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� An advanced dust emission scheme is implemented into COSMO-ART.
� The modeling system is applied to a local dust event in northeastern Germany.
� The model sensitivity to soil moisture and vegetation cover is tested.
� Comparisons of model results with observations show reasonable agreement.
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a b s t r a c t

The dust emission scheme of Shao (2004) has been implemented into the regional atmospheric model
COSMO-ART and has been applied to a severe dust event in northeastern Germany on 8th April 2011. The
model sensitivity to soil moisture and vegetation cover has been studied. Soil moisture has been found to
be relatively high in the model during the investigation period and has been reduced by different degree
to investigate the resulting changes in dust emissions. Two different vegetation datasets have been tested
as model input: the climatological vegetation cover data of COSMO-ART (ECOCLIMAP) and the SPOT5
remote sensing vegetation cover data for the time of the event. By varying soil moisture, vegetation cover
and by restricting the potential emission area, a set of eleven simulations was generated. Vegetation
cover during the event was about 24% lower on average compared to the climatological mean. Thus, dust
emissions modeled with SPOT5 vegetation exceeded that modeled with climatological data by a factor of
about 5. The modeled dust concentrations were compared with in-situ measurements of aerosol con-
centration. The temporal evolutions of simulations and observations have significant correlations (0.42
e0.85) especially in rural backgrounds. The lower correlations at urban sites are attributed to anthro-
pogenic PM10 sources, which are not included in the model. However, a verification of the magnitude of
modeled dust concentrations is not possible due to the uncertainty in soil moisture and emission area.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The impact of mineral dust on climate and environment are a
focus of current research. The spectrum of research efforts includes
the full dust cycle: emission, transport, and deposition (Shao et al.,
Institute of Meteorology and
, Hermann-von-Helmholtz 1,
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2011b). The effects of mineral dust are various and span wide
spatial and temporal scales. Mineral dust influences radiative
transfer through scattering and absorption of solar and terrestrial
radiation (e.g. Miller and Tegen, 1998; Quijano et al., 2000; Sokolik
et al., 2001). Dust particles also act as cloud condensation or ice
nuclei (Lohmann and Feichter, 2005) and carry nutrients, thereby
impacting the marine biogeochemical cycle (Mahowald et al.,
2005).

Europe is no general dust source due to high precipitation rates
and associated vegetation cover (Ginoux et al., 2012). However,
below average rainfall and extensive agricultural areas allow for
dust emission even in the temperate climate in central Europe. A
research focus on dust emission and wind erosion in Europe has
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evolved during the recent years (e.g. Riksen and De Graaff, 2000;
Goossens et al., 2001; B€ohner et al., 2003). The reason for this is a
threat of land degradation caused by the loss of nutrient-rich top
soil through wind erosion (e.g. Sterk et al., 1996). Especially the
light and sandy soils in northern Europe have been shown to
exhibit high wind erosion potential (Borrelli et al., 2014; Hoffmann
and Funk, 2015). Although the rarity of severe dust events in Europe
suggests that the effect of dust aerosols on climate in Europe is
small, dust transport has important impacts on soil and air quality,
thus directly influencing daily life.

Dust modeling systems are typically applied to the Sahara, the
Middle East, East Asia and Australia (Leslie and Speer, 2006; Shao
et al., 2010; Mao et al., 2011; Hamidi et al., 2014) where dust
events are most frequent (Shao et al., 2013) or globally (e.g. Tanaka
and Chiba, 2006). Their applicability to northern Europe is not well
tested. Detailed testing of dust models is thus needed to identify
model strengths and weaknesses in the context of their applica-
bility for Europe. This will provide the basis for model improve-
ments needed to reliably predict sediment transport in Europe, to
estimate land degradation, and to prevent traffic accidents caused
by reduced visibility in dust events.

In this study, the applicability of the state-of-the-art dust
emission scheme of Shao (2004) to northern Europe is tested and
its sensitivity to input parameters pivotal to dust emission is
investigated. For this purpose, the physics-based dust emission
scheme of Shao (2004) is implemented into the regional atmo-
spheric model COSMO-ART (Consortium for small scale modelinge

aerosols and reactive trace gases) (Vogel et al., 2009) and applied to
a severe local dust event in Germany. The sensitivity of the dust
emission scheme to soil moisture, vegetation cover and surface
texture is tested. Results are compared to observations from the
monitoring network of air quality. Key input quantities for the dust
emission scheme are identified and discussed in terms of potential
future improvements.

The dust modeling system and the observational data used for
model evaluation are presented in Sections 2 and 3. The investi-
gation period and the chosen model setup are described in Sections
4 and 5. Results of the model simulation with standard setup as
well as that of the sensitivity experiments are analyzed in Section 6
and evaluated based on observations. The results are summarized
and discussed in Section 7.

2. Dust-modeling system

A new dust-modeling system is generated by coupling the
comprehensive model system COSMO-ART with the advanced dust
emission parameterization scheme of Shao (2004) (SH04
hereafter).

2.1. Parameterization of dust emission

SH04 contains physics-based representations of the dust emis-
sion mechanisms of saltation bombardment and aggregate disin-
tegration. SH04 has been used to model dust events in various
regions, e.g. North Africa (Shao et al., 2010), Australia (Shao et al.,
2011a), Asia (Kang et al., 2011) and Europe (Chervenkov and
Jakobs, 2011) and showed good agreement with observations
both on continental and regional scale.

