the measurements
in Fig. 10, which appear to agree reasonably well. The differences between the two
versions of our parameterization are small, likely because deposition fluxes are largely
governed by transport and rainout processes, being the same in the two schemes. At
Lake Barco, the model captures the seasonality and the magnitude of the deposited
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dust, in contrast to some of the results in the AeroCom study (Huneeus et al., 2011).
For the Tamiami Trail station a time shift of one month appears in the maximum deposi-
tion flux (the model maximum is in July, not in June as indicated by the measurements),
and the model overestimates the bulk deposition flux. For the southernmost station, Lit-
tle Crawl Key, the model captures the seasonality well though also overestimates the
deposition maximum in summer, being the result of a too strong wet deposition flux.
Since we are comparing different model and measurement periods, we cannot expect
quantitative agreement, and we conclude that the model performs satisfactory for these
locations.

5.2.3 Aerosol optical depth

The modelled AOD, which is dominated by dust at the selected stations, analysed at
550 nm wavelength, has been evaluated on a daily, monthly and annual basis. Although
AERONET provides measurements of AOD at high temporal resolution of the order of
minutes, the evaluation in this paper is based mainly on the daily and monthly averages,
focussing on the seasonal dust cycle and not on specific dust events. Nevertheless,
the daily averages provide a rather detailed view of the desert dust distribution. The
monthly AOD is estimated from the daily values for each AERONET station, and the
modelled AOD is calculated for the same days as those for which AERONET data is
available. Whenever the MODIS (v5.1), MISR (v31) or MODIS Deep Blue (v.5.31) AOD
is used, the monthly modelled values are calculated from all days of the month. For this
evaluation the nudged simulations for DU1 and DU2 are used.

The comparison between daily measured and modelled AOD at the 19 AERONET
stations for the year 2000 indicates reasonably good agreement for most stations. The
linear correlation over all stations (Fig. 11) corroborates that the model reproduces
many of the measured daily AODs. The biases are small for both versions of the emis-
sion scheme (-0.008 for DU1, and 0.014 for DU2) and the average and standard de-
viation are close to the measured values (Table 9). The overall performance is slightly
better for the DU1_ERA40 simulation. In addition, we consider each station individually
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and in groups according to the location (colours according to Fig. 3d). For the African
stations (nos. 4, 6, 7, 9 and 16 in red), the model reproduces the daily AODs very
well, e.g., in the outflow region of the dust (6: Cape Verde, 7: Dakar in Table 10). At
the other three stations located in Central Africa, the model tends to underestimate
the AOD. This can be attributed to a possible underestimation of both biomass burning
and dust emissions in this area, the latter from the Bodélé Depression, for example,
which is a major dust source region in N-Africa. In contrast to some other models,
we have not tuned preferential dust sources such as the Bodélé Depression because
we favour physical consistency within EMAC, with the risk of under-representing such
pronounced source regions (Todd et al., 2008).

The daily AODs over the S-American and W-Atlantic stations (nos. 2, 5, 14 and
19) are represented well by the model with correlation coefficients in the range of
0.48 to 0.70 for DU1_ERA40 and 0.46 to 0.70 for DU2_ERA40 (Table 10). The model
underestimates the AOD over the station Suriname (no. 19) in Northern S-America,
and to a greater extent with the DU2_ERA40 simulation, possibly associated with the
under-representation of anthropogenic aerosols in the model, notably biomass burn-
ing aerosols, which may influence this station. The model results for the stations in
the Middle East (nos. 11, 15 and 17) correlate well with the daily AERONET AODs,
though the model overestimates some peak values in April and May over Nes Ziona
and Sede Boker in Israel. At the Arabian stations (nos. 3 and 18) the model perfor-
mance is mediocre, for some months being better than others. During most of the time
the model appears to overestimate the AOD. For the AOD over the Asian station (no. 1),
located in S-Korea, we obtain a good linear correlation with the measurements, though
the model underestimates AODs in January, March, November and December, while
performing better in April, May, September and October (other months are absent from
the observational dataset).

