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Abstract
Mineral dust, the most abundant atmospheric aerosol by mass, interacts with radiation
directly and alters cloud properties indirectly. Many operational numerical weather
prediction models account for aerosol direct effects by using climatological mean con-
centrations and neglect indirect effects. This simplification may lead to shortcomings
in model forecasts during outbreaks of Saharan dust towards Europe, when climatolog-
ical mean dust concentrations deviate strongly from actual concentrations. This study
investigates errors in model analyses and short-range forecasts during such events. We
investigate a pronounced dust event in March 2021 using the pre-operational ICOsa-
hedral Nonhydrostatic weather and climate model with Aerosols and Reactive Trace
gases (ICON-ART) with prognostic calculation of dust and the operational European
Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting Sys-
tem (IFS) model, which deploys a dust climatology. We compare model analysis and
forecast with measurements from satellite and in situ instruments. We find that inclu-
sion of prognostic aerosol and direct radiative effects from dust improves forecasts of
surface radiation during clear-sky conditions. However, dust-induced cirrus clouds are
strongly underestimated, highlighting the importance of representing indirect effects
adequately. These findings are corroborated by systematic quantification of forecast
errors against satellite measurements. For this we construct an event catalogue with
49 dust days over Central Europe between January 2018 and March 2022. We classify
model cells by simulated and observed cloudiness and simulated dustiness in the total
atmospheric column. We find significant overestimations of brightness temperature for
cases with dust compared with cases without dust. For surface shortwave radiation,
we find median overestimations of 6.2% during cloudy conditions with dust optical
depth greater than 0.1, however these are not significant compared with cloudy con-
ditions without dust. Our findings show that the pre-operational ICON-ART and the
operational IFS model still do not reproduce cloudiness adequately during events with
Saharan dust over Central Europe. Missing implementations of prognostic dust, par-
ticularly of indirect effects on cloud formation, lead to significant underestimations of
cloudiness and potentially overestimations of surface radiation.
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1 INTRODUCTION

Dust is the most common natural aerosol in Earth’s atmo-
sphere by mass (Textor et al., 2006) and interacts with
various components of the Earth system (Knippertz, 2014;
Kok et al., 2023). Like other aerosol species, mineral dust
interacts directly with radiation, by scattering and absorb-
ing solar radiation and absorbing and emitting terrestrial
radiation (Liao & Seinfeld, 1998). As a consequence of
this direct effect, the absorption of radiation by aerosol
alters the stability of the atmosphere. This is known as the
semidirect effect (Hansen et al., 1997). Mineral dust par-
ticles also interact with cloud microphysical processes by
acting as cloud condensation nuclei (CCN) or ice nucleat-
ing particles (INP: Karydis et al., 2011). This alters cloud
properties such as cloud brightness, cloud-top height, or
cloud lifetime, it can lead to generally increased cloudi-
ness, and is known as the “indirect effect” (Lohmann
& Feichter, 2005). The Sahara contains Earth’s most
productive dust sources (Ginoux et al., 2012; Prospero
et al., 2002). Significant amounts of Saharan dust are trans-
ported northwards (Shao et al., 2011), and outbreaks with
strongly elevated dust concentrations frequently affect the
Mediterranean and Europe (e.g., d’Almeida, 1986; Moulin
et al., 1998; Mona et al., 2006; Merdji et al., 2023). While
high wind-speed events are most efficient for causing
dust emissions (Cowie et al., 2015), the synoptic pro-
cesses generating these winds differ spatially and season-
ally. Particularly during spring, North African cyclones
are efficient for causing dust-emission-generating peak
wind speeds over North Africa (Bou Karam et al., 2010;
Fiedler et al., 2014). A center for cyclogenesis is in the
lee of the Atlas mountains (Flaounas et al., 2022). Under
the influence of upper-level troughs and positive differen-
tial vorticity advection, surface depressions form and can
intensify quickly into cyclones (Bou Karam et al., 2010;
Knippertz & Fink, 2006). A similar synoptic situation with
a pronounced trough spanning into Northwest Africa,
which generates southwesterly flow over the western
Mediterranean, is typical for Saharan dust events affecting
Europe (Barkan et al., 2005). Interactions with the polar
jet can additionally trigger the formation of North African
cyclones and enable dust transport far poleward (Francis
et al., 2018, 2019). Flaounas et al. (2015) showed that North
African cyclones contribute to up to 70% of extreme dust
events over the Mediterranean. On a synoptic scale, Fluck
and Raveh-Rubin (2023a); Fluck and Raveh-Rubin (2023b)
showed that the dry intrusion air stream associated with
deep equatorward penetrating high-latitude air masses
mobilises dust effectively due to extreme surface winds
when reaching the lower levels. Once mobilised, the
dust might become embedded in the warm sector of
a North African cyclone. Indeed, Francis et al. (2022)