In the scheme, vertical dust emission flux F is dependent on
streamwise saltation flux Q. Saltation is initiated as soon as the
friction velocity u* exceeds the threshold friction velocity for
saltation, u*t. The latter is estimated for an ideal (dry, bare, and
crust-free) soil following Shao and Lu (2000) and is then corrected
to consider the effects of roughness and soil moisture (Raupach
et al., 1993; F�ecan et al., 1999). Q is obtained as proposed by
White (1979). The Kawamura coefficient c0, which is used in the
calculation of Q , is suggested to be between 1.8 and 3.1 by
Kawamura (1964). Here, we use a smaller value of c0 ¼ 0.15, based
on unpublished tests with COSMO-ART and SH04 for dust emis-
sions in the Sahara.

In SH04, the dust emission flux, F , of particles with diameter di
caused by saltating grains of size ds is

Fðdi; dsÞ ¼ cyhfi
�ð1� gÞ þ gsp

�ð1þ smÞ gQðdsÞ
u2*

(1)

where sp is the ratio of minimally and fully-dispersed particle-
size distributions, pmðdÞ and pf ðdÞ, sm the bombardment efficiency,
u* the friction velocity, g the gravitational acceleration, and cy an
empirical coefficient. hfi is the total dust fraction given by

hfi ¼
ZdþDdi=2

d�Ddi=2

pf ðdÞdd

g describes how easily aggregated dust is released and is a
function of u* and u*t . The total dust emission is obtained by
integrating Equation (1) over ds and di.

The minimally and fully dispersed psds, pmðdÞ and pf ðdÞ,
approximate the in-situ psd (no disturbance) and the psd at
maximum disturbance, respectively. Both are parameterized as
sum of four log-normal distributions
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withwj being theweight of the j thmode andDj and sj being the
mean and standard deviation of mode j. The psd coefficients given
in Shao et al. (2010) are used as default coefficients in this study.

2.2. The regional atmospheric model COSMO-ART

The regional atmospheric model COSMO-ART (Consortium for
small scale modeling e aerosols and reactive trace gases) (Vogel
et al., 2009), version COSMO 5.0 ART 3.0 of the Institute for Mete-
orology and Climate Research of the Karlsruhe Institute of Tech-
nology (KIT), is used asmodeling system for this study. COSMO-ART
is an extension of the operational weather forecast model COSMO
of the German Weather Service (DWD). COSMO is a non-
hydrostatic limited-area atmospheric model, based on the primi-
tive thermo-hydrodynamic equations for a compressible flow in a
wet atmosphere (Doms and Sch€attler, 2011). The model uses a
rotated grid with a generalized terrain following vertical
coordinate.

COSMO-ART includes modules for the simulation of processes
related to secondary aerosols and directly emitted components (e.g.
soot, mineral dust, sea salt, and pollen). The ART components are
based on the mesoscale modeling system KAMM/DRAIS/MADE-
soot/dust (Vogel et al., 2006). Represented processes are emission,
coagulation, condensation, and dry and wet deposition. COSMO-
ART already includes a dust emission parameterization which fol-
lows Shao and Lu (2000) to calculate u*t , White (1979) to calculate
Q and Alfaro and Gomes (2001) to calculate F (Vogel et al., 2006).
COSMO-ART has been used by e.g. Stanelle et al. (2010) and Bangert
et al. (2012) to study mineral dust. By including SH04 into COSMO-
ART, we aim to improve the representation of dust emission in the
model through the inclusion of the emission mechanism of
aggregate disintegration in addition to saltation bombardment.

Only modules for dust emission, transport, and deposition are
used in this study. Interfaces for meteorological and land-surface
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input for SH04 have been generated and the GLC2000 land-use
dataset (COSMO, 2013) has been included. Anthropogenic emis-
sions and radiative feedbacks have been deactivated to focus on
dust aerosols only.
3. PM10 measurements in Mecklenburg-West Pomerania,
Germany

Themonitoring network of air quality of the regional authorities
for environment, conservation and geology (LUNG, 2013a) operates
thirteen monitoring stations at Mecklenburg-West Pomerania,
northeastern Germany. These stations record gaseous and partic-
ulate contaminants in air and precipitation. This includes hourly
measurements of particulate matter with aerodynamic diameter
less than 10 mm (PM10), which are used in this study for compar-
ison with the model results. As the monitoring stations do not
distinguish between PM10 contributions of anthropogenic or
mineral dust aerosols, stations in rural background are more suit-
able for comparison with modeled dust PM10 than urban stations.
A rural background minimizes anthropogenic PM10 which is not
included in the simulations. Fig. 1 shows the location of the rural
background stations (red), urban stations (blue) as well as Kavel-
storf as the place of the dust event on 8th April 2011 (brown).

The PM10 measurements are conducted with different device
types, but all monitoring stations in rural background (see red
marked stations in Fig. 1) used the filter analyzer FH62 during the
dust event period, which aspirates the air into a measurement
chamber. The particles deposit to a filter belt and become subject to
beta radiation. The extinction of the emitted beam is proportional
to the dust mass at the filter belt (LUNG, 2013b).

