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Abstract. It was hypothesized that using mineral dust emission climatologies in global chemistry climate models (GCCMs), i.e. prescribed monthly-mean dust emissions representative of a specific year, may lead to misrepresentations
of strong dust burst events. This could result in a negative bias of model dust concentrations compared to observations for these episodes. Here, we apply the aerosol microphysics submodel MADE3 (Modal Aerosol Dynamics model
for Europe, adapted for global applications, third generation) as part of the ECHAM/MESSy Atmospheric Chemistry
(EMAC) general circulation model. We employ two different representations of mineral dust emissions for our model
simulations: (i) a prescribed monthly-mean climatology of
dust emissions representative of the year 2000 and (ii) an online dust parametrization which calculates wind-driven mineral dust emissions at every model time step. We evaluate
model results for these two dust representations by comparison with observations of aerosol optical depth from groundbased station data. The model results show a better agreement with the observations for strong dust burst events when
using the online dust representation compared to the prescribed dust emissions setup. Furthermore, we analyse the
effect of increasing the vertical and horizontal model resolution on the mineral dust properties in our model. We compare
results from simulations with T42L31 and T63L31 model
resolution (2.8◦ × 2.8◦ and 1.9◦ × 1.9◦ in latitude and longitude, respectively; 31 vertical levels) with the reference
setup (T42L19). The different model versions are evaluated
against airborne in situ measurements performed during the

SALTRACE mineral dust campaign (Saharan Aerosol Longrange Transport and Aerosol-Cloud Interaction Experiment,
June–July 2013), i.e. observations of dust transported from
the Sahara to the Caribbean. Results show that an increased
horizontal and vertical model resolution is able to better represent the spatial distribution of airborne mineral dust, especially in the upper troposphere (above 400 hPa). Additionally, we analyse the effect of varying assumptions for the size
distribution of emitted dust but find only a weak sensitivity
concerning these changes. The results of this study will help
to identify the model setup best suited for future studies and
to further improve the representation of mineral dust particles
in EMAC-MADE3.

1

Introduction

Mineral dust particles can influence the climate system in
various ways. Atmospheric dust aerosols interact with solar and terrestrial radiation through absorption and scattering,
thus directly changing the Earth’s radiation budget (Boucher
et al., 2013). Estimates of direct radiative forcing by mineral dust are subject to large uncertainties, with global annual
net (shortwave + longwave) radiative forcings at the surface
having a cooling effect in the range of −0.5 to −2.0 W m−2
(Choobari et al., 2014). Additionally, mineral dust particles
can act as cloud condensation nuclei and ice nuclei, consequently influencing the formation of cloud droplets and ice
crystals, resulting in additional climate modifications (e.g.
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Hendricks et al., 2011; Boucher et al., 2013; Mülmenstädt
and Feingold, 2018). These indirect effects of mineral dust
on the Earth’s radiation budget are even more uncertain than
direct radiative forcings and are subject of ongoing research
activities (Choobari et al., 2014; Tang et al., 2016; Mülmenstädt and Feingold, 2018). Dust storms also pose significant
hazards for global air traffic (e.g. De Villiers and van Heerden, 2007) and influence energy production of solar energy
power plants (e.g. Rieger et al., 2017). Furthermore, dust particles may have negative implications for human health, e.g.
by causing respiratory diseases (Chan et al., 2008; Sajani
et al., 2011; Giannadaki et al., 2014). On the other hand, mineral dust provides nutrients such as iron or phosphorus that
are essential for the growth of tropical rainforests, as well
as oceanic life (Chadwick et al., 1999; Jickells et al., 2005;
Nenes et al., 2011; Yu et al., 2015).
To correctly simulate mineral dust in global models, a reliable representation of the particle numbers, the size distribution, and the global distribution of dust particles is necessary (e.g. Shao et al., 2011). As mineral dust is a primary
aerosol, dust abundance and distribution in the atmosphere
are strongly related to its emissions. A simple and straightforward way of representing dust emissions in global chemistry
climate models (GCCMs) is the use of climatologies, i.e. prescribed monthly-mean dust emissions for a specific year (e.g.
de Meij et al., 2006; Liu et al., 2007). The AeroCom project
(Aerosol Comparison between Observations and Models) led
to the development of a global dust emission climatology
(Ginoux et al., 2001, 2004; Dentener et al., 2006) that has
been widely used in global modelling studies (e.g. Huneeus
et al., 2011). To simplify the description of dust emissions
in global models, the climatology prescribes monthly-mean
emission rates, neglecting the variation in emission fluxes on
shorter timescales. However, dust emissions are strongly influenced by meteorology resulting in high temporal variability from day to day, caused, for instance, by dust storms (e.g.
Jish Prakash et al., 2015). Dust emissions also show large
long-term (e.g. year-to-year) variations (Mahowald et al.,
2010; Banks et al., 2017). The AeroCom dust climatology,
however, is representative of the year 2000, which was characterized by relatively low dust emissions (Weinzierl et al.,
2017). It has been argued that using monthly-mean dust climatologies in GCCMs could lead to a misrepresentation of
strong dust outbreaks, resulting in a negative bias of model
dust concentrations during these episodes compared to observations (Aquila et al., 2011; Huneeus et al., 2011; Kaiser
et al., 2019).
As an alternative to such offline dust emission climatologies, online parametrizations have been developed that account for temporal variability by calculating dust emissions
from local surface wind velocities in each model time step
(e.g. Tegen et al., 2002; Balkanski et al., 2004). Several
online dust emission schemes have been successfully implemented in GCCMs and have been shown to adequately
simulate global dust distribution patterns on daily, seasonal,
Geosci. Model Dev., 13, 4287–4303, 2020

and multiannual timescales (Stier et al., 2005; Astitha et al.,
2012; Gläser et al., 2012). However, online dust parametrizations also suffer from drawbacks. For example, they need to
be tuned for every model setup according to a reference emission climatology by setting specific tuning parameters employed in the calculation of dust emission fluxes (e.g. Tegen
et al., 2004). This is necessary to keep the total dust emissions comparable between different model simulations. Also,
in contrast to observables like dust load, dust emissions are
generally difficult to assess.
In this study, we aim to improve the representation
of atmospheric mineral dust in the atmospheric chemistry
general circulation model EMAC (ECHAM/MESSy Atmospheric Chemistry model; Jöckel et al., 2010, 2016) including the MESSy (Modular Earth Submodel System; Jöckel
et al., 2010) aerosol microphysics submodel MADE3 (Modal
Aerosol Dynamics model for Europe, adapted for global applications, third generation; Kaiser et al., 2014). In previous
model studies with MADE3 (or its predecessors) in EMAC,
dust emissions were represented by the offline AeroCom
dust climatology (Aquila et al., 2011; Righi et al., 2013;
Kaiser et al., 2019). We now apply the online dust emission scheme developed by Tegen et al. (2002) to account
for highly variable wind-driven dust emissions and strong
emission episodes. We compare results from simulations using the AeroCom dust climatology with those applying the
online Tegen et al. (2002) emission scheme with respect to
dust aerosol concentrations near source regions and in target regions of long-range transport. Additionally, we analyse
the effect of different vertical and horizontal model resolutions, as well as the effect of varying the dust size distribution upon emission for the Tegen et al. (2002) dust setup.
We analyse the capabilities of these different model setups
with special focus on the representation of dust emissions as
well as the resulting atmospheric dust distribution and properties. The objective is to improve the representation of mineral dust in the model and to optimize the model setup for
future studies concerning, for instance, the effect of heterogeneous ice nucleation induced by ice-nucleating particles
such as mineral dust. As shown in many laboratory studies,
dust particles have indeed the ability to serve as very efficient ice nuclei (e.g. Hoose and Möhler, 2012; Kanji et al.,
2017). The resulting potential of dust to influence ice clouds
on the global scale has also been demonstrated by modelling
studies (Lohmann and Diehl, 2006; Hoose et al., 2010; Hendricks et al., 2011). As future applications of our model are
intended to focus on aerosol effects on ice cloud properties
(Righi et al., 2020), the present study is a necessary step
towards an improved model setup suitable for this kind of
model investigations.
The model results obtained here are evaluated by comparison with different observations, i.e. ground-based remote
sensing and airborne in situ measurements. In Kaiser et al.
(2019) a thorough evaluation of different aerosol properties
simulated with MADE3 as part of EMAC was performed.
https://doi.org/10.5194/gmd-13-4287-2020
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Here the model evaluation concentrates on measurements
specifically related to mineral dust since it is the major target of the model improvements in this study. As a special
focus, we compare the model results with data from the
SALTRACE campaign, performed during June–July 2013
with observations in Barbados, Puerto Rico, and Cabo Verde
(Weinzierl et al., 2017). SALTRACE aimed to explore the
relevant processes associated with the transport of Saharan
mineral dust across the Atlantic Ocean and its impacts on
clouds and radiation. The Sahara is the largest dust source
on Earth, providing at least half of the globally emitted dust
(Huneeus et al., 2011). Data from the SALTRACE campaign
are particularly extensive, including different measurement
techniques and instruments. Foci were on dust source regions in the Sahara, dispersion and transformation processes,
and long-range dust transport towards the Caribbean, making
the campaign exceptionally valuable for our model evaluation. We simulate specific episodes of the SALTRACE campaign. For these episodic simulations, various meteorological model variables are nudged towards ECMWF reanalyses, and transient aerosol emissions are prescribed for the
corresponding time period. This enables us to directly compare our model results with the observations. In our previous studies (Aquila et al., 2011; Righi et al., 2013; Kaiser
et al., 2019), a climatological simulation concept was applied
instead of modelling a specific episode. There the comparison of long-term model means with short-term measurement
episodes led to discrepancies, due to different meteorological situations and emissions. The episodic comparison performed in this study aims to reduce these uncertainties. In
addition to the SALTRACE data, we apply long-term observations of aerosol optical depth from AERONET stations
(Holben et al., 1998, 2001) at dust-dominated locations, covering also the SALTRACE episode, in order to evaluate the
model’s capability to reproduce the temporal variability in
airborne mineral dust.
The paper is organized as follows. In Sect. 2 we describe
the EMAC model, including the different model setups used
in this work, as well as the observational data used for model
evaluation. Results of the model evaluation are presented
in Sect. 3. There, we first describe model results evaluated
against AERONET station data, showing an improved representation of the temporal variability in mineral dust when
applying the Tegen et al. (2002) dust parametrization. Secondly, we show that increasing the horizontal and vertical
model resolution results in a better representation of the spatial distribution of mineral dust in the model when evaluated
against SALTRACE campaign data. The main conclusions of
this study are highlighted in Sect. 4.
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Model description and observational data
EMAC setup