One station is located on an island in the Indian Ocean (no. 12, Maldives) where
the model underestimates the AOD compared to the AERONET data in the period
January to March, whereas the model performance is much better for the months of
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April to November (with the exception of July). This is likely related to pollution outflow
from the Indian subcontinent during the dry season (Lawrence and Lelieveld, 2010),
not represented in the model. Finally, for the stations located in S-Europe (nos. 8,
10 and 13; two in ltaly and one in Spain) we obtain high correlations with the mea-
surements for the ltalian stations and a lower correlation with the Spanish data. The
AODs over the ltalian stations (Lampedusa and IMC Oristano) are typically overesti-
mated by the model (both emission schemes, though better with DU1_ERA40), while
in Southern Spain (El Arenosillo) the modelled AODs appear to be too low. Figure 11
summarizes these results into two global maps, showing the correlation coefficients
for each of the AERONET stations, both for DU1_ERA40 and DU2_ERA40. This indi-
cates that both versions of the emission scheme perform similarly in the Middle East,
the Arabian Peninsula, S-Europe and some stations in S-America while DU1_ERA40
generally achieves the best agreement with AERONET data.

The monthly average AODs are calculated by only accounting for the days for which
AERONET data are available, i.e., the same days from both the model results and
the observations. Figure 12 shows the scatter plots for the two versions of our dust
emission scheme. The upper panel shows the linear and the lower panel the logarith-
mic relationships, colour coded by the location of each station (Fig. 3d). It appears
that the modelled monthly AOD correlates well with the AERONET observations for
both schemes. The underestimation of the monthly AOD at the station lllorin (Nigeria)
prevents a 1:1 regression. Again this may be related to the underrepresentation of an-
thropogenic aerosols in this location. Time series with the monthly AOD for all stations
from the model results and from AERONET, MODIS-Terra and Deep Blue and/or MISR
are included in the Supplement (Fig. S3), indicating generally good agreement.

By grouping the stations according to their location (Fig. 3d), the modelled monthly
AODs agree well with the AERONET measurements for the S-American-Atlantic sta-
tions (purple), the Asian station in Anmyon (cyan, S-Korea), the Middle East (green)
and the S- European stations (black). The comparison for the African stations (red)
indicates good agreement, except for lllorin, as mentioned above. Poorer agreement
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is obtained for the Arabian stations (blue) and the Indian Ocean station (black, Mal-
dives). Similarly, generally good agreement is indicated by the annual AOD compar-
ison (Fig. 13). It should be emphasized, however, that many of the AERONET mea-
surement time series are incomplete, hence the “monthly” and “annual” data should
be interpreted with care. Similar agreement with the AOD measurements is obtained
for the two versions of our dust emission scheme for the African, Middle Eastern, S-
European and S-American-Atlantic stations. Differences are more pronounced for the
Arabian stations and Lampedusa (ltaly), indicating better agreement using the DU1
scheme for Lampedusa and better agreement with DU2 for the Arabian stations.

The column aerosol mass burden (ug cm'z) from the model and that derived from the
MODIS-Terra satellite measurements is shown for the month of June 2000 in Fig. 14.
We selected this month because of the generally intense dust activity in the large, arid
areas such as N-Africa and the ensuing dust transport over the Atlantic Ocean. These
plots only provide a qualitative evaluation, since this MODIS satellite data product is
not validated to the same extent as the AOD. The outflow of desert dust towards the
Atlantic Ocean appears to be well described using both emission schemes, matching
both the spatial distribution pattern and the magnitude (Fig. 14). The column mass over
the Indian Ocean and India is also in good agreement with the satellite-retrieved data,
with DU2_ERAA40 being closer to the observed column burden than DU1_ERA40. Un-
fortunately the N-African deserts are excluded from the MODIS data. Further, the DU2
scheme seems to overestimate the dust burden from the Asian deserts. Finally, the
N-American arid areas are well represented by the DU1 scheme whereas DU2 again
overestimates the dust load, while both schemes overestimate the amount of dust from
S-America. Notwithstanding indications in the literature and from the MODIS data that
S-America is only a weak dust source, especially compared to N-Africa (Prospero et al.,
2002), both versions of the emission scheme generate significant dust plumes, while
DU1 generates less dust and may be considered more representative. This is possi-
bly related to the coarse resolution of the model, which smoothens the pronounced
terrain, leading to too high friction velocities over the Patagonian desert. Again, this is
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also a consequence of applying one consistent parameterization throughout the globe,
whereas many models apply regionally tuned emission fluxes.