The primary objective of the monitoring stations is the sur-
veillance of air quality standards and therefore only one third of the
stations are located in rural, low polluted areas.
4. Dust event in northeastern Germany on 8th April 2011

On 8th April 2011, large amounts of dust were emitted at agri-
cultural areas south of Rostock near the town Kavelstorf. At 10:30
Fig. 1. Stations of the monitoring network of air quality in Mecklenburg-West Pom-
erania used for comparison with the simulations. Urban stations are shown in blue and
rural stations in red. The dust event occurred near Kavelstorf, which is marked in
brown. Additionally, four selected SYNOP stations of the DWD, used for a comparison
between modeled and simulated wind speed in Sect. 6.2, are shown in green. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
UTC (12:30 CEST), the associated reduced visibility led to a massive
pile-up at the adjacent autobahn A19. Soil type, land use, and the
size of the field, together with the meteorological situation, pro-
vided favorable conditions for dust emission. The relevant agri-
cultural area covered 0.79 km2. At that time it was prepared for the
cultivation of potatoes and had a bare surface (Ostendorff et al.,
2011). The weather in northern Germany was dominated by a
high pressure system over Scotland and a strong low with its core
being located over eastern Scandinavia (Fig. 2). The resulting
northewesterly flow led to high wind velocities in northern Ger-
many allowing for dust emission.

The WMO SYNOP (World Meteorological Organization Synoptic
Observation) station Rostock-Laage (10172) is nearest to the place
of accident. Fig. 3 shows wind speed and monthly precipitation at
Rostock-Laage. The data were obtained from the British Atmo-
spheric Data Centre (BADC, 2013).

The 10-min averaged wind speed reached 18 m s�1 (Bft. 8) and
maximum gusts of 27 m s�1 (Bft. 10) during the dust event period
(see grey shaded area in Fig. 3a). The excess of the 99. percentile of
2011 winds (green horizontal line) underlines the significance of
the event. In addition to the high wind speeds, the medium-term
low precipitation was decisive for the dust event. Fig. 3b reveals
the below average precipitation amounts within the first month of
2011 with regard to the climate mean. Remarkable is the precipi-
tation minimum during March, shortly before the dust event. Only
7% of the expected precipitation were recorded, which yielded
extremely dry farmlands. The concurrence of low vegetation cover,
drought and high wind speeds provided excellent conditions for
the dust event on 8th April 2011.
5. Model setup

Themodel has been set upwith a horizontal resolution of 0.025�

(2.8 km). The simulation covers the area between 52.8 and 54.9�N
and 10.1 to 14.9�E (Fig. 4) and has been initiated with COSMO-DE
analyses (0.025�) of 7th April 2011 0 UTC provided by the
German Weather Service (DWD).

Potential emission areas have been defined in two ways: (1)
Water and urban grid boxes are excluded; (2) In addition to the
Fig. 2. Meteorological conditions over Europe on 8th April 2011. Shown are mean sea
level pressure, MSLP (hPa) (white), 500 hPa geopotential height (gpdm) (black) and
relative topography (gpdm) (shaded) based on ERA Interim reanalysis (ECMWF, 2015).



Fig. 3. Meteorological observations at the SYNOP station Rostock-Laage (10172) in 2011; (a) 10-min average 10 m wind speed (red), 99. percentile of 10-min average wind speed
relating to 2011 (green) and maximum gusts (blue) (m s�1); (b) monthly precipitation in 2011 (red) and in monthly climate average (blue) (mm). Annual totals are given in the plot.
The grey shading indicates the time relevant for the dust event. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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criteria applied in (1), only grid boxes with a fraction of agricultural
area greater than 60% (GLC2000) and vegetation cover lower than
60% have been considered as potential emission regions. Options 1
and 2 are denoted as dust emission masks DEM1 and DEM2 in the
following. Agricultural area is the land-use classmost susceptible to
dust emission in Germany due to plowing or small surface coverage
during the youth development of the crop. DEM1 can be seen from
Fig. 5.

Grid boxes partly set as water or as urban surface have been
excluded, as both can lead to an overestimation of dust emission. In
the first case, nesting inconsistencies can produce displaced
coastlines, where unnaturally high emissions occur in combination
with high coastal wind speeds and in the latter case, the fraction of
urban area artificially reduces vegetation cover and therefore leads
to an unjustified enhancement of dust emission.

In SH04, correction functions for soil moisture and surface
roughness are applied to the threshold friction velocity for a
smooth and dry surface. The soil moisture produced by COSMO-
ART, qCOSMO , in the area of Kavelstorf is relatively high
Fig. 4. Vegetation cover for (a) ECOCLIMAP (8th April) and (b) the S
(~0.3 m3 m�3) resulting in large values for threshold friction ve-
locity and thus precluding dust emission in the investigation area.
However, the local and regional weather conditions suggest a
mostly dry surface in the area of interest and the modeled soil
moisture is arguably overestimated. We presume two reasons for
this overestimation. (1) The COSMO-DE analyses cannot reproduce
the local conditions of the dust emission areas in Mecklenburg-
West Pomerania; (2) The rapid evaporation of the soil surface
during strong irradiation is not reflected appropriately in the
model's top soil layer (5 mm layer thickness). To test the effect of a
potential soil moisture overestimation, sensitivity experiments
have been designed by using a scaling factor Cq to reduce the soil
moisture within SH04.

q ¼ qCOSMO Cq: (3)

The scaled soil moisture is restricted to the calculations in SH04
and has no influence on the atmospheric modules in COSMO-ART.