The EMAC model is a global numerical chemistry and climate simulation system including various submodels that
describe tropospheric and middle-atmosphere processes.
It uses the second version of MESSy to connect multiinstitutional computer codes. The core atmospheric model is
the ECHAM5 (fifth-generation European Centre Hamburg)
general circulation model (Roeckner et al., 2006).
In this work we apply EMAC (ECHAM5 version 5.3.02,
MESSy version 2.54) in three different resolutions, namely
T42L19, T42L31, and T63L31, with spherical truncations
of T42 (corresponding to a quadratic Gaussian grid of approx. 2.8◦ × 2.8◦ in latitude and longitude) and T63 (approx.
1.9◦ × 1.9◦ ), respectively, and with 19 or 31 vertical hybrid
pressure levels up to 10 hPa. Model time steps for these resolutions are 30, 20, and 12 min, respectively, and the temporal resolution for most simulation output is chosen as 12 h.
The model output for aerosol optical depth (AOD) is generated every hour for comparisons with observations on a daily
mean basis. We use time-averaged model output for AOD
and instantaneous output otherwise.
The EMAC-MADE3 setup used in this work is largely
based on the setup described in Kaiser et al. (2019). In addition to the MESSy submodels used in that work, the diagnostic submodel S4D (Sampling in 4 Dimensions; Jöckel
et al., 2010) is included here in order to extract model output
along aircraft trajectories of the flights conducted during the
SALTRACE campaign. The S4D submodel interpolates the
model output along the track of a moving platform (here an
aircraft) online, i.e. during the model simulation, thus facilitating a direct and more accurate comparison of model output
and aircraft observations.
All simulations discussed in this paper cover the
years 1999 to 2013 and were performed in nudged mode –
i.e. wind divergence and vorticity, sea surface and land temperature, and the logarithm of the surface pressure were relaxed towards ECMWF reanalyses (ERA-Interim; Dee et al.,
2011) for the corresponding years. The first simulated year
(1999) is regarded as a spin-up phase, and only the subsequent time period (2000–2013) is used for model evaluation.
A summary and short description of the different simulation
setups applied in this study are shown in Table 1.
2.2

The aerosol submodel MADE3

MADE3 (Modal Aerosol Dynamics model for Europe,
adapted for global applications, third generation) was described in detail by Kaiser et al. (2014). Here we recall
only its main aspects, as shown in Fig. 1. MADE3 simulates nine different aerosol species: sulfate (SO4 ), ammonium (NH4 ), nitrate (NO3 ), sea-spray components other than
chloride (mainly sodium; Na), chloride (Cl), particulate orGeosci. Model Dev., 13, 4287–4303, 2020
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Table 1. Summary of the different EMAC simulation setups applied in this study. All simulations cover the years 2000–2013.
Abbreviation

Model resolution

Representation of dust emissions

T42L19Tegen
T42L31Tegen
T63L31Tegen
T42L31AeroCom
T42L31TegenS

T42L19
T42L31
T63L31
T42L31
T42L31

Tegen et al. (2002) online calculated dust
Tegen et al. (2002) online calculated dust
Tegen et al. (2002) online calculated dust
Prescribed year 2000 monthly-mean dust emissions (AeroCom climatology)
Tegen et al. (2002) online calculated dust, different size distribution of emitted dust∗

∗ The size distribution of mineral dust measured during the SAMUM-1 campaign was used (Weinzierl et al., 2009, 2011); see Sect. 2.3 for more details.

ganic matter (POM), black carbon (BC), mineral dust (DU),
and aerosol water (H2 O).
These aerosol components are distributed into nine lognormal modes that represent different particle sizes and mixing states. Each of the MADE3 Aitken-, accumulation-, and
coarse-mode size ranges incorporates three modes for different particle mixing states: particles fully composed of watersoluble components, particles mainly composed of insoluble
material (i.e. insoluble particles with only very thin coatings
of soluble material), and mixed particles (i.e. soluble material
with inclusions of insoluble particles).
MADE3 simulates the following aerosol processes: gasparticle partitioning of semivolatile species, particle coagulation, condensation of sulfuric acid and low-volatility secondary organic aerosol species, and new particle formation.
MADE3 calculates changes in particle number concentration, size distribution, and particle composition induced by
these processes and solves the aerosol dynamics equations by
applying analytical approximations and process-specific numerical solvers. A detailed description of this approach can
be found in Kaiser et al. (2014).
A similar modal aerosol (MESSy-)submodel which is
comparable to MADE3 is GMXe (Global Modal-aerosol eXtension; Pringle et al., 2010). A major difference between the
two aerosol models is that MADE3 distinguishes between
purely soluble particles and particles containing insoluble
material, with the intention to enable a more straightforward
quantification of the number concentrations of ice-nucleating
particles (Righi et al., 2020).
2.3

Emission setup

The emission setup used in the present study is based in large
part on the setup of Kaiser et al. (2019), but in contrast to prescribed monthly anthropogenic and biomass burning emissions representative of the year 2000 (Lamarque et al., 2010),
here we use transient prescribed emissions matching the simulated time period (2000–2013). This is important for direct
comparability of the model results with observations during
the SALTRACE campaign. For the transient monthly anthropogenic emissions we use a combination of ACCMIP (Atmospheric Chemistry and Climate Model Intercomparison
Project; Lamarque et al., 2010) and RCP8.5 data (RepresenGeosci. Model Dev., 13, 4287–4303, 2020

Figure 1. Schematic representation of the MADE3 submodel, as
shown in Kaiser et al. (2019). The colours represent the different
chemical components. The dotted, solid, and dashed lines correspond to the different mixing states (soluble, mixed, and insoluble,
respectively). Grey shadings are to visually separate typical Aitken,
accumulation, and coarse mode sizes.

tative Concentration Pathway leading to a radiative forcing of
8.5 W m−2 ; Riahi et al., 2007, 2011). Biomass burning emissions were taken from the Global Fire Emissions Database
version 4 (GFED4s; van der Werf et al., 2017).
As described above, while Kaiser et al. (2019) used prescribed monthly-mean dust emissions from the AeroCom offline climatology, described in Dentener et al. (2006), we
now apply the dust parametrization developed by Tegen et al.
(2002) that calculates dust emissions online for every model
time step. Dust emissions are calculated for 192 internal dust
size classes ranging from 0.2 to 1300 µm diameter according
to the simulated 10 m wind velocity and prescribed external
input fields of dust source areas, soil types, and vegetation
cover (for details see Tegen et al., 2002; Stier et al., 2005;
Cheng et al., 2008; Gläser et al., 2012). The horizontal soil
particle flux (HF) is calculated for each dust size class i as
!


u2thr (i)
uthr (i)
ρair 3
HF(i) =
·u · 1+
· 1−
· si ,
g
u
u2
if u > uthr (i), (otherwise HF(i) = 0),

(1)

with the density of air ρair , the gravitational constant g, the
relative surface area coverage for each size class si , the wind
https://doi.org/10.5194/gmd-13-4287-2020
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friction velocity u, which is calculated from the prognostic
10 m wind speed, and the threshold friction velocity uthr (i).
Only for velocities exceeding this threshold can dust emissions occur. The vertical emission fluxes VF(i) are calculated
from the horizontal particle fluxes according to
VF(i) = α · I2 · f (LAI) · HF(i),

(2)

where α accounts for the soil texture characteristics, I2 is
zero if the upper-layer soil moisture is at field capacity and
0.99 otherwise, and f is a function of the leaf area index
(LAI) describing the vegetation cover.
To account for the lognormal representation of the aerosol
size distribution in modal aerosol models like MADE3,
the internal emission fluxes for accumulation and coarse
size classes of the Tegen et al. (2002) parametrization are
summed, respectively, and assigned to the MADE3 insoluble accumulation and coarse modes. As MADE3 also requires the corresponding number emissions, these are derived from mass emissions assuming a lognormal size distribution with count median diameter D = 0.42 µm and geometric standard deviation σg = 1.59 for the accumulation
mode and D = 1.3 µm and σg = 2.0 for the coarse mode, respectively, following the AeroCom recommendations (Dentener et al., 2006). The corresponding conversion function
(M2N) for lognormal distributions is given as (e.g. Seinfeld
and Pandis, 2016)
M2Ni (Di , σg,i ) =

1
6
,
π Di3 exp(4.5 ln2 σg,i ) ρ

(3)

with the median diameter Di and geometric standard deviation σg,i of the lognormal size distribution for mode i, and
the density ρ = 2500 kg m−3 of mineral dust.
In a sensitivity experiment (T42L31TegenS) we tested the
effect of using a different assumption for the dust size distribution upon emission (results in Sect. 3.3), i.e. by varying the parameters for converting dust mass to number emissions. To this purpose, we use the dust size distribution measured during the SAMUM-1 dust campaign (Weinzierl et al.,
2009, 2011). This campaign took place in 2006, in southern Morocco, close to the Sahara. It is therefore especially
suited for this sensitivity study, as it focuses on dust near the
source regions in the Sahara. In Weinzierl et al. (2011) the
dust size distribution is represented by four modes with Di ,
σg,i , and the number concentration Ni , i = 1, . . ., 4. The mass
concentration mi of each of these four modes can be calculated using the factor M2N−1
i . For the online dust emission
scheme a bimodal distribution is required. Therefore, the two
smaller-sized modes and the two larger ones are combined,
in order to calculate the conversion factors for the accumulation (M2Nacc ) and the coarse mode (M2Ncoa ) of the required
bimodal distribution,
M2Nacc =