Nevertheless, the results from the AOD comparison indicate that both versions of
our new dust emission parameterization adequately describe many of the sources,
and that the EMAC model reproduces the dust transports over the Atlantic Ocean and
the Mediterranean region realistically. The DU2 scheme, which includes an explicit soil
particle size distribution, appears to perform better at locations like Anmyon, Dakar,
Bahrain and Erdemli. Both schemes underestimate atmospheric dust at lllorin, pos-
sibly caused by too low emissions from the Bodélé Depression (Todd et al., 2008)
and the under-representation of anthropogenic aerosols. Overall, the model simula-
tions of the AOD in areas predominantly affected by airborne dust are comparable for
both schemes, with DU1 performing slightly better than DU2. A recent study by Rid-
ley et al. (2012) suggested that adding detail to the dust submicron size distribution
in the AOD calculation (affecting only the dust optical properties and not the aerosol
mass), leads to a reduction of the AOD over N-Africa, improving the agreement with
observations. Also, Kok (2011) achieved a reduction in the overestimation of the clay
fraction of the emitted dust aerosol by a theoretical expression of the particle size dis-
tribution, in contrast with the empirical expression. Both studies emphasize the emitted
particle size distribution as a key factor in improving the representation of the global
dust cycle. Though we did not assess the effects of changes in the emitted particle
size distribution, we plan to address this issue in future work.

We emphasize that the criteria applied for the selection of dust-dominated AERONET
stations do not preclude a role by anthropogenic aerosols. As discussed by Huneeus
et al. (2011), data from stations with AODs (at 500-870 nm wavelength) between
0.4 and 1.2 may include a mixture of coarse and fine particles. Furthermore, the
MODIS aerosol retrieval algorithm has difficulties when biomass burning and desert
dust aerosols occur concurrently, typically overestimating the AOD (Kahn et al., 2009).
Since anthropogenic aerosols are underrepresented in our simulations (we only ac-
count for sulphate), and also because the sea spray estimated by the model might not
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be well represented over island stations, it may be expected that our model somewhat
underestimates the AOD as compared to remote sensing observations.

6 Discussion and conclusion

The two versions of our dust emission scheme are primarily different in the explicit
representation of soil particle size distributions. Whereas in DU1 the (tri-modal) soil
particle size distribution is globally uniform, in DU2 it is explicitly accounted for based
on the Zobler geographical soil texture classification and four soil populations, as listed
in Table 3 (Tegen et al., 2002). This influences the threshold friction velocity, which
triggers the dust mobilization and hence influences the emission fluxes. It should be
stressed that the Zobler soil texture classification has been derived using wet sedi-
mentation measurement techniques, which break the soil aggregates. This increases
the number of free clay particles, thus underestimating the number of large size aggre-
gates (Laurent et al., 2010; Kok, 2011). Furthermore, Laurent et al. (2006) mention that
there is no direct relationship between the soil grain size distribution and the soil texture
in the Northeast Asian deserts. An advanced technique, based on dry sedimentation,
has been used by Chatenet et al. (1996), followed by Laurent et al. (2006, 2008, 2010)
though the measurements are limited to several African, Arabian and Asian deserts
and cannot be applied within a global framework at this stage. Nevertheless, making
use of these data is planned as a next step in our work.

The model calculated atmospheric dust budgets based on the DU1 and DU2 dust
emission schemes differ substantially (Table 5). In the free-running model the global
source with DU2 is about 1000Tgyr'1 stronger than with DU1, and in the nudged
simulations the difference is about 713 Tg yr‘1. It appears that the results of the nudged
DU1_ERA40 simulation are closest to the median source of the AeroCom exercise, i.e.,
1123Tgyr‘1 (Huneeus et al., 2011). The DU2 scheme produces stronger emissions
than DU1, mostly due to differences in the Asian and S-American deserts and to a
lesser extent in N-Africa (Table 6). The stronger sources by DU2 primarily increase the
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dust loads over the source regions, and it would be useful to have access to additional
measurement data there. For the N-African deserts the total dust emissions by the
two schemes do not deviate much except for DU2_ERA40, which seems relatively low
(460 Tgyr'1). The two schemes also produce similar emissions in the Middle East and
Australia. For S-Africa, Asia, N- and S-America, on the other hand, the differences can
be a factor of two to three. This results from the substantially different soil particle size
distributions.