The vegetation cover in COSMO-ART is described as annual sine
wave between a static minimum and maximum obtained from the
POT5 vegetation (composite for 16th Marche15th April 2011).



Fig. 5. (a) Modeled 10 m wind speed (ms�1) and (b) coverage of the dust emission masks DEM1 (set union of blue and grey) and DEM2 (blue only). The red cross highlights the
location of the accident at the A19. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ECOCLIMAP dataset (Champeaux et al., 2005). This climatological
assumption does not consider the actual variability (e.g. a delayed
beginning of the vegetation period or bare agricultural areas due to
plowing). Satellite products can be used to represent the actual
situation during an event. However, they only capture green
vegetation components and treeswithout foliage in early spring are
not recognized. In this study, we use both ECOCLIMAP vegetation
and data observed by the sensor VEGETATION 2 carried on-board
SPOT5 (CNES, French space agency). The data is available through
the project geoland 2 e Operational Monitoring Services for our
Changing Environment (GEOLAND2, 2013). It contains 30-day
composite vegetation cover data, Fcover, for 16th March e 15th
April 2011 with a horizontal resolution of 1.15 km. Fig. 4 shows the
vegetation cover of ECOCLIMAP and of SPOT5 for the study period.
The new vegetation data was only used as input for the mineral
dust emission scheme and thus has no effect on the simulated at-
mospheric flow.

SPOT5 shows substantially less vegetation coverage compared
to ECOCLIMAP. On average, the SPOT5 vegetation cover is 24% lower
than ECOCLIMAP. The extended forest areas in the North of Bran-
denburg and the South of Mecklenburg-West Pomerania (13�E,
53.2�N) are not visible in SPOT5, because of the early stadium of leaf
development in early spring. Despite of this lack, SPOT5 effectively
represents the agricultural area which dominates with 63% against
a forest area of 22% (Statistical Office, 2011). Soil texture informa-
tion has been obtained from the Harmonized World Soil Database
Version 1.2 (HWSD, 2012). This dataset has a higher spatial reso-
lution than the default COSMO-ART soil dataset and uses the USDA
(United States Department of Agriculture) soil texture classes
which can be directly linked to the psds in SH04. Unfortunately, the
default COSMO-ART soil data are used for all modules other than
dust emission, e.g. for the determination of soil moisture. The
current external parameter preparation for COSMO allows the
application of the HWSD dataset for the soil and vegetation model
TERRA but it does not use the USDA soil classification, which is used
for SH04. The use of two different soil type classifications makes a
consistent description of all soil related processes, including min-
eral dust, problematic.

The sensitivity of SH04 on soil moisture and vegetation cover is
analyzed in Section 6.2. Totally, a set of 11 simulations with
different combinations of vegetation input data, soil moisture
scaling factor and dust emissionmask has been generated (Table 1).
In addition to the two vegetation datasets, five scaling factors for
soil moisture were chosen empirically by comparing the modeled
PM10 concentrations to the observations.

6. Simulation results

The experiments have been analyzed for 8th April 2011, 0e23
UTC. First, the temporal evolution of the dust event on 8th April
2011 has been studied. Subsequently, the influence of vegetation
cover, soil moisture and soil PSD on the modeled dust emission has
been investigated. Finally, the model has been evaluated against
observations from the monitoring network of air quality in
Mecklenburg-West Pomerania.

6.1. Control run

In this section, Exp 1 (control run using SPOT5 vegetation,
DEM1, and no soil moisture correction) is chosen to show the
temporal evolution of the dust event in Mecklenburg-West Pom-
erania. Fig. 5 illustrates 10 m wind speed (independent of experi-
ments) and the difference between friction velocity and threshold
friction velocity (changes with experiment) at 15 UTC, the time of
the modeled maximum of the dust event during the passage of the
cold front associated with the low over Scandinavia. The area is
divided into a region of high wind speeds in the northeast
(13e17 m s�1) and lower values in the southwest (7e12 m s�1)
(Fig. 5a). The predominant wind direction is northwest.

Fig. 5b shows the areas of potential dust emission for DEM1 (set
union of grey and blue) and DEM2 (blue only). Therefore no dust
emission at any time is possible for thewhite (white and grey) areas
for DEM1 (DEM2). Volumetric soil moisture (not shown) is nearly
homogeneous and about 0.25 m3 m�3. Only in the far north, east
and southwest of Mecklenburg-West Pomerania, the soil moisture
is significantly reduced due to a higher sand fraction in the soil. The
column PM10 dust load, LPM10, for 8th April 2011 is presented in
Fig. 6.