N1 + N2
,
m1 + m2

M2Ncoa =

N3 + N4
.
m3 + m4

https://doi.org/10.5194/gmd-13-4287-2020
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An overview of the mass-to-number conversion factors
(M2N) for the different online dust model setups is shown
in Table 2. Additionally, we show the two number size distributions of the reference and the sensitivity study in Fig. S2 in
the Supplement. Wind-driven online dust emissions need to
be tuned for each applied model setup. The tuning procedure
is described in the following section.
Dust emission tuning
In order to keep total wind-driven dust emissions comparable
between different model simulations, dust emissions were
tuned in the following way. As a reference for dust emissions
we use the AeroCom climatology (Dentener et al., 2006), as
this dataset is well evaluated and widely used in global modelling studies. We apply a global correction for online dust
emissions by adjusting the wind friction velocity threshold
for dust emissions by multiplication with the scaling factor
twind , as described in Tegen et al. (2004). Only for velocities
exceeding this scaled threshold, dust emissions can occur. A
higher (lower) threshold therefore results in lower (higher)
dust emissions. Emissions were tuned for the year 2000 in every model simulation, aiming to reproduce AeroCom emissions in the Saharan and Arabian Desert region of 0–40◦ N,
20◦ W–50◦ E, which amount to an annual dust emission of
roughly 1200 Tg. This region was selected because it is the
largest dust source on the globe and because the SALTRACE
dust campaign focuses on dust transport from northern Africa
to the Caribbean, which is a central point for model evaluation in this study. The resulting values for the wind stress
threshold tuning parameter (twind ) are shown in Table 2.
Furthermore, an additional correction to dust emissions
was necessary in our model, since it simulates unrealistically high emissions in a few model grid boxes close to
the Himalaya region. These artefacts dominate global dust
emissions and are – e.g. for the T42L19 resolution – up to
100 times higher than emission peaks in the Sahara. In this
critical region, dust sources, namely the Taklamakan Desert,
and areas of high surface winds (resulting from pronounced
orographic gradients at the northern slope of the Himalayas)
are located within the same model grid box. Hence, due
to the relatively low spatial resolution, these areas overlap
in the model, although they are spatially disjunct in reality.
This conflict results in unrealistically high dust emissions
in the corresponding grid boxes and was also reported by
Gläser et al. (2012) in a model study with EMAC using the
Tegen et al. (2002) dust scheme. The authors further showed
that these artefacts vanish for horizontal grid resolutions of
and above T85 (approx. 1.4◦ × 1.4◦ in latitude and longitude). Since such a high resolution would be computationally too expensive and time consuming for our simulations
and planned applications of this model setup, we choose a
different solution.
In order to remove these high-emission artefacts in the Himalaya region prior to the tuning procedure described above,
Geosci. Model Dev., 13, 4287–4303, 2020
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Table 2. Summary of wind stress threshold tuning parameter (twind ), orographic threshold for dust emission tuning (torogr ), mass-to-number
conversion factors for accumulation and coarse mode (M2Nacc , M2Ncoa ), and resulting global and northern Africa (0–40◦ N, 20◦ W–50◦ E)
dust emissions of the year 2000, for the different online dust model setups, after the tuning procedure.

Model setup

twind

torogr (m)

M2Nacc (kg−1 )

M2Ncoa (kg−1 )

Global
emissions (Tg a−1 )

Northern Africa
emissions∗ (Tg a−1 )

T42L19Tegen
T42L31Tegen
T63L31Tegen
T42L31TegenS

0.72
0.69
0.775
0.69

2500
4000
1770
4000

3.92 × 1015
3.92 × 1015
3.92 × 1015
5.79 × 1016

4.0 × 1013
4.0 × 1013
4.0 × 1013
1.16 × 1013

2900
1990
1770
2000

1210
1230
1270
1240

∗ As the Tegen dust emissions were tuned to match AeroCom emissions over northern Africa (1230 Tg a−1 ), these values are almost identical.

we exclude the corresponding grid boxes from the calculation of dust emissions by setting an upper threshold for orography. Above this threshold height, emission fluxes are set
to zero. The threshold value was adjusted for every model
setup depending on the resolution, in order to target mostly
the problematic grid boxes in the Himalaya region. Threshold values (torogr ) for the three different model resolutions
are shown in Table 2. This procedure affects also some other
grid boxes that show no high-emission artefacts, mainly in
the T42L19 and T63L31 setups, due to the somewhat lower
torogr compared with T42L31. However, these boxes are few,
and they correspond only to minor dust sources, mostly in
the Tibetan Plateau. The numbers of dust-emitting grid boxes
that are excluded by setting torogr are 35, 12, and 80 for
the T42L19, T42L31, and T63L31 model setup, respectively.
This procedure for tuning online dust emissions was also described and applied in Righi et al. (2020).
The resulting tuned dust emissions of the year 2000 are
shown in Fig. 2 for the T42L31Tegen setup. Total emissions
over northern Africa were tuned to match total emissions in
the AeroCom climatology (about 1200 Tg a−1 ). Total global
dust emissions of 2000 Tg a−1 are also comparable to the
AeroCom value (1700 Tg a−1 ) and lie in the range of other
model studies, which simulate dust emissions between 514
and 4313 Tg a−1 (Huneeus et al., 2011). The seasonal online dust emissions also compare reasonably well with the
AeroCom climatology. However, the online emissions are
strongest in the spring and summer months, while the AeroCom climatology shows the maximum in the winter season (see Fig. S1 in the Supplement). This deviation may be
a result of the calculation of wind-driven dust emissions but
could also be due to a possible atypical seasonal cycle for the
year 2000. A summary of tuned dust emissions for all online
dust model setups is shown in Table 2.
2.4

Observational data

Aircraft measurements provide valuable insights in the vertical distribution of aerosol particles by measurements of particle concentrations along the aircraft flight trajectory. Here,
we use observational data from the SALTRACE campaign
Geosci. Model Dev., 13, 4287–4303, 2020

Figure 2. Global annual dust emissions in the (a) T42L31Tegen and
(b) T42L31AeroCom setup. (a) Emissions were corrected for artefacts in the Himalaya region and tuned according to AeroCom (for
the region of 0–40◦ N, 20◦ W–50◦ E). Blue crosses correspond to
excluded grid boxes due to setting torogr to 4000 m (12 of these 14
boxes would otherwise have emitted dust). The tuning results in a
total dust emission of 1200 Tg a−1 in the Sahara region and a total
global dust emission of 2000 Tg a−1 for the year 2000. (b) AeroCom dust emissions were used for the T42L31AeroCom setup and
as a reference for tuning online calculated Tegen et al. (2002) dust
emissions. The total global AeroCom dust emission is 1700 Tg a−1 .
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Table 3. Summary of relevant details and references of the observational datasets used for the evaluation of model results simulated with
EMAC-MADE3. Numbers in brackets in the column “time” indicate the number of flights for aircraft measurements and the number of
observation days for SALTRACE lidar measurements.
Name

Location

Time

Parameter

Reference

SALTRACE aircraft (East)

Cabo Verde

June 2013 (5)

Particle number
BC mass

Weinzierl et al. (2017)
Schwarz et al. (2017)

SALTRACE aircraft (West)

Eastern Caribbean

June–July 2013 (13)

Particle number
BC mass

Weinzierl et al. (2017)
Schwarz et al. (2017)

SALTRACE lidar

Barbados

June–July 2013 (24)

Dust extinction

Groß et al. (2015)

AERONET stations

17 stations∗

2009–2013∗

AOD (440 nm)

Holben et al. (1998)

∗ AERONET data from various dust-dominated stations located in a region of 5–40◦ N, 20◦ W–50◦ E covering the time period 2009–2013 was used. A

detailed description of the selection criterion is given in Sect. 3.1.

(Weinzierl et al., 2017). During this campaign (June, July
2013), aircraft measurements of various parameters, including size-resolved particle number and black carbon mass
concentrations, were performed mainly in the regions around
Cabo Verde, Puerto Rico, and Barbados. From this dataset
we use the integral particle number concentrations in the size
ranges 0.3–1.0 µm and 0.7–50 µm and the total black carbon
mass mixing ratios for the model evaluation. The particle
number concentrations in the size range from about 0.3 to
1.0 µm were measured by a Grimm model 1.129 optical particle counter (SkyOPC). The SkyOPC was operated on board
the Falcon research aircraft of the German Aerospace Center
(DLR) behind an isokinetic aerosol inlet with an upper particle cutoff diameter of about 2.5 µm near ground level, decreasing to about 1.5 µm at an altitude of 10 km. depending
on altitude. Detailed specifications and performance analyses for this instrument can be found in Bundke et al. (2015)
and in Walser et al. (2017). Detection of particles larger
than the inlet cutoff was done using a wing-mounted aerosol
size spectrometer CAS-DPOL (cloud and aerosol spectrometer probe with depolarization detection by Droplet Measurement Technologies Inc., Longmont, CO, USA; Baumgardner et al., 2001) with a nominal size detection range between
0.7 and 50 µm. The aircraft measurements are compared to
model output extracted along the aircraft flight tracks by
spatial and temporal interpolation, to ensure direct comparability between observation and model data. Additionally,
we use ground-based lidar observations also collected during
the SALTRACE campaign. In particular dust extinction coefficients at 532 nm, measured with a stationary lidar system
located in Barbados, provide valuable information directly
related to mineral dust (Groß et al., 2015, 2016).
In addition to SALTRACE observations, we use sun photometer measurements of aerosol optical depth (AOD) at
440 nm from the ground-based AErosol RObotic NETwork
(AERONET; Holben et al., 1998, 2001). AOD provides
an integral measure of radiation extinction by the vertical
aerosol column. In the EMAC model, AOD is computed
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from simulated aerosol properties in the submodel AEROPT.
AEROPT considers aerosol optical properties calculated according to the OPAC (optical properties for aerosols and
clouds; Hess et al., 1998) software package, which follows
the basic optical properties from Koepke et al. (1997). The
AOD model output is compared with daily mean AOD values
from AERONET radiometers (at 440 nm). To compare with
the model data, we use a nearest-neighbour approach by selecting the model grid box covering the station coordinates.
The observational data used in this study are summarized in
Table 3.