The annual cycles by the DU1 and DU2 schemes are quite similar, also because the
seasonality is predominantly determined by the meteorology rather than the soil clas-
sification (Fig. S2 in the Supplement shows the difference in the seasonal emissions
between the two schemes). The differences are mostly regional and related to the
threshold friction velocity (i.e., the particle size distribution, soil moisture, drag partition
correction). Within Africa, the geographical patterns of DU1 and DU2 can differ also,
the latter emitting less dust from the Sahara, Mauritania and the Bodélé Depression,
and more in Libya and Algeria. This is a direct effect of the size distribution assigned
to the soils in DU2, because in parts of the Sahara, the Bodélé Depression and Mauri-
tania deserts typically have relatively coarse particles, while in Libya and Algeria more
medium size particles are found (according to the Zobler classification).

Our evaluation of the concentrations, deposition fluxes and the AOD does not provide
conclusive evidence about quality differences between our two schemes. Even though
the explicit soil particle size distribution in DU2 is considered more realistic, the simpler
DU1 scheme appears to perform better in several locations. The general conclusion
from our evaluation is that DU1 performs slightly better in reproducing the remotely
sensed AOD for the year 2000, especially in the vicinity of the sources, while DU2
leads to more realistic results in simulating the dust concentrations and deposition
fluxes in remote locations. Future work, in which we aim to account for all classes of
aerosols simultaneously and improve the representation of chemical “ageing” by dust
particles in the atmosphere, will provide additional information to help evaluate our dust
emission parameterization.
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/13237/2012/
acpd-12-13237-2012-supplement.pdf.
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Table 1. EMAC sub-models used in this study.

Submodel  Description Reference

M7 Aerosol microphysics Vignati et al. (2004)

DRYDEP Dry deposition Kerkweg et al. (2006a)

SCAV Wet deposition Tost et al. (2006a)

SEDI Sedimentation of aerosol particles Kerkweg et al. (2006a)

MECCAT1 Atmospheric chemistry Sander et al. (2005)

OFFEMIS  Prescribed emissions of trace Kerkweg et al. (2006b)
gases and aerosols

ONEMIS On-line calculated emissions of Kerkweg et al. (2006b)
trace gases and aerosols

RAD4ALL ECHAMS5 radiation scheme as Roeckner et al. (2006);
MESSy submodel Jockel et al. (2006)

JVAL photolysis rates based on Landgraf and Crutzen

(1998)
AEROPT Aerosol Optical Depth Lauer et al. (2007),
Pozzer et al. (2012)

CLOUD ECHAM5 cloud scheme as Roeckner et al. (2006, and refer-
MESSy submodel ences therein)

CONVECT convection parameterizations Tost et al. (2010)

CVTRANS convective tracer transport Tost et al. (2006b)

LNOX lightning NO, production Tost et al. (2007)

TNUDGE Newtonian relaxation of species Kerkweg et al. (2006b)
as pseudo-emissions

TROPOP Tropopause and other diagnostics  Jockel et al. (2006)
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Table 2. Olson ecosystem biomes selected for the dust emission scheme.

Biomes

abwonn =

Desert, mostly bare stone, clay, sand

Sand desert, partly blowing dunes

Semidesert/desert shrub/sparse grass

Cool/cold shrub semidesert/steppe

Salt/soda flat desert playas, occasionally with intermittent lakes
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Table 3. Zobler soil texture classification and mass fraction for each soil size population after

Tegen et al. (2002). For all particle sizes the geometric standard deviation 04 is 2.0.