Weak winds in the early morning led to low dust loadings over
Mecklenburg-West Pomerania. From 8UTC, an increase in dust load
is simulated. A maximum dust loading of about 320 mg m�2 is
reached in parts of the study domain in the afternoon with the
passage of the cold front. The direction of transport is controlled by
the dominating northwesterly flow. In accordance to the shift of the
wind maximum from the north to the southeast between 13 UTC
and 20 UTC (not shown), the maximumvalues of dust emission and



Table 1
Set of simulations generated with different combinations of soil moisture scaling factor (Cq), vegetation cover and dust emission mask (DEM). The first experiment (bold) is
taken as control run.

Name Soil moisture scaling factor (Cq) Vegetation cover Dataset Dust emission mask (DEM)

Exp 1 1.00 SPOT5 1
Exp 2 1.00 ECOCLIMAP 1
Exp 3 0.25 SPOT5 1
Exp 4 0.25 ECOCLIMAP 1
Exp 5 0.25 SPOT5 2
Exp 6 0.30 SPOT5 2
Exp 7 0.40 SPOT5 2
Exp 8 0.50 SPOT5 2
Exp 9 1.00 SPOT5 2
Exp 10 0.25 ECOCLIMAP 2
Exp 11 1.00 ECOCLIMAP 2
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correspondingly of dust load are displaced to the southeast. After 17
UTC the dust loading declines and after 22 UTC the values are
negligible as no more dust is emitted.
6.2. Comparison between modeled and observed wind speed

Wind speed is a key driver of dust emission. The accuracy of the
modeled dust emissions is therefore crucially dependent on that of
themodeledwinds. Fig. 7 compares 10mwind speed from COSMO-
ART with four selected SYNOP stations Rostock-Laage (10172,
53.55 N, 12.17 E), Waren (10268, 53.31 N, 12.40 E), Boltenhagen
(10161, 54.00 N, 11.11 E) and Greifswald (10184, 54.06 N, 13.24 E).
The stations have been chosen such that they are distributed over
most of the study domain (Fig. 1). For Rostock-Laage, which is most
relevant for the dust event near Kavelstorf, COSMO-ART under-
estimated the wind speed from about 9 UTC on. The strong
observed increase in wind speed after 9 UTC is not reproduced by
the model. For Waren (Fig. 7b) which is located near the center of
the domain, a slight overestimation during the whole day occurred,
but the temporal evolution is reproduced well. Modeled wind
speeds for Boltenhagen (Fig. 7c), which is located in the Northwest
Fig. 6. Dust load LPM10 (mg m�2) on 8th April 2011 between 0 UTC and 23 UTC in
logarithmic scale for Exp 1. The red circle highlights the location of the accident at the
A19. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
of the domain, agree relatively well with observed wind speeds
despite a slight overestimation in the evening.

For Greifswald (Fig. 7d) in the Northeast of the domain, the
temporal development matches the observations well, but the
observed windmaximum at about 12 UTC is underestimated by the
model. Overall, the comparison between observed and modeled
wind speed shows that the model is able to reproduce the general
patterns of observed wind speed in most cases, but deviates at
particular locations and times. However, the comparison of gridded
model data with point observations is problematic, as the model
output represents the average over the whole grid cell, which
might not represent thewind speed at a point in the cell. In terms of
the dust emission scheme, small errors in the reproduction of wind
speeds can propagate into the uncertainty of modeled dust emis-
sions, leading to biases in the comparison of modeled with
observed PM10 concentrations.
6.3. Comparison between modeled and observed PM10
concentrations

The modeled dust PM10 concentrations are compared with data
of the monitoring network of air quality in Mecklenburg-West
Pomerania. We use hourly observed PM10 concentrations at
about 4 m height for comparison with the hourly modeled PM10
dust concentrations in the lowest model layer (approx. 60 m). For
this comparison, a homogeneous dust concentration within the
surface-layer is assumed. This assumption is biased, as dust con-
centration typically decreases with height (e.g. Shao, 2008), but is
assumed to be sufficient for evaluation of the temporal evolution of
the dust event in both model results and observations.

The Pearson productemoment correlation coefficient was used
assuming that a linear correlation exists between simulation and
observation. This quantity sheds light on the skill of the modeling
system (emission scheme plus dispersion model) in reproducing
the dust event. Fig. 8 displays the significant correlations (above
0.404, the critical value for a two tailed test with p ¼ 0.05 and
n ¼ 24) for all of the 10 monitoring stations for both vegetation
settings and the soil moisture scaling factors Cq. Rural (4) and urban
(6) monitoring stations are distinguished.

Fig. 8a reveals that all of the four rural stations have significant
correlations for all soil moisture scalings except for Cq ¼ 1. A
decrease in correlations with higher (less reduced) soil moisture
can be observed. In comparison to the urban stations more rural
stations show significant correlations than urban stations for all soil
moisture scalings. This supports the hypothesis that anthropogenic
(e.g. traffic or industry) aerosols mask the mineral dust PM10
contribution in urban regions. However, the spread of the corre-
lation coefficients is large, between 0.41 and 0.89. No systematic
dependency on Cq can be detected for the urban stations in Fig. 8a.