3
3.1

Model evaluation
Effects of dust emission scheme

In this section, we compare model results from simulations employing the different dust emission representations. Differences between the simulations with the model
setup including prescribed offline dust emissions (AeroCom climatology) and the setup using the Tegen et al.
(2002) online dust parametrization are described (Simulations T42L31AeroCom and T42L31Tegen, respectively). In
particular, we compare simulated AOD values with data from
ground-based AERONET stations, in order to evaluate the
capability of the different model versions to represent the
temporal variability in airborne mineral dust.
In Fig. 3, AOD time series of model results and observations are shown for the two model setups, i.e. with prescribed
offline AeroCom dust emissions and online parametrized
dust emissions, respectively. Apart from the representation
of dust emissions, the two model setups are identical. As an
example, time series of daily averages for the AERONET
station Dakar (Senegal) are shown for a period of 36 months
(January 2011–December 2013). The model results obtained
for this station benefit most from applying the online dust
emission scheme. Compared to the AeroCom setup, AOD
peaks from observations are expectedly, in most cases, much
Geosci. Model Dev., 13, 4287–4303, 2020
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Figure 3. Model AOD vs. AERONET station observations. Time series of AOD (at 440 nm) for the AERONET station located in Dakar
(Senegal) are compared with model AOD on a daily mean basis for the time period January 2011–December 2013. For clarity, only a part of
the full time period (starting in January 2009) is shown here. Panel (a) compares observation AOD (black line) with the offline dust model
setup (T42L31AeroCom; red line). Gaps in the time series are due to missing observations on those days. Number of data points, ratio of
averages of observation and model data, root mean square error (RMSE), and Pearson correlation coefficient (R) are shown. Panel (b) shows
the data as scatterplot of model vs. observation AOD data for the T42L31AeroCom model setup. Panels (c) and (d) are the same as panels (a)
and (b) but show results from the online dust model setup (T42L31Tegen).

better represented in the online dust setup – e.g. the correlation coefficient is increased from 0.37 to 0.55, and the root
mean square error is reduced from 0.31 to 0.29. This can also
be seen in Fig. 3b and d, where scatterplots of model vs. observation data for the two model setups are shown. Although
total AOD is shown here (i.e. incorporating all types of
aerosol particles), AOD peaks are probably related to strong
dust events as the station is located in a dust-dominated
region. This implies an improved representation of dust
outbreaks when using the Tegen et al. (2002) online dust
scheme. In addition, AOD time series of other AERONET
stations in northern Africa and the Arabian Peninsula (see
station locations in Fig. 4a) are shown in Fig. S3 in the Supplement. There, an improved representation of AOD peaks in
the T42L31Tegen model setup is also visible for these additional stations.
For a statistical comparison, we compare simulated AOD
with observations from all dust-dominated AERONET stations in a region of 5–40◦ N, 20◦ W–50◦ E, for the time period
2009–2013, on a daily average basis. We use the Ångstrom
exponent (AE; 870–440 nm) from AERONET measurements
to select dust-dominated stations. An AE criterion is commonly used to extract the coarse-mode component from
AOD data, which represents soil dust as the dominant coarse
aerosol in desert regions (Ginoux et al., 2012; Eck et al.,
1999; Parajuli et al., 2019). Stations with an AE of less than
0.75 (multiannual mean) and with more than 50 observation
days are selected. Their locations are shown in Fig. 4a.
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To quantitatively compare model simulations with observational data, we use the skill score (S), defined by Taylor
(2001) as
S=

σm
σo

4(1 + R)4
,
2
+ σσmo (1 + R0 )4

(5)

where R is the correlation coefficient, σm and σo are the
standard deviations of model and observational data, respectively, and R0 is the maximum attainable correlation. This
skill score is commonly used for model comparisons with
observations (e.g. Klingmüller et al., 2018; Parajuli et al.,
2019). For simplicity, we use R0 = 1, as we are mainly interested in the relative changes in the skill score for different
model simulations. Skill score values range from 0 to 1, with
higher values indicating a better agreement between model
and observations.
Figure 4b shows the comparison of skill scores for the
two model setups T42L31AeroCom and T42L31Tegen. In
general, nearly all selected AERONET stations show an
improved agreement with model results for the Tegen et
al. (2002) online dust setup compared to the offline dust
setup. The average skill score over all stations is nearly
twice as high for the T42L31Tegen setup (0.22) as for
the T42L31AeroCom setup (0.14). Especially the Dakar
station shows a nearly 5-times-higher skill score for the
T42L31Tegen setup compared to T42L31AeroCom (0.38 vs.
0.08, respectively). Additionally, a comparison with stations
https://doi.org/10.5194/gmd-13-4287-2020
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Figure 4. Locations of selected AERONET stations and skill scores
for the T42L31AeroCom and T42L31Tegen setups. (a) AERONET
stations in the region of 5–40◦ N, 20◦ W–50◦ E (red box), for the
time period 2009–2013, with Ångstrom exponents of AE < 0.75
(AE averaged over the time period 2009–2013) and a minimum of
50 observation days were selected. (b) Skill scores (S) for these
stations are calculated from AOD observations and model output
for the T42L31AeroCom (pink bars) and T42L31Tegen setup (red
bars), respectively.

in other regions on the globe also shows improvements for
most of these stations when using the online dust emission setup (see Fig. S4 in the Supplement). Remaining uncertainties and deviations from observed values can be attributed to spatial sampling issues when comparing grid-box
averages to localized observations (Schutgens et al., 2016).
Additional deviations may result from uncertainties in prescribed soil surface properties and modelled winds, as well
as from assumptions on the specific optical properties of the
single aerosol types in the AEROPT submodel, which are
used to calculate AOD. Furthermore, the assumption about
the dust size distribution upon emission may lead to differences; this is analysed in Sect. 3.3 with a sensitivity experiment (T42L31TegenS).
3.2

Effects of model resolution

Previous EMAC studies employing the aerosol submodel
MADE3 or its predecessors (Aquila et al., 2011; Righi et al.,
2013, 2015, 2016; Kaiser et al., 2019) were mainly based
on a relatively low model resolution of T42L19 (i.e. approx. 2.8◦ × 2.8◦ in latitude and longitude with 19 vertical
levels up to 10 hPa). In order to investigate the effect of
the model resolution on dust emissions and transport with
the Tegen et al. (2002) parametrization, we perform simulahttps://doi.org/10.5194/gmd-13-4287-2020
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tions with enhanced vertical (T42L31Tegen) and horizontal
(T63L31Tegen) model resolution and compare them with the
T42L19Tegen setup.
We compare the simulated vertical aerosol distribution
with vertical aerosol concentration profiles measured during
the SALTRACE campaign (Weinzierl et al., 2017). In general, comparing climatological 3-D model output with aircraft measurements is difficult and prone to large uncertainties due to the limited spatial and temporal data coverage of
aircraft observations. In order to improve the climatological
comparison method used in Kaiser et al. (2019), we constrained the model as described in Sect. 2.1 to reproduce the
large-scale meteorological conditions during the episode of
the field campaign. We further employ the S4D submodel to
extract model output along aircraft flight tracks online, i.e.
during the model simulation, providing a more direct comparison of model output and aircraft observations, rather than
by interpolating corresponding model values from the standard output. The aircraft observations have a time resolution
of typically 1 to 10 s. For the evaluation, we vertically binned
both the simulation and the measurement data into 1.6 km intervals. This enables a direct in situ-to-model comparison.
Additionally, we compare our model results with
ground-based lidar observations also collected during the
SALTRACE campaign. In particular, we consider vertical
profiles of dust extinction coefficients at 532 nm, measured
with a stationary lidar system located in Barbados (Groß
et al., 2015, 2016). Simulation and lidar measurement data
were binned into 500 m intervals for this comparison.
In Fig. 5 vertical aerosol profiles of total particle number concentrations in two different size ranges, as well as
vertical profiles of the lidar dust extinction coefficient, are
shown for the observations and the three different model setups. Only data from the SALTRACE-West regions (around
Puerto Rico and Barbados) are presented here because of
better data coverage due to a larger number of measurement flights compared to SALTRACE-East (around Cabo
Verde). Number concentrations are shown for aerosol particles with diameters in the size range of 0.3 µm < D < 1.0 µm
and 0.7 µm < D < 50 µm. These size ranges represent the detection size limits of the particle counters used in the aircraft
measurements and serve as rough estimates for aerosol numbers in the accumulation and coarse mode, respectively. The
size cutoff values of the particle counters are also subject to
uncertainties and may change slightly during a flight.
In general, the low-resolution T42L19 setup shows reasonably good agreement with both aircraft and lidar observations in the lower troposphere (up to around 600 hPa) but
overestimates number concentrations and extinction coefficients at higher altitudes significantly, up to a factor of 10 for
the number concentration above 400 hPa. This large positive
bias is slightly reduced for the T42L31 setup with higher vertical resolution. When increasing both the horizontal and the
vertical model resolution (T63L31 setup), the bias at higher
altitudes vanishes almost completely in the comparisons with
Geosci. Model Dev., 13, 4287–4303, 2020
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Figure 5. Comparisons between model results and different observational data from the SALTRACE mineral dust campaign (June–July
2013). (a) Data from aircraft measurements of total aerosol number concentration for particles with diameters in the range 0.3 µm < D <
1.0 µm are shown. Observational data from all SALTRACE-West flights (around Puerto Rico and Barbados) were binned into 1.6 km height
bins in order to create the vertical profiles. Dots represent mean values; whiskers represent standard deviations of observations (only positive
direction shown). Mean values (long-dashed lines) and standard deviations (short-dashed lines) of the model results are shown for the three
different resolutions: T42L19 (blue), T42L31 (red), and T63L31 (purple). (b) Similar to (a) but for total aerosol number concentrations in
the size range 0.7 µm < D < 50 µm. (c) Simulated dust extinction coefficients compared with ground-based lidar measurements in Barbados.
Simulation and lidar measurement data were binned into 500 m intervals. Lines represent median values; shadings represent 25th–75th
percentiles for the observations (black) and the three model setups (blue, red, and purple).