Soil Type mf, mf, mfy mf,

(Dyy =707um) (D, =158pm)  (Dyg = 15um)  (D,4 = 2um)
Coarse 0.43 0.40 0.17 0
Medium 0 0.37 0.33 0.30
Fine 0 0 0.33 0.67
Coarse-medium 0.10 0.50 0.20 0.20
Coarse-fine 0 0.50 0.12 0.38
Medium-fine 0 0.27 0.25 0.48
Coarse-medium-fine 0.23 0.23 0.19 0.35
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Table 4. Characteristics of the two versions of the dust emission scheme.

Input parameters and DU1 DuU2
calculated fields

Olson world ecosystem biomes  Yes Yes
Clay fraction of the soil Yes Yes
Rooting Depth Yes Yes
Vegetation area index Yes Yes
Meteorological fields (temper- Yes Yes
ature, pressure, humidity, soil

moisture, friction velocity)

Threshold friction velocity over v, (for D, = 60 pum) U.6(Dp)
smooth surfaces

Drag partition correction (fixed Yes Yes
zo!zos)

Soil moisture correction Yes Yes
Zobler soil texture classification  No Yes

Source Size Distribution

Globally uniform tri-modal distribution
(D’Almeida, 1987)

Explicit assignment of particle size
in each grid cell (Table 3)

Transport size distribution 8-size bin distribution after Perez Asin DU1
et al. (2006)
Horizontal Flux H H(Dy)
3 4
Vertical Flux V; = FBaH 3 m;M; ; V; = F,BaH, 3 miM;;
i=1 i=1
a= 100,134(% clay)-6 clay <20%
Sandblasting efficiency (a) a=1.0x10"° 20% < clay <45% Asin DU1
a=10x10"  clay>45%
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Table 5. Atmospheric dust budgets by the different emissions schemes, compared with the & M. Astitha et al.
AeroCom median values as presented in Huneeus et al. (2011). _30
Q
©
Emissions  Load Dy  Sedi Wet  Lifetime (days) ~ © [ ilepage S
(Tgyr'™) (Tg) (Tgyr'') (Tgyr'') (Tgyr'') (load/deposiion) ! !
AeroCom Median 1123 158 396 314 357 4.6 O
DU1 1841 232 82 573 1161 47~ Conclusions  References
DU2 2860 32.2 138 841 1846 4.2 -
DU1_ERA40 1472 19.9 67 484 904 4.9 g' ! !
DU2_ERA40 2185 26.1 104 675 1392 4.4 _30
s [
. Bak Cose
© Fuiseeen/Eso
3
o
- Printeefiendl Version
iY)
Q
©
 interactive Discussion
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Table 6. Regional dust emissions (Tgyr") (regions shown in Fig. 3c) for the different simula- >
tions. Ry
o TePae
N. Africa  S. Africa Middle East Asia N. America S. America Australia -
(Tgyr™) (Tgyr™)  (Tgyr'') (Tgyr™)  (Tgyr')  (Tgyr'') (Tgyr™) — ! !
AeroCom Median 792 11.8 128 137 2 9.8 30.7 o
DU1 659 57.4 244 395 30 367 34.7 3 ! !
DU2 611 99.4 325 934 65 681 47.8 c
DU1_ERA40 528 54.1 182 283 22 314 35.7 a ! !
DU2_ERA40 460 93.2 233 639 48 569 49.7 9
—
s [
o Bk Clse
. Fuisoeen/Ex
C
()]
@,
(@]
- Printerfriondy Version
T
Q
©
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Table 7. Statistics of the annual average dust concentrations. January has been excluded.

Average Linear Correlation Bias RMSE
(ugm™3) regression coefficient (ugm=3) (ugm™>)
Observations  4.40+7.63
DUA1 5.24+1428 y=1.60x-1.81 0.86 0.84 8.56
DU2 6.33+£14.00 y=1.54x-0.46 0.84 1.93 8.67
DU1_ERA40 447+11.03 y=127x-1.11 0.88 0.07 5.56
DU2_ERA40 5.10+10.02 y =1.14x+0.08 0.87 0.69 5.03
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Table 8. Statistics of the monthly average dust concentrations. January has been excluded.