Fig. 7. Comparison of modeled (red) and observed (blue) 10 mwind speed (m s�1) for (a) Rostock-Laage (10172), (b) Waren (10268), (c) Boltenhagen (10161) and Greifswald (10184).
Modeled wind speeds are shown for the grid box in which the station is located. The statistical differences are characterized via bias and RMSE.
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Although the mean urban correlation is larger than the rural, no
robust statement about the correlation difference between urban
and rural station correlations can be made due to the small number
of significant urban correlations. Fig. 8b presents the correlations
for two soil moisture scalings with the use of DEM1 and DEM2 for
both SPOT5 and ECOCLIMAP vegetation. The use of the DEM2 does
not lead to significant correlation changes. Both vegetation ap-
proaches have nearly the same number of significant correlations.
SPOT5 shows larger values on average, but the correlation spread is
Fig. 8. Correlations between modeled and observed PM10 concentrations for8th April 2011
vegetation. Colors indicate urban (blue) and rural (green) stations; the means of the urban a
soil moisture scaling factors and the two vegetation approaches ECOCLIMAP (cross) and S
(SPOT5) and dotted lines (ECOCLIMAP). (For interpretation of the references to color in thi
large. The correlation analysis reveals (apart from few exceptions)
no statistical proved preference for one of the vegetation datasets.
The inclusion of accuracymeasures (e.g. RMSE, not shown), exhibits
significant differences in the modeled dust concentration between
the vegetation datasets at the same soil moisture scaling. From a
statistical perspective, a preference of one of the two datasets is
impossible until a better accuracy in modeled soil moisture is
achieved. However, the vegetation reported at time of the dust
event (SPOT5) is expected to be more accurate than the
in dependency on (a) the use of DEM1 and soil moisture scaling factor, Cq , for SPOT5
nd rural correlations are displayed as dashed lines. (b) the use of DEM 1 and 2 for two
POT5 (plus); the mean correlations for SPOT5 and ECOCLIMAP are shown as dashed
s figure legend, the reader is referred to the web version of this article.)



K. Deetz et al. / Atmospheric Environment 126 (2016) 87e9794
climatological mean (ECOCLIMAP). In addition to the total amount
of vegetation cover, the spatial distribution of vegetationwithin the
model domain decisively influences the dust sources and can cause
a nonlinear response of the resulting dust emissions compared to
that obtained with the climatological mean. It is thus assumed that
the SPOT5 vegetation is more suitable for reproducing the 2011
dust event.

Eight experiments, including SPOT5 and ECOCLIMAP vegetation,
soil moisture scaling and DEM, were selected for comparison of
PM10 concentration time series with observations. Fig. 9 illustrates
the temporal evolution of modeled and observed PM10 concen-
trations for the two rural stations L€ocknitz (a) and Gülzow (b), and
additionally for Kavelstorf (c), the place of accident, on 8th April
2011.

At L€ocknitz (Fig. 9a), modeled PM10 dust concentrations are
generally higher for SPOT5 than for ECOCLIMAP (see also Fig. 7b).
Exp 4 and 5 best reproduce the double-peak structure seen in the
observations, although both overestimate the observed aerosol
concentrations significantly. Exp 1 also shows a double peak
structure, but exhibits a local minimum at the time of the second
peak. In all other experiments, the second peak is less recognizable.
Exp 3 is not shown due to a too strong overestimation of PM10
concentration. For the rural station Gülzow (Fig. 9b) the simula-
tions mostly underestimate dust concentration. Only Exp 3 and 5
have similar orders of magnitude as the observations, but the
simulated dust event starts 4 h too early. The observed maximum
PM10 concentration at 14 UTC is reproduced quantitatively in Exp 3
and qualitatively in Exp 5.

Finally, the PM10 concentration for the place of accident is
shown in Fig. 9d. No PM10 observations are available for this site.
Three of the eight experiments show remarkable dust concen-
trations and all of them have a double-peak structure with a first
peak at around 10 UTC and a second peak at around 16 UTC. The
concentration at the time of the later peak exceeds that of the
earlier by about a factor of 3. The time of accident at 12:30 CEST
(10:30 UTC) (Ostendorff et al., 2011) is indicated by a grey shaded
area. At the nearest SYNOP station, Rostock-Laage (approx. 13 km
south-easterly), the wind maximum was reached between 9 UTC
and 12 UTC with 18 m s�1, coinciding with the time of accident. A
PM10 concentration of about 100 mg m�3 for Exp 3 and 5 seems to
be relatively small. An increase in modeled wind speeds towards
the observed winds in this area (compare Fig. 7a) would probably
have resulted in further increased dust concentrations at the place
of accident. Additionally, the interpolation of the PM10 concen-
tration in the lowest model layer (about 60 m) to a height of a few
Fig. 9. PM10 concentration (mg m�3) of (a) the rural monitoring station L€ocknitz (station cod
the vicinity of Kavelstorf on 8thApril 2011; observed (black) and modeled for Exp 1, 3, 5 and
lines). For (c) no monitoring station is available. The approximate time of accident is within t
simulated PM10 from sea salt and anthropogenic sources is shown as black dotted line.
meters would lead to larger concentration values. Dust emissions
caused by small-scale circulations, e.g. induced by atmospheric
turbulence (Klose and Shao, 2012; Klose et al., 2014), could also
have been relevant in this case but are not described in our
modeling system. However, the simulations suggest that in
addition to the local emissions near the autobahn, also dust
emissions on a larger spatial scale have been possible. The in-
crease in dust concentration in the afternoon of 8th April as
produced by the simulation (Fig. 9c) suggests that further emis-
sions occurred after the accident. No detailed reports about the
evolution of the dust event are available, but according to the
news agency dapd, the visibility was lower than 50 m during the
rescue phase at the autobahn A19.