number concentration measurements (Fig. 5a, b). Number
concentrations are reduced by up to a factor of 10 compared
to the T42L19 setup above 400 hPa, so that they now correspond to observed values within the uncertainty ranges. Also,
the steep gradient in the lidar observations around 600 hPa
(Fig. 5c) is reproduced better by the T63L31 setup, with
again up to 10 times lower values compared to the T42L19
setup. This steep decrease in the lidar observations is representative of the vertical extent of the Saharan Air Layer
(SAL), a warm, dry, elevated air layer (reaching up to approx. 4 km in the Caribbean) in which the main dust transport from the Sahara to the Caribbean takes place (Weinzierl
et al., 2017; Haarig et al., 2019).
The comparison with lidar observations is of special importance, as here the dust extinction coefficient provides a
measure directly related to mineral dust, whereas in the total particle number concentrations also non-dust particles are
included. Nevertheless, these size ranges comprising relatively large particles are probably dominated by mineral dust
(Kaiser et al., 2019). The high bias of the T42L19 setup in
the upper troposphere could be related to overestimated upward transport, possibly in convective plumes. This assumption is motivated by the fact that the convective top heights
in the model (i.e. the uppermost model levels for convective
transport) are on average approximately 15 % higher in the
T42L19 setup compared to T63L31 (890 hPa vs. 780 hPa,
also compared along the SALTRACE flight tracks). Another
explanation for this strong positive bias could be an underestimation of aerosol scavenging through too low an efficiency
of the wet deposition processes in the model, as was also argued in Kaiser et al. (2019).
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A similar evaluation of the vertical aerosol total particle number distribution as presented in Fig. 5a and b
(SALTRACE-West region) was performed for SALTRACEEast (region around Cabo Verde; see Fig. S5 in the Supplement). Those results show a similar behaviour as seen in
Fig. 5a and b (SALTRACE-West), i.e. a large positive bias
for the T42L19Tegen setup in the upper troposphere, which
is reduced in the model configurations with higher spatial
resolution (T42L31Tegen, T63L31Tegen). However, as only
a few measurement flights were performed in that region, the
dataset is limited, which complicates the analysis and results
in larger uncertainties. Additionally, we analyse the effect of
increased model resolution on the AOD comparisons (as seen
in Fig. 4). However, no clear improvement in the model comparison with AERONET AOD data is visible from this analysis (see Fig. S6 in the Supplement), as the increase in model
resolution mainly influences the representation of long-range
transport and dust properties larger distances away from the
source regions. Also, as the AOD is an integral quantity, it
is not strongly influenced by changes in the vertical model
structure.
In addition to measurements focusing on mineral dust,
black carbon (BC) mass mixing ratios were measured during the SALTRACE campaign, likely representing aerosol
particles originating from biomass burning events in central
Africa (Weinzierl et al., 2017). Hence, a similar comparison as for aerosol particle numbers can be performed for BC
mass mixing ratios (in units of ng kg−1 ) for the three different model setups (Fig. S7 in the Supplement). Again, the high
bias in the upper troposphere is significantly reduced for the
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T63L31Tegen setup with respect to T42L19Tegen, corroborating the findings described in the previous paragraphs.
Additionally, modelled BC mass mixing ratios, as well as
number concentrations of particles in different size regimes
were evaluated against additional aircraft measurements
from several campaigns, as done in Kaiser et al. (2019). The
results are shown in Figs. S8 and S9 in the Supplement. This
evaluation is performed on a climatological basis, i.e. comparing long-term model monthly means with the observation
campaign data, as described in detail by Kaiser et al. (2019).
Results from the T63L31Tegen model setup (enhanced horizontal and vertical resolution with online calculated dust) are
compared with the model results from Kaiser et al. (2019),
i.e. T42L19 resolution with prescribed monthly-mean AeroCom dust. For most comparisons, the T63L31Tegen setup
shows a better agreement with observations or only minimal
changes compared with the Kaiser et al. (2019) simulation.
This clearly shows that, beyond the representation of mineral
dust, the enhanced model resolution generally improves the
representation of the global aerosol.
3.3

Effects of size distribution assumptions

As described in Sect. 2.3, a typical mineral dust size distribution has to be assumed in the model in order to assign the emitted dust particles to the respective lognormal
size modes of the MADE3 aerosol submodel and also to
convert mass emissions to number emissions. This assumption controls key properties of the freshly emitted particles,
such as the dust particle number concentration in the specific modes or the ratio of fine- to coarse-mode dust particle number concentration. Hence, it also has a large importance for modelling subsequent interactions of the particles with clouds and radiation. In order to analyse the sensitivity of the modelled atmospheric distribution and properties of mineral dust aerosols to an alternative size distribution assumption, we performed an additional sensitivity simulation (T42L31TegenS). In this experiment we apply the
dust size distribution calculated from aircraft-based in situ
measurements during the SAMUM campaign (Saharan Mineral Dust Experiment) instead of the AeroCom size distribution (Dentener et al., 2006) used in the T42L31Tegen simulation. Within the SAMUM project, two field experiments
were performed, which focused on the properties of airborne
Sahara dust particles near the source regions (SAMUM-1;
conducted in May–June 2006 in Morocco) and the properties of transported dust (SAMUM-2; conducted in January–
February 2008 in the Cabo Verde area). For this sensitivity
experiment we use the median dust size distribution from
SAMUM-1 given in Weinzierl et al. (2011), which is based
on numerous observations in elevated dust layers over the
source region between 19 May and 7 June 2006 (Weinzierl
et al., 2009). There, the particle number size distribution of
mineral dust aerosol measured during that field campaign is
represented by a lognormal distribution with four modes. As
https://doi.org/10.5194/gmd-13-4287-2020
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a bimodal size distribution is required as input for the dust
emission scheme in EMAC/MADE3, the two smaller-sized
modes of the measured distribution are combined, as well as
the two modes with larger particles, to match the accumulation and coarse mode of MADE3, respectively.
We compare the simulation output from the T42L31Tegen
and T42L31TegenS experiments with measurements from
the SALTRACE campaign, similar to the evaluation in
Sect. 3.2. Figure 6 shows again aerosol number concentration
profiles as well as vertical profiles of the lidar extinction coefficient (as seen in Fig. 5) but comparing the T42L31Tegen
and T42L31TegenS model setups. For the sensitivity simulation (T42L31TegenS), number concentrations of smallersized particles are slightly shifted to larger values (Fig. 6a),
whereas concentrations of larger particles are slightly decreased (Fig. 6b). This is in line with the SAMUM-1 size
distribution showing a larger (smaller) fraction of particles
in the accumulation (coarse) mode, compared with the reference distribution (see also M2N values in Table 2). However,
comparison of observed and simulated particle numbers is
difficult, as the measured particle size ranges do not correspond directly to model accumulation and coarse mode. In
the comparisons of dust extinction coefficients in Fig. 6c,
the T42L31TegenS simulation shows smaller values. This
is due to lower simulated dust mass concentrations compared with the reference simulation, resulting from stronger
removal processes. The lower coarse-mode numbers of the
SAMUM-1 distribution lead to larger simulated particle diameters, as the emitted dust mass remains constant. These
larger particles are more efficiently removed by sedimentation and dry deposition processes in the model, with approximately 10 % larger sedimentation and dry deposition
fluxes in northern Africa and the Caribbean. However, sedimentation of coarse particles is generally problematic for
modal schemes, as size distributions may develop and deviate from the assumption of lognormal modes. Additionally,
recent observations, in particular also during SALTRACE,
found coarse and giant particles large distances downwind of
their sources (Weinzierl et al., 2017; Ryder et al., 2019). This
could also hint to possibly missing processes in the model
that keep large dust particles airborne over that long distances
(Gasteiger et al., 2017).
In general, the differences between the two setups in Fig. 6
are small, with no notable improvement for the comparison
with observations. Johnson et al. (2012) and Nabat et al.
(2012) found improved agreement of simulated AOD with
observations when using a dust representation with a larger
fraction of the dust mass emitted in the coarse mode. However, the SAMUM-1 dust size distribution shows a larger
fraction of emitted dust in the accumulation mode, compared with the reference size distribution. A comparison with
AOD measurements from AERONET stations is shown in
Fig. S10 in the Supplement and shows worse agreement for
the T42L31TegenS simulation. Testing a size distribution
with a larger fraction of dust particles in the coarse mode
Geosci. Model Dev., 13, 4287–4303, 2020
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Figure 6. Similar to Fig. 5 but comparing the T42L31Tegen (red) and the T42L31TegenS (green) model setups with SALTRACE observations
(black), i.e. the reference model setup and a setup with different assumptions for the size distribution of emitted dust. For the T42L31TegenS
setup, the dust size distribution calculated from measurements during the SAMUM-1 campaign is applied.

could be a subject for future studies. Additionally, a slight
bias towards smaller particles in the SAMUM-1 data could
be due to effects of dust transport from emission to observation regions. However, as the flights took place near the
source regions, this effect is probably small.
4

Conclusions and outlook

In this paper, we use the aerosol microphysics submodel
MADE3 as part of the atmospheric chemistry general circulation model EMAC and compare two different representations of mineral dust in the model. On the one hand, we
use prescribed monthly dust emissions from the AeroCom
climatology, as was also the case in the Kaiser et al. (2019)
reference setup. On the other hand, we apply the Tegen
et al. (2002) dust emission parametrization, where mineral
dust emissions are calculated online for each model time
step. We compare the modelled aerosol optical depth at dustdominated locations with observations from the AERONET
station network and find that employing the Tegen et al.
(2002) dust parametrization leads to improved agreement
with observations compared with the offline dust model
setup. Modelled AOD values show on average nearly twice
as high skill scores when evaluated against several dustdominated AERONET stations in northern Africa (average
skill score value of 0.22 for the online calculated dust setup
vs. 0.14 for the offline dust setup). This improvement is most
likely due to a better representation of the highly variable
wind-driven dust emissions and strong dust burst events.
Furthermore, we analyse the effect of increasing the horizontal and vertical model resolution on the dispersion of
dust in the Tegen et al. (2002) dust emission model setup,
by comparing the model results with ground-based lidar remote sensing and aircraft measurements performed during
the SALTRACE mineral dust campaign. Increasing the vertical (setup T42L31) and both the vertical and horizontal
(setup T63L31) model resolution from a setup with a spherGeosci. Model Dev., 13, 4287–4303, 2020

ical truncation of T42 and 19 vertical hybrid pressure levels
(setup T42L19) results in an improved agreement between
model and observations, especially in the upper troposphere
(above 400 hPa). The main improvement is achieved by increasing the horizontal model resolution from T42 to T63.
Modelled particle number concentrations and dust extinction coefficients above 400 hPa decrease by up to a factor
of 10, for the T63L31 setup vs. T42L19. Overall, the longrange transport of mineral dust from northern Africa to the
Caribbean, as well as the vertical transport into the upper
troposphere is well represented in our model. Additionally,
comparisons of modelled BC mass mixing ratios and particle number concentrations with aircraft measurements from
several campaigns – as done in Kaiser et al. (2019) – show in
most cases an improved model performance for the T63L31
setup compared to the results of Kaiser et al. (2019).
Finally, we tested the effect of varying the assumptions for
the size distribution of emitted dust using the Tegen et al.
(2002) dust parametrization, by adopting the size distribution measured during the SAMUM-1 dust campaign (setup
T42L31TegenS). However, we find no clear improvement
with respect to the reference setup (T42L31-Tegen). Applying a size distribution with a larger fraction of dust particles
in the coarse mode may improve the model results and could
be a subject for future studies.
In general, we achieved an improved representation of atmospheric mineral dust in our model, especially due to an enhanced representation of dust emissions, compared with previous model setups. This provides an important foundation
for future model studies on the role of dust particles in the
climate system including, for instance, simulations of the climatic impact of dust-induced modifications of mixed-phase
and cirrus clouds.
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Code and data availability. MESSy is continuously developed and
applied by a consortium of institutions. The usage of MESSy, including MADE3, and access to the source code is licensed to all
affiliates of institutions which are members of the MESSy Consortium. Institutions can become members of the MESSy Consortium by signing the MESSy Memorandum of Understanding.
More information can be found on the MESSy Consortium Website
(http://www.messy-interface.org, last access: 10 September 2020).
The model configuration discussed in this paper has been developed
based on version 2.54 and will be part of the next EMAC release
(version 2.55). The exact code version used to produce the result
of this paper is archived at the German Climate Computing Center (DKRZ) and can be made available to members of the MESSy
community upon request. The model simulation data analysed in
this work are available at https://doi.org/10.5281/zenodo.3941462
(Beer, 2020).

for Economic Affairs and Energy – BMWi (project Digitally optimized Engineering for Services – DoEfS; contract no. 20X1701B),
and the Initiative and Networking Fund of the Helmholtz Association (project Advanced Earth System Modelling Capacity –
ESM). Bernadett Weinzierl, Adrian Walser, and Daniel Sauer were
supported by funding from the Helmholtz Association under grant
VH-NG-606
(Helmholtz-Hochschul-Nachwuchsforschergruppe
AerCARE). Furthermore, Bernadett Weinzierl and Adrian Walser
have received funding from the European Research Council
(ERC) under the European Commission Horizon 2020 research
and innovation framework programme, ERC Grant Agreement
640458 (A-LIFE). The SALTRACE aircraft measurements in the
Caribbean were funded by the Helmholtz Association and DLR.
The SALTRACE flights in the Cabo Verde region were funded
through the DLR-internal project Volcanic Ash Impact on the Air
Transport System (VolcATS).