Average Linear Correlation Bias RMSE
(ugm™3) regression coefficient (ugm=3) (ugm™>)
Observations  4.47 +9.16
DUA1 5.03+24.31 y=0.82x+1.37 0.31 0.55 23.15
DU2 5.90+22.71 y =0.85x+2.08 0.34 1.42 21.37
DU1_ERA40 429+23.05 y=1.29x-1.51 0.52 -0.18 19.89
DU2_ERA40 4.74+20.80 y=1.23x-0.77 0.54 0.26 17.56

13282

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
12, 13237-13298, 2012

=

ew
parameterization of
dust emissions in
EMAC

M. Astitha et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/13237/2012/acpd-12-13237-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/13237/2012/acpd-12-13237-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
12, 13237-13298, 2012

Jaded uoissnasiqg

=

ew
parameterization of
dust emissions in

O
@ EMAC
=
%. M. Astitha et al.
=)
Table 9. Statistics of the daily average AOD for 19 AERONET stations. 3
©
(¢}
Average Linear Correlation Bias RMSE - g
(ng m'3) regression coefficient (ug m'3) (g m‘3) — ! !
Observations 0.298 +0.28 O
DU1_.ERA40 0.29+0.28 y=0.57x+0.12 0.55 -0.008 0.27 § ! !
DU2_ ERA40 0.31+0.33 y=0.54x+0.15 0.46 0.014 0.33 A
—
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Table 10. Statistics of the 19 AERONET stations (daily average AOD). The station numbers

correspond to the locations shown in Fig. 3d.

Stations (#)

Station Name

DU1_ERA40

DU2_ERA40

sElsardnlicdooNoaamy -

Anmyon

Arica

Bahrain
Banizoumbou
Barbados
Capo_Verde
Dakar
El_Arenosillo
lllorin
IMC_Oristano
IMS-METU-ERD
Kaashidhoo
Lampedusa
La_Parguera
Nes_Ziona
Ouagadougou
SEDE_BOKER
Solar_Village
Surinam

y =0.55x - 0.03, r =0.55
y =0.69x + 0.006, r =0.49
y=0.381x+0.27,r =0.36
y =0.26x +0.33, r =0.36
y =0.76x + 0.04, r = 0.51
y =0.88x +0.23, r = 0.66
y=141x+0.13,r=0.70
y =0.44x +0.05, r =0.38
y=0.21x+0.35, r =0.55
y =1.69x -0.08, r =0.82
y =0.51x+0.01, r =0.61
y =0.50x +0.005, r =0.59
y=221x-0.04,r =0.84
y=1.15x-0.02, r =0.70
y=1.01x-0.02, r =0.62
y=0.24x+0.27,r =0.42
y=1.17x+0.04, r =0.66
y =0.839x + 0.46, r =0.36
y =0.58x +0.016, r =0.48

y =0.73x-0.03, r =0.44
y =1.26x —0.003, r =0.48
y =0.54x +0.34, r =0.39
y =0.19x +0.26, r = 0.32
y =0.74x +0.05, r = 0.53
y=0.81x+0.19, r =0.64
y=1.29x+0.10, r = 0.69
y =0.48x +0.06, r =0.35
y=0.17x +0.26, r = 0.56
y =1.95x -0.10, r =0.80
y =0.56x —0.009, r =0.60
y =0.52x +0.02, r =0.52
y =2.66x-0.08,r =0.84
y =1.06x -0.02, r =0.70
y =1.27x-0.05, r =0.63
y=021x+0.22, r =0.41
y =1.45x +0.03, r =0.69
y =0.60x + 0.63, r =0.37
y =0.45x +0.02, r =0.46
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Fig. 1. Left plot: Olson global ecosystem biomes. The indices on the colour bar correspondto 7
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Threshold Friction Velocity (n/s)
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Fig. 2. (a) Dependence of the threshold friction velocity on the diameter of the soil particle.
The blue dots correspond to the correction of the threshold friction velocity from the drag par-
tition scheme when fy,4 is constant. (b) Dependence of the drag correction parameter on the
aerodynamic roughness length z, (left), and the smooth roughness length z (right).
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80°N