To test for the contribution of PM10 sources other than mineral
dust, an additional simulation was performed that considers PM10
from anthropogenic sources and sea salt (black dotted lines in
Fig. 9). Anthropogenic emissions are based on daily emission data
from the project Verkehrsentwicklung und Umwelt (VEU, 2013) for
2008. Sea salt emissions are obtained following Lundgren et al.
(2013). Both, anthropogenic and sea salt emissions contribute to
background PM10 aerosol during the whole day, especially during
the afternoon and evening. The highest non-mineral dust PM10
concentration is visible for the place of accident, Kavelstorf, (Fig. 9c)
owing to the vicinity to the sea, which leads to a higher contribu-
tion of sea salt to PM10. The modeled sea salt and anthropogenic
PM10 peak, however, later than that of mineral dust at the stations
shown here and are thus of little effect for the reproduction of the
morning peak in observed PM10 concentration. However, a higher
temporal resolution of anthropogenic aerosol will likely lead to
larger variability and might increase the importance of anthropo-
genic PM10 during the investigation period. A more detailed
investigation on the effect on non-dust PM10 would be required,
but is beyond the scope of this paper.

For all stations, the spread in modeled PM10 dust-
concentrations between the different experiments is large.
Despite the good agreement of modeled and observed wind speed
in most of the domain (Fig. 7bec), the control run strongly over-
estimates dust concentrations at L€ocknitz, but produces hardly any
dust loadings elsewhere (Fig. 9). Modifications of the surface con-
ditions lead to strong changes in the modeled dust patterns. The
following section shall provide further insights in the sensitivity of
the dust emission scheme to surface conditions, i.e. soil moisture
and vegetation cover.
e DEMV012), (b) the rural station Gülzow (DEMV004) and (c) at the place of accident in
9 (SPOT5 vegetation, solid lines) and Exp 2, 4, 10, and 11 (COSMO-Vegetation, dashed

he grey shaded area. For panel (a) Exp 3 is not shown due to strong overestimation. The



Fig. 11. Agricultural area near Kavelstorf in the vicinity of the place of accident at the
A19 (left rear image section) with a southeasterly line of sight (in accordance with the
direction of flow on 8th April 2011) planted with sugar beet (June 2013).
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6.4. Sensitivity on vegetation cover and soil moisture

Soil moisture strongly affects dust emission as it increases soil-
particle cohesion and therefore the entrainment threshold. Vege-
tation in turn changes the surface roughness and affects surface
drag. In the dust emission scheme, both are accounted for by u*t.
Fig. 10 shows the domain average of LPM10 on 8th April for the
ECOCLIMAP and SPOT5 vegetation and its sensitivity to the use of a
soil moisture correction and DEM. For ECOCLIMAP (Fig. 10a), the
soil moisture reduction has negligible influence on LPM10 when
using DEM2, but with DEM1, LPM10 increased by about an order of
magnitude between 12 UTC and 16 UTC for Cq ¼ 0:25 in compari-
son to Cq ¼ 1. The use of SPOT5 vegetation data increased LPM10 by a
factor of about 5 compared to ECOCLIMAP (Fig. 10b). The lower
SPOT5 vegetation cover leads to reduced u*t and correspondingly
increased dust emissions.

In combination with SPOT5 vegetation and DEM2, slight de-
creases in soil moisture (decreasing scaling factor Cq) lead to sig-
nificant increases in dust load (Fig.10c). A reduction of soil moisture
by about 25%, e.g. from Cq ¼ 0:4 to Cq ¼ 0:3, lead to an increase in
dust load by about 50% at the time of peak concentration.

As an additional test (not shown), soil samples have been
collected in Mecklenburg-West Pomerania in 2013 (two years after
the event). One sampling side was the agricultural area near
Kavelstorf, next to the location of accident on the A19. At the time of
sampling in mid June 2013, the agricultural area was planted with
sugar beet. Remarkable is the low vegetation coverage (Fig. 11). The
sampling reveals a dry, soft, and light soil surface (no crust).

The combination of low vegetation cover, dryness, soil charac-
teristics and the existing lack of structure elements (e.g. hedges)
makes the area susceptible to wind erosion.

The analysis of the soil samples shows large spatial variations in
the shape of the particle size distributions which has a strong effect
on the simulated mineral dust emission.

The sensitivity experiments have underpinned that soil mois-
ture and vegetation cover have strong impacts on the simulated
dust emissions. As dust emissionwas mostly constrained to few soil
types (loam and clay loam), we could not test the model sensitivity
to soil psd for other soil types. Due to uncertainties in the psd
determination, it cannot be concluded whether or not the use of
local soil psds would lead to improved model results. The spatial
variability of the psds even for the same soil type makes the
determination of a psd that is representative for a particular soil
type difficult.