Supplement. The supplement related to this article is available online at: https://doi.org/10.5194/gmd-13-4287-2020-supplement.

The article processing charges for this open-access
publication were covered by a Research
Centre of the Helmholtz Association.

Author contributions. CB conceived the study, implemented the
method for tuning online dust emissions at low model resolutions,
designed and performed the simulations, analysed the data, evaluated and interpreted the results, and wrote the paper. JH contributed
to conceiving the study and to the model evaluation, the interpretation of the results, and the text. MR assisted in preparing the simulation setup, helped designing the evaluation methods, and contributed to the interpretation of the results and to the text. BH and
IT assisted in implementing the method for tuning online dust emissions at low model resolutions. DS, AW, and BW provided data
from aircraft-based observations and assisted in the corresponding
model evaluation. SG provided data from ground-based lidar observations and assisted in the corresponding model evaluation.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The EMAC simulations were preformed at the
German Climate Computing Center (DKRZ, Hamburg, Germany).
We are grateful to George Craig (LMU, Germany), Robert Sausen,
Patrick Jöckel, Axel Lauer, Helmut Ziereis (DLR, Germany), and
Klaus Klingmüller (MPI-C, Germany) for helpful discussions. The
Earth System Model eValuation Tool (ESMValTool) v1.1.0 assisted
in evaluating model results. We thank the AERONET PIs and coI’s and their staff for establishing and maintaining the 38 sites used
in this investigation. We are grateful for the support of the whole
MESSy team of developers and maintainers.

Financial support. This study was supported by the DLR transport
programme (projects Global model studies on the effects of
transport-induced aerosols on ice clouds and climate, Transport
and the Environment – VEU2, and Transport and Climate – TraK),
the DLR space research programme (project Climate relevant trace
gases, aerosols and clouds – KliSAW), the German Federal Ministry

https://doi.org/10.5194/gmd-13-4287-2020

Review statement. This paper was edited by Samuel Remy and reviewed by three anonymous referees.

References
Aquila, V., Hendricks, J., Lauer, A., Riemer, N., Vogel, H., Baumgardner, D., Minikin, A., Petzold, A., Schwarz, J. P., Spackman,
J. R., Weinzierl, B., Righi, M., and Dall’Amico, M.: MADE-in:
a new aerosol microphysics submodel for global simulation of
insoluble particles and their mixing state, Geosci. Model Dev., 4,
325–355, https://doi.org/10.5194/gmd-4-325-2011, 2011.
Astitha, M., Lelieveld, J., Abdel Kader, M., Pozzer, A., and de
Meij, A.: Parameterization of dust emissions in the global atmospheric chemistry-climate model EMAC: impact of nudging and soil properties, Atmos. Chem. Phys., 12, 11057–11083,
https://doi.org/10.5194/acp-12-11057-2012, 2012.
Balkanski, Y., Schulz, M., Claquin, T., Moulin, C., and Ginoux,
P.: Global emissions of mineral aerosol: formulation and validation using satellite imagery, in: Emissions of Atmospheric Trace
Compounds, Springer, 18, 239–267, https://doi.org/10.1007/9781-4020-2167-1_6, 2004.
Banks, J. R., Brindley, H. E., Stenchikov, G., and Schepanski, K.:
Satellite retrievals of dust aerosol over the Red Sea and the Persian Gulf (2005–2015), Atmos. Chem. Phys., 17, 3987–4003,
https://doi.org/10.5194/acp-17-3987-2017, 2017.
Baumgardner, D., Jonsson, H., Dawson, W., O’Connor, D., and
Newton, R.: The cloud, aerosol and precipitation spectrometer: a new instrument for cloud investigations, Atmos. Res.,
59–60, 251–264, https://doi.org/10.1016/s0169-8095(01)001193, 2001.
Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G.,
Forster, P., Kerminen, V.-M., Kondo, Y., Liao, H., Lohmann, U.,
Rasch, P., Satheesh, S. K., Sherwood, S., Stevens, B., and Zhang,
X. Y.: Clouds and aerosols, in: Climate change 2013: the physical science basis, Contribution of Working Group I to the Fifth

Geosci. Model Dev., 13, 4287–4303, 2020

4300

C. G. Beer et al.: Modelling mineral dust emissions and atmospheric dispersion with MADE3

Assessment Report of the Intergovernmental Panel on Climate
Change, Cambridge University Press, 571–657, 2013.
Bundke, U., Berg, M., Houben, N., Ibrahim, A., Fiebig, M., Tettich,
F., Klaus, C., Franke, H., and Petzold, A.: The IAGOS-CORE
aerosol package: instrument design, operation and performance
for continuous measurement aboard in-service aircraft, Tellus B,
67, 28339, https://doi.org/10.3402/tellusb.v67.28339, 2015.
Chadwick, O. A., Derry, L. A., Vitousek, P. M., Huebert, B. J.,
and Hedin, L. O.: Changing sources of nutrients during four
million years of ecosystem development, Nature, 397, 491–497,
https://doi.org/10.1038/17276, 1999.
Chan, C.-C., Chuang, K.-J., Chen, W.-J., Chang, W.T., Lee, C.-T., and Peng, C.-M.: Increasing cardiopulmonary emergency visits by long-range transported Asian
dust storms in Taiwan, Environ. Res., 106, 393–400,
https://doi.org/10.1016/j.envres.2007.09.006, 2008.
Cheng, T., Peng, Y., Feichter, J., and Tegen, I.: An improvement on the dust emission scheme in the global aerosol-climate
model ECHAM5-HAM, Atmos. Chem. Phys., 8, 1105–1117,
https://doi.org/10.5194/acp-8-1105-2008, 2008.
Choobari, O. A., Zawar-Reza, P., and Sturman, A.: The
global distribution of mineral dust and its impacts on the
climate system: A review, Atmos. Res., 138, 152–165,
https://doi.org/10.1016/j.atmosres.2013.11.007, 2014.
Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, I., Biblot,
J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Greer, A.
J., Haimberger, L., Healy, S. B., Hersbach, H., Holm, E. V., Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M., McNally, A. P.,
Mong-Sanz, B. M., Morcette, J.-J., Park, B.-K., Peubey, C., de
Rosnay, P., Tavolato, C., Thepaut, J. N., and Vitart, F.: The ERAInterim reanalysis: Configuration and performance of the data
assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553–597,
https://doi.org/10.1002/qj.828, 2011.
de Meij, A., Krol, M., Dentener, F., Vignati, E., Cuvelier, C., and
Thunis, P.: The sensitivity of aerosol in Europe to two different
emission inventories and temporal distribution of emissions, Atmos. Chem. Phys., 6, 4287–4309, https://doi.org/10.5194/acp-64287-2006, 2006.
Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso, S., Ginoux, P., Gong, S., Hoelzemann, J. J., Ito, A.,
Marelli, L., Penner, J. E., Putaud, J.-P., Textor, C., Schulz, M.,
van der Werf, G. R., and Wilson, J.: Emissions of primary
aerosol and precursor gases in the years 2000 and 1750 prescribed data-sets for AeroCom, Atmos. Chem. Phys., 6, 4321–
4344, https://doi.org/10.5194/acp-6-4321-2006, 2006.
De Villiers, M. P. and van Heerden, J.: Dust storms and dust
at Abu Dhabi international airport, Weather, 62, 339–343,
https://doi.org/10.1002/wea.42, 2007.
Eck, T. F., Holben, B. N., Reid, J. S., Dubovik, O., Smirnov,
A., O’Neill, N. T., Slutsker, I., and Kinne, S.: Wavelength dependence of the optical depth of biomass burning, urban, and
desert dust aerosols, J. Geophys. Res.-Atmos., 104, 31333–
31349, https://doi.org/10.1029/1999jd900923, 1999.
Gasteiger, J., Groß, S., Sauer, D., Haarig, M., Ansmann, A.,
and Weinzierl, B.: Particle settling and vertical mixing in the
Saharan Air Layer as seen from an integrated model, lidar,