805 =

T T
1007 3 100°E 100% @ 100°

Fig. 3. Stations used for the model evaluation: (a) for dust concentrations, (b) for dust deposi-
tion. The names of the stations that correspond to each number are given in the supplement.
(¢) The black boxes denote the areas for the calculation of the regional emissions in Table 6.
(d) Location of the 19 AERONET stations used for the model evaluation of AOD.
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Fig. 4. Annual dust emissions (kg m_2) for the year 2000: using the free-running

mode with

DU1 (upper left plot) and DU2 (upper right plot) schemes and using the nudged mode with
DU1 (lower left plot) and DU2 (lower right plot) schemes.
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Monthly dust concentration at Miami (80.2W, 25.8N) for 2000
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30

Monthly dust concentration at Miami (80.2W, 25.8N) from multi-annual observations

254
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[ ——o0bs-clim =—DuU1 ——DU2 |

Fig. 5. Comparison of monthly modelled and measured dust concentrations (ug m'3) at the
station Miami. The upper panel shows results from the nudged simulations and the lower panel
from the free-running simulation. Measurements for the year 2000 are indicated in blue line in
the upper panel; the climatology of the station (multi-annual averages) is shown in blue line in
the lower panel. The model results from DU1 are shown in red and from DU2 in green.
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Fig. 6. Annual mean dust concentrations from the simulation of the year 2000 compared
to measured multi-annual means at 24 stations. The colours correspond to the location of
each station, as shown in Fig. 3a. E-Pacific =red, W-Pacific = orange, S-Africa =blue, At-
lantic = green, Australia = yellow, Asia = pink, S-Ocean = grey. The dotted lines denote the 1: 10
to 10: 1 range.
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Monthly Dust Concentration (ug/m3)
at 24 stations (excluding Jan)

Monthly Dust Concentration (ug/m3)
at 24 stations (excluding Jan)
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Fig. 7. Comparison of modelled monthly with measured multi-annual dust concentrations at 24
stations (January excluded). The colours correspond to the location of each station, as shown in
Fig. 3a. E-Pacific = red, W-Pacific = orange, S-Africa = blue, Atlantic = green, Australia = yellow,

Asia = pink, S-Ocean = grey. The dotted lines denote the 1: 10 to 10: 1 range.
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Monthly dust concentration at Barbados (59.4W, 13.2N) for 2000

Barbados (59.4W, 13.2N)
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Fig. 8. Comparison of modelled and measured dust concentrations for the year 2000 for sta-
tions in Barbados (upper plot), Miami (middle plot) and Tel Skikmona, Haifa (lower plot). Mea-
surements for the year 2000 are indicated in blue; the multi-annual average concentrations are
shown by the blue dotted line. The model results from DU1 are shown in black and from DU2
in green (nudged simulations). The scatter plots on the right also list the linear regressions and
correlation coefficients.
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Fig. 9. Comparison of modelled and measured annual dust deposition (g m'zyr'1) from 84
stations. The stations are shown in Fig. 3b and the colour of the dots corresponds to the loca-
tion of each station. E-Pacific = red, W-Pacific = orange, S-Africa = blue, Atlantic = green, Aus-
tralia = yellow, Asia = pink, S-Ocean = grey. The dotted lines denote the 1:10 to 10: 1 range.
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Fig. 11. Scatter plot of the modelled versus measured daily AODgg(,, from the 19 AERONET
stations for the DU1_ERA40 and the DU2_ERAA40 simulations. The two lower panels show the
correlation coefficients for each of the 19 stations for the DU1_ERA40 (left) and DU2_ERA40
(right) simulations (daily average).
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Fig. 12. Scatter plots (upper: linear, lower: logarithmic) of the modelled versus measured
monthly AODggg,,m from the AERONET stations for the DU1_ERA40 and the DU2_ERA40 sim-
ulations. The stations are shown in Fig. 3d and the colour of the dots corresponds to the loca-
tion of each station: Africa =red, Indian Ocean and N-America = white, Europe = grey, Middle
East = green, S-America = purple, Arabian Peninsula = blue. The dotted lines denote the 1:10
to 10: 1 range.
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Fig. 14. Column aerosol mass concentration (ugcm™2) from the MODIS-Terra (v5.1) satellite
(upper panels) and from the model simulations using the DU1 and DU2 emissions schemes

(lower panels) for June 2000.
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