7. Discussion and conclusions

The dust emission scheme of Shao (2004) (SH04) has been
Fig. 10. Domain average of dust load LPM10 (mg m�2) on 8th April 2011 between 0 UTC and 2
Cq , and with DEM 1 (solid lines) and DEM 2 (dashed lines); (b) as (a) but for SPOT5 vege
interpretation of the references to color in this figure legend, the reader is referred to the
implemented into the regional atmospheric model COSMO-ART.
SH04 represents the dust emission processes of saltation
bombardment and aggregate disintegration. For the first time, the
scheme was applied to model local dust emissions in Germany
(Mecklenburg-West Pomerania) during a dust event on 8th April
2011, which hit the autobahn A19 near Kavelstorf and caused
serious traffic accidents. This study focused on two key aspects: (1)
the applicability of the dust modeling system to northern Germany
and (2) the sensitivity of the model on soil moisture and vegetation
cover. The simulations were evaluated based on PM10 measure-
ments taken in Mecklenburg-West Pomerania.

Themodeling systemwas found to be generally applicable to the
case studied. A clear peak in dust concentration was simulated at
the time and place of the dust event. Themodeled soil moisturewas
found to be unexpectedly high in wide areas of the simulation
domain given the warm and dry conditions during the investiga-
tion period, especially near Kavelstorf. Potential reasons were
suggested to be (1) overestimation of soil moisture in the COSMO-
DE analysis data used as model input, and (2) insufficient repre-
sentation of the drying-out at the soil-atmosphere interface.
Sensitivity experiments with reduced soil moisture were con-
ducted. Two different vegetation cover datasets were tested as
model input: (a) climatological data (ECOCLIMAP, Champeaux et al.,
2005) and (b) satellite data (SPOT5, GEOLAND2, 2013). Additionally,
the potential dust source regions were varied based on two dust
emission masks. Totally, a set of 11 simulations was generated. All
simulations showed a comparable temporal evolution of the dust
event at 8th April with onset at about 8 UTC, maximum between 12
UTC and 16 UTC and cessation at about 21 UTC.

The sensitivity studies revealed a strong decrease of dust
3 UTC; (a) for ECOCLIMAP with (red) and without (blue) scaling factor for soil moisture,
tation; (c) five different soil moisture scalings for SPOT5 vegetation with DEM2. (For
web version of this article.)
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emission with increasing soil moisture and a significant de-
pendency on vegetation cover. The lower vegetation cover in the
SPOT5 data (24% lower on average than in the ECOCLIMAP data) led
to increased dust emissions by a factor of about 5. Both vegetation
datasets have disadvantages: ECOCLIMAP does not reflect tempo-
rary characteristics (e.g. bare agricultural areas due to plowing) and
in the SPOT5 dataset, only green vegetation is considered, whereas
bald vegetation in early spring is not reflected.

The simulation results were evaluated against PM10 concen-
trations measured at the monitoring stations of air quality in
Mecklenburg-West Pomerania. Uncertainties in the comparison
arose from (a) comparing point measurements withmodel grid box
averages; (b) inaccuracies in the atmospheric dispersion model and
(c) anthropogenic PM10 sources in the PM10 observations. Obser-
vations in rural areas are assumed to have smaller anthropogenic
aerosol contributions and thus expected to be less biased. An
additional simulation taking into account sea salt and anthropo-
genic emissions, supports this hypothesis. Correspondingly, corre-
lations between modeled and observed PM10 were found to be
larger at the rural than at the urban stations. The analysis showed
larger correlations for the experiments using SPOT5 vegetation
data but a general improvement of the correlations could not be
asserted. No experiment was able to reproduce the observations for
all PM10 stations. Exp 1 (SPOT5 vegetation, dust emission mask
DEM1 and no soil moisture scaling) and 3 (SPOT5 vegetation, DEM2
and soil moisture scaling with Cq ¼ 0.25) showed the best results.
The largest correlations were detected at L€ocknitz (0.89) and
G€ohlen (0.78). The simulation showed reasonable results for the
place of accident at the A19 near Kavelstorf, both quantitatively and
in terms of temporal development. The comparison of model re-
sults and PM10 observations demonstrates that the modeling sys-
tem has the capacity to qualitatively reproduce the dust event.
However, without an accurate determination of input quantities,
e.g. soil moisture or vegetation cover, the magnitude of dust
emission and concentration cannot be conclusively quantified.

Although the model resolution is already relatively high (2.8 km
grid mesh size), the resolution is still too coarse to explicitly resolve
the circulation on most agricultural fields. Nevertheless, the in-
sights gained from this study are valuable for the prediction of air
quality or the prevention of road accidents not only in Germany, but
also in other densely populated regions where dust events occur
more frequently, such as in parts of the USA.

At present, an operational application of the modeling system,
e.g. for the simulation of mineral dust concentrations in urban areas
as part of air qualitymonitoring, is difficult. Possibly, a usage of real-
time assimilation of vegetation cover and soil moisture and a more
detailed soil texture database could eliminate major shortcomings.
The exact specification of land-surface and atmospheric boundary
conditions for the dust emission model is crucial for an accurate
prediction of dust concentration.

The results of the study on hand underline that the imple-
mentation of the dust emission scheme of Shao (2004) into
COSMO-ART is promising and a detailed evaluation of the perfor-
mance of Shao (2004) incorporated in COSMO-ART for major dust
regions such as Northern Africa, the Middle East, or Asia, could lead
to a further improved modeling system.
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