Geosci. Model Dev., 13, 4287–4303, 2020

and in situ perspective, Atmos. Chem. Phys., 17, 297–311,
https://doi.org/10.5194/acp-17-297-2017, 2017.
Giannadaki, D., Pozzer, A., and Lelieveld, J.: Modeled
global effects of airborne desert dust on air quality and
premature mortality, Atmos. Chem. Phys., 14, 957–968,
https://doi.org/10.5194/acp-14-957-2014, 2014.
Ginoux, P., Chin, M., Tegen, I., Prospero, J. M., Holben,
B., Dubovik, O., and Lin, S.-J.: Sources and distributions of dust aerosols simulated with the GOCART
model, J. Geophys. Res.-Atmos., 106, 20255–20273,
https://doi.org/10.1029/2000jd000053, 2001.
Ginoux, P., Prospero, J. M., Torres, O., and Chin, M.: Longterm simulation of global dust distribution with the GOCART model: correlation with North Atlantic Oscillation, Environ. Model. Softw., 19, 113–128, https://doi.org/10.1016/s13648152(03)00114-2, 2004.
Ginoux, P., Prospero, J. M., Gill, T. E., Hsu, N. C., and
Zhao, M.: Global-scale attribution of anthropogenic and natural dust sources and their emission rates based on MODIS
Deep Blue aerosol products, Rev. Geophys., 50, RG3005,
https://doi.org/10.1029/2012RG000388, 2012.
Gläser, G., Kerkweg, A., and Wernli, H.: The Mineral Dust Cycle in EMAC 2.40: sensitivity to the spectral resolution and the
dust emission scheme, Atmos. Chem. Phys., 12, 1611–1627,
https://doi.org/10.5194/acp-12-1611-2012, 2012.
Groß, S., Freudenthaler, V., Schepanski, K., Toledano, C.,
Schäfler, A., Ansmann, A., and Weinzierl, B.: Optical properties of long-range transported Saharan dust over Barbados as measured by dual-wavelength depolarization Raman lidar measurements, Atmos. Chem. Phys., 15, 11067–11080,
https://doi.org/10.5194/acp-15-11067-2015, 2015.
Groß, S., Gasteiger, J., Freudenthaler, V., Müller, T., Sauer, D.,
Toledano, C., and Ansmann, A.: Saharan dust contribution
to the Caribbean summertime boundary layer – a lidar study
during SALTRACE, Atmos. Chem. Phys., 16, 11535–11546,
https://doi.org/10.5194/acp-16-11535-2016, 2016.
Haarig, M., Walser, A., Ansmann, A., Dollner, M., Althausen,
D., Sauer, D., Farrell, D., and Weinzierl, B.: Profiles of
cloud condensation nuclei, dust mass concentration, and icenucleating-particle-relevant aerosol properties in the Saharan
Air Layer over Barbados from polarization lidar and airborne
in situ measurements, Atmos. Chem. Phys., 19, 13773–13788,
https://doi.org/10.5194/acp-19-13773-2019, 2019.
Hendricks, J., Kärcher, B., and Lohmann, U.: Effects of ice nuclei
on cirrus clouds in a global climate model, J. Geophys. Res.Atmos., 116, D18206, https://doi.org/10.1029/2010JD015302,
2011.
Hess, M., Koepke, P., and Schult, I.: Optical Properties of
Aerosols and Clouds: The Software Package OPAC, B. Am.
Meteorol. Soc., 79, 831–844, https://doi.org/10.1175/15200477(1998)079<0831:opoaac>2.0.co;2, 1998.
Holben, B. N., Eck, T. F., Slutsker, I., Tanré, D., Buis, J. P.,
Setzer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J.,
Nakajima, T., Lavenu, F., Jankowiak, I., and Smirnov, A.:
AERONET– A Federated Instrument Network and Data Archive
for Aerosol Characterization, Remote Sens. Environ., 66, 1–16,
https://doi.org/10.1016/S0034-4257(98)00031-5, 1998.
Holben, B. N., Tanré, D., Smirnov, A., Eck, T. F., Slutsker, I.,
Abuhassan, N., Newcomb, W. W., Schafer, J. S., Chatenet, B.,

https://doi.org/10.5194/gmd-13-4287-2020

C. G. Beer et al.: Modelling mineral dust emissions and atmospheric dispersion with MADE3
Lavenu, F., Kaufman, Y. J., Castle, J. V., Setzer, A., Markham,
B., Clark, D., Frouin, R., Halthore, R., Karneli, A., O’Neill,
N. T., Pietras, C., Pinker, R. T., Voss, K., and Zibordi, G.:
An emerging ground-based aerosol climatology: Aerosol optical depth from AERONET, J. Geophys. Res., 106, 12067–12097,
https://doi.org/10.1029/2001jd900014, 2001.
Hoose, C. and Möhler, O.: Heterogeneous ice nucleation
on atmospheric aerosols: a review of results from laboratory experiments, Atmos. Chem. Phys., 12, 9817–9854,
https://doi.org/10.5194/acp-12-9817-2012, 2012.
Hoose, C., Kristjánsson, J. E., Chen, J.-P., and Hazra, A.: A
Classical-Theory-Based Parameterization of Heterogeneous Ice
Nucleation by Mineral Dust, Soot, and Biological Particles
in a Global Climate Model, J. Atmos. Sci., 67, 2483–2503,
https://doi.org/10.1175/2010jas3425.1, 2010.
Huneeus, N., Schulz, M., Balkanski, Y., Griesfeller, J., Prospero,
J., Kinne, S., Bauer, S., Boucher, O., Chin, M., Dentener, F.,
Diehl, T., Easter, R., Fillmore, D., Ghan, S., Ginoux, P., Grini,
A., Horowitz, L., Koch, D., Krol, M. C., Landing, W., Liu,
X., Mahowald, N., Miller, R., Morcrette, J.-J., Myhre, G., Penner, J., Perlwitz, J., Stier, P., Takemura, T., and Zender, C. S.:
Global dust model intercomparison in AeroCom phase I, Atmos. Chem. Phys., 11, 7781–7816, https://doi.org/10.5194/acp11-7781-2011, 2011.
Jickells, T. D., An, Z. S., Andersen, K. K., Baker, A. R., Bergametti, G., Brooks, N., Cao, J. J., Boyd, P. W., Duce, R. A.,
Hunter, K. A., Kawahata, H., Kubilay, N., laRoche, J., Liss,
P. S., Mahowald, N., Prospero, J. M., Ridgwell, A. J., Tegen,
I., and Torres, R.: Global Iron Connections Between Desert
Dust, Ocean Biogeochemistry, and Climate, Science, 308, 67–
71, https://doi.org/10.1126/science.1105959, 2005.
Jish Prakash, P., Stenchikov, G., Kalenderski, S., Osipov, S., and
Bangalath, H.: The impact of dust storms on the Arabian Peninsula and the Red Sea, Atmos. Chem. Phys., 15, 199–222,
https://doi.org/10.5194/acp-15-199-2015, 2015.
Jöckel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede,
H., Baumgaertner, A., Gromov, S., and Kern, B.: Development
cycle 2 of the Modular Earth Submodel System (MESSy2),
Geosci. Model Dev., 3, 717–752, https://doi.org/10.5194/gmd-3717-2010, 2010.
Jöckel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmeijer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein, J.,
Frank, F., Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V.,
Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S., Neumaier, M., Nützel, M., Oberländer-Hayn, S., Ruhnke, R., Runde,
T., Sander, R., Scharffe, D., and Zahn, A.: Earth System Chemistry integrated Modelling (ESCiMo) with the Modular Earth
Submodel System (MESSy) version 2.51, Geosci. Model Dev.,
9, 1153–1200, https://doi.org/10.5194/gmd-9-1153-2016, 2016.
Johnson, M. S., Meskhidze, N., and Praju Kiliyanpilakkil,
V.: A global comparison of GEOS-Chem-predicted and
remotely-sensed mineral dust aerosol optical depth and extinction profiles, J. Adv. Model. Earth Syst., 4, M07001,
https://doi.org/10.1029/2011ms000109, 2012.
Kaiser, J. C., Hendricks, J., Righi, M., Riemer, N., Zaveri, R.
A., Metzger, S., and Aquila, V.: The MESSy aerosol submodel
MADE3 (v2.0b): description and a box model test, Geosci.
Model Dev., 7, 1137–1157, https://doi.org/10.5194/gmd-7-11372014, 2014.

https://doi.org/10.5194/gmd-13-4287-2020

4301

Kaiser, J. C., Hendricks, J., Righi, M., Jöckel, P., Tost, H., Kandler, K., Weinzierl, B., Sauer, D., Heimerl, K., Schwarz, J.
P., Perring, A. E., and Popp, T.: Global aerosol modeling
with MADE3 (v3.0) in EMAC (based on v2.53): model description and evaluation, Geosci. Model Dev., 12, 541–579,
https://doi.org/10.5194/gmd-12-541-2019, 2019.
Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., BurkertKohn, M., Cziczo, D. J., and Krämer, M.: Overview of
Ice Nucleating Particles, Meteor. Monogr., 58, 1.1–1.33,
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1,
2017.
Klingmüller, K., Metzger, S., Abdelkader, M., Karydis, V. A.,
Stenchikov, G. L., Pozzer, A., and Lelieveld, J.: Revised mineral dust emissions in the atmospheric chemistry–climate model
EMAC (MESSy 2.52 DU_Astitha1 KKDU2017 patch), Geosci.
Model Dev., 11, 989–1008, https://doi.org/10.5194/gmd-11-9892018, 2018.
Koepke, P., Hess, M., Schult, I., and Shettle, E. P.: Global Aerosol
Data Set, MPI Meteorologie Hamburg Report No. 243, 1997.
Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A.,
Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B.,
Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van
Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N.,
McConnell, J. R., Naik, V., Riahi, K., and van Vuuren, D.
P.: Historical (1850–2000) gridded anthropogenic and biomass
burning emissions of reactive gases and aerosols: methodology and application, Atmos. Chem. Phys., 10, 7017–7039,
https://doi.org/10.5194/acp-10-7017-2010, 2010.
Liu, X., Penner, J. E., Das, B., Bergmann, D., Rodriguez,
J. M., Strahan, S., Wang, M., and Feng, Y.: Uncertainties
in global aerosol simulations: Assessment using three meteorological data sets, J. Geophys. Res.-Atmos., 112, D11212,
https://doi.org/10.1029/2006JD008216, 2007.
Lohmann, U. and Diehl, K.: Sensitivity Studies of the Importance of Dust Ice Nuclei for the Indirect Aerosol Effect on
Stratiform Mixed-Phase Clouds, J. Atmos. Sci., 63, 968–982,
https://doi.org/10.1175/jas3662.1, 2006.
Mahowald, N. M., Kloster, S., Engelstaedter, S., Moore, J. K.,
Mukhopadhyay, S., McConnell, J. R., Albani, S., Doney, S. C.,
Bhattacharya, A., Curran, M. A. J., Flanner, M. G., Hoffman,
F. M., Lawrence, D. M., Lindsay, K., Mayewski, P. A., Neff, J.,
Rothenberg, D., Thomas, E., Thornton, P. E., and Zender, C. S.:
Observed 20th century desert dust variability: impact on climate
and biogeochemistry, Atmos. Chem. Phys., 10, 10875–10893,
https://doi.org/10.5194/acp-10-10875-2010, 2010.
Mülmenstädt, J. and Feingold, G.: The Radiative Forcing of
Aerosol–Cloud Interactions in Liquid Clouds: Wrestling and
Embracing Uncertainty, Curr. Clim. Change Rep., 4, 23–40,
https://doi.org/10.1007/s40641-018-0089-y, 2018.
Nabat, P., Solmon, F., Mallet, M., Kok, J. F., and Somot, S.:
Dust emission size distribution impact on aerosol budget and
radiative forcing over the Mediterranean region: a regional climate model approach, Atmos. Chem. Phys., 12, 10545–10567,
https://doi.org/10.5194/acp-12-10545-2012, 2012.
Nenes, A., Krom, M. D., Mihalopoulos, N., Van Cappellen, P., Shi,
Z., Bougiatioti, A., Zarmpas, P., and Herut, B.: Atmospheric
acidification of mineral aerosols: a source of bioavailable phosphorus for the oceans, Atmos. Chem. Phys., 11, 6265–6272,
https://doi.org/10.5194/acp-11-6265-2011, 2011.

Geosci. Model Dev., 13, 4287–4303, 2020

4302

C. G. Beer et al.: Modelling mineral dust emissions and atmospheric dispersion with MADE3

Parajuli, S. P., Stenchikov, G. L., Ukhov, A., and Kim, H.:
Dust Emission Modeling Using a New High-Resolution
Dust Source Function in WRF-Chem With Implications for
Air Quality, J. Geophys. Res.-Atmos., 124, 10109–10133,
https://doi.org/10.1029/2019jd030248, 2019.
Pringle, K. J., Tost, H., Message, S., Steil, B., Giannadaki, D.,
Nenes, A., Fountoukis, C., Stier, P., Vignati, E., and Lelieveld, J.:
Description and evaluation of GMXe: a new aerosol submodel
for global simulations (v1), Geosci. Model Dev., 3, 391–412,
https://doi.org/10.5194/gmd-3-391-2010, 2010.
Riahi, K., Grübler, A., and Nakicenovic, N.: Scenarios of longterm socio-economic and environmental development under climate stabilization, Technol. Forecast. Soc. Change, 74, 887–935,
https://doi.org/10.1016/j.techfore.2006.05.026, 2007.
Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kindermann, G., Nakicenovic, N., and Rafaj, P.: RCP 8.5 – A scenario of comparatively high greenhouse gas emissions, Clim.
Change, 109, 33–57, https://doi.org/10.1007/s10584-011-0149y, 2011.
Rieger, D., Steiner, A., Bachmann, V., Gasch, P., Förstner, J.,
Deetz, K., Vogel, B., and Vogel, H.: Impact of the 4 April
2014 Saharan dust outbreak on the photovoltaic power generation in Germany, Atmos. Chem. Phys., 17, 13391–13415,
https://doi.org/10.5194/acp-17-13391-2017, 2017.
Righi, M., Hendricks, J., and Sausen, R.: The global impact of
the transport sectors on atmospheric aerosol: simulations for
year 2000 emissions, Atmos. Chem. Phys., 13, 9939–9970,
https://doi.org/10.5194/acp-13-9939-2013, 2013.
Righi, M., Hendricks, J., and Sausen, R.: The global impact of
the transport sectors on atmospheric aerosol in 2030 – Part 1:
Land transport and shipping, Atmos. Chem. Phys., 15, 633–651,
https://doi.org/10.5194/acp-15-633-2015, 2015.
Righi, M., Hendricks, J., and Sausen, R.: The global impact of the transport sectors on atmospheric aerosol in 2030
– Part 2: Aviation, Atmos. Chem. Phys., 16, 4481–4495,
https://doi.org/10.5194/acp-16-4481-2016, 2016.
Righi, M., Hendricks, J., Lohmann, U., Beer, C. G., Hahn, V.,
Heinold, B., Heller, R., Krämer, M., Ponater, M., Rolf, C.,
Tegen, I., and Voigt, C.: Coupling aerosols to (cirrus) clouds
in the global EMAC-MADE3 aerosol–climate model, Geosci.
Model Dev., 13, 1635–1661, https://doi.org/10.5194/gmd-131635-2020, 2020.
Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S.,
Kornblueh, L., Manzini, E., Schlese, U., and Schulzweida, U.:
Sensitivity of Simulated Climate to Horizontal and Vertical Resolution in the ECHAM5 Atmosphere Model, J. Clim., 19, 3771–
3791, https://doi.org/10.1175/JCLI3824.1, 2006.
Ryder, C. L., Highwood, E. J., Walser, A., Seibert, P., Philipp,
A., and Weinzierl, B.: Coarse and giant particles are ubiquitous in Saharan dust export regions and are radiatively significant over the Sahara, Atmos. Chem. Phys., 19, 15353–15376,
https://doi.org/10.5194/acp-19-15353-2019, 2019.
Sajani, S. Z., Miglio, R., Bonasoni, P., Cristofanelli, P., Marinoni, A., Sartini, C., Goldoni, C. A., Girolamo, G. D.,
and Lauriola, P.: Saharan dust and daily mortality in
Emilia-Romagna (Italy), Occup. Environ. Med., 68, 446–451,
https://doi.org/10.1136/oem.2010.058156, 2011.
Schutgens, N. A. J., Gryspeerdt, E., Weigum, N., Tsyro, S., Goto,
D., Schulz, M., and Stier, P.: Will a perfect model agree with

Geosci. Model Dev., 13, 4287–4303, 2020

perfect observations? The impact of spatial sampling, Atmos.
Chem. Phys., 16, 6335–6353, https://doi.org/10.5194/acp-166335-2016, 2016.
Schwarz, J. P., Weinzierl, B., Samset, B. H., Dollner, M., Heimerl,
K., Markovic, M. Z., Perring, A. E., and Ziemba, L.: Aircraft
measurements of black carbon vertical profiles show upper tropospheric variability and stability, Geophys. Res. Lett., 44, 1132–
1140, https://doi.org/10.1002/2016GL071241, 2017.
Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and
physics: from air pollution to climate change, John Wiley &
Sons, New York, USA, 2016.
Shao, Y., Wyrwoll, K.-H., Chappell, A., Huang, J., Lin, Z.,
McTainsh, G. H., Mikami, M., Tanaka, T. Y., Wang,
X., and Yoon, S.: Dust cycle: An emerging core theme
in Earth system science, Aeolian Res., 2, 181–204,
https://doi.org/10.1016/j.aeolia.2011.02.001, 2011.
Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J.,
Ganzeveld, L., Tegen, I., Werner, M., Balkanski, Y., Schulz, M.,
Boucher, O., Minikin, A., and Petzold, A.: The aerosol-climate
model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125–1156,
https://doi.org/10.5194/acp-5-1125-2005, 2005.
Tang, M., Cziczo, D. J., and Grassian, V. H.: Interactions of water with mineral dust aerosol: water adsorption, hygroscopicity,
cloud condensation, and ice nucleation, Chem. Rev., 116, 4205–
4259, https://doi.org/10.1021/acs.chemrev.5b00529, 2016.
Taylor, K. E.: Summarizing multiple aspects of model performance
in a single diagram, J. Geophys. Res.-Atmos., 106, 7183–7192,
https://doi.org/10.1029/2000jd900719, 2001.
Tegen, I., Harrison, S. P., Kohfeld, K., Prentice, I. C., Coe, M., and
Heimann, M.: Impact of vegetation and preferential source areas
on global dust aerosol: Results from a model study, J. Geophys.
Res.-Atmos., 107, 4576, https://doi.org/10.1029/2001JD000963,
2002.
Tegen, I., Werner, M., Harrison, S., and Kohfeld, K.: Relative importance of climate and land use in determining present and future global soil dust emission, Geophys. Res. Lett., 31, L05105,
https://doi.org/10.1029/2003GL019216, 2004.
van der Werf, G. R., Randerson, J. T., Giglio, L., van Leeuwen, T.
T., Chen, Y., Rogers, B. M., Mu, M., van Marle, M. J. E., Morton,
D. C., Collatz, G. J., Yokelson, R. J., and Kasibhatla, P. S.: Global
fire emissions estimates during 1997–2016, Earth Syst. Sci. Data,
9, 697–720, https://doi.org/10.5194/essd-9-697-2017, 2017.
Walser, A., Sauer, D., Spanu, A., Gasteiger, J., and Weinzierl,
B.: On the parametrization of optical particle counter response
including instrument-induced broadening of size spectra and
a self-consistent evaluation of calibration measurements, Atmos. Meas. Tech., 10, 4341–4361, https://doi.org/10.5194/amt10-4341-2017, 2017.
Weinzierl, B., Petzold, A., Esselborn, M., Wirth, M., Rasp, K., Kandler, K., Schütz, L., Koepke, P., and Fiebig, M.: Airborne measurements of dust layer properties, particle size distribution and
mixing state of Saharan dust during SAMUM 2006, Tellus B,
61, 96–117, https://doi.org/10.1111/j.1600-0889.2008.00392.x,
2009.
Weinzierl, B., Sauer, D., Esselborn, M., Petzold, A., Veira, A.,
Rose, M., Mund, S., Wirth, M., Ansmann, A., Tesche, M., Gross,
S., and Freudenthaler, V.: Microphysical and optical properties of dust and tropical biomass burning aerosol layers in the
Cape Verde region–an overview of the airborne in situ and li-

https://doi.org/10.5194/gmd-13-4287-2020

C. G. Beer et al.: Modelling mineral dust emissions and atmospheric dispersion with MADE3
dar measurements during SAMUM-2, Tellus B, 63, 589–618,
https://doi.org/10.1111/j.1600-0889.2011.00566.x,2011.
Weinzierl, B., Ansmann, A., Prospero, J. M., Althausen, D., Benker,
N., Chouza, F., Dollner, M., Farrell, D., Fomba, W., Freudenthaler, V., Gasteiger, J., Groß, S., Haarig, M., Heinold, B., Kandler, K., Kristensen, T. B., Mayol-Bracero, O. L., Müller, T.,
Reitebuch, O., Sauer, D., Schäfler, A., Schepanski, K., Spanu,
A., Tegen, I., Toledano, C., and Walser, A.: The Saharan
Aerosol Long-Range Transport and Aerosol–Cloud-Interaction
Experiment: Overview and Selected Highlights, B. Am. Meteorol. Soc., 98, 1427–1451, https://doi.org/10.1175/BAMS-D-1500142.1, 2017.

https://doi.org/10.5194/gmd-13-4287-2020

4303

Yu, H., Chin, M., Yuan, T., Bian, H., Remer, L. A., Prospero,
J. M., Omar, A., Winker, D., Yang, Y., Zhang, Y., Zhang,
Z., and Zhao, C.: The fertilizing role of African dust in
the Amazon rainforest: A first multiyear assessment based
on data from Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations, Geophys. Res. Lett., 42, 1984–1991,
https://doi.org/10.1002/2015GL063040, 2015.

Geosci. Model Dev., 13, 4287–4303, 2020