recently showed that atmospheric rivers (AR) can be effi-
cient drivers for Saharan dust transport to Europe, with
78% of ARs associated with severe dust episodes over
Europe. More recently, Merdji et al. (2023) showed that
dust transport and dust fractional contribution to the
total aerosol load is particularly enhanced during sum-
mer and spring, and that during these seasons transport
tends to happen in higher atmospheric layers than during
winter.

Today, models that are currently used for operational
numerical weather prediction (NWP) make simplifica-
tions with respect to dust to circumvent computational
costs. On the one hand, dust emission, transport, and
concentrations are not calculated prognostically. Instead,
operational NWP models rely on climatological mean
values (e.g., ECMWF, 2021, Reinert et al., 2021) for imple-
menting dust effects. On the other hand, even in the
models with prognostic calculation of the dust life cycle,
the semidirect and indirect effects of dust are only partially
implemented (e.g., Rémy et al., 2022).

Previous case studies have assessed whether the inclu-
sion of dust–cloud interaction in models leads to improve-
ments of weather forecasts during dust events in Europe.
Rieger et al. (2017) investigated the effect of dust on fore-
casts of photovoltaic (PV) power generation and found an
improvement in radiation forecasts by including prognos-
tic calculations of dust and its effects, where the direct
radiative effect from dust dominates the improvements.
Weger et al. (2018) found that cirrus cloud cover and
ice content, in particular, increase after including prog-
nostic calculation of dust and its effects. Recently, Seifert
et al. (2023) suggested a novel subgrid parametrisation
which improves the representation of dust-induced cloud
decks and thus of the indirect effect of dust.

During spring 2021, several outbreaks of Saharan dust
with dust transport towards Europe occurred, leading to
elevated dust concentrations (exceeding the mean dust
optical depth (DOD) from 2018–2021 tenfold) over large
parts of Western and Central Europe for several days. For
one of these outbreaks, Magnusson et al. (2021) showed
a misrepresentation in cirrus cloud cover, surface radi-
ation, and 2-m temperature over the Iberian Peninsula
in the forecast from the operational NWP model of the
European Centre for Medium-Range Weather Forecasts
(ECMWF), and improvements in forecasts with prognos-
tic calculation of dust and the inclusion of dust radiative
effects.

This study follows up on these findings and addresses
the following research questions.

• What is the cause for the observed model errors dur-
ing the dust events in spring 2021? Is dust related to the
model errors?
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• How large are the typical errors during dust events over
Central Europe in an operational model in comparison
with satellite observations/retrievals?

Section 2 gives an overview of the data products that
are used for this study and summarises model implemen-
tations of mineral dust and retrieval methods of satellite
products. Section 3.1 presents a case study, which analy-
ses the capability of two current models to reproduce the
conditions during a selected dust event in early March
2021 and aims to trace back model errors to their cause.
Section 3.2 picks up on the findings from the case study
and seeks to generalise the typical synoptic situation dur-
ing dust outbreaks towards Central Europe and to quantify
model forecast errors in brightness temperature (BT) as
a proxy for high clouds and surface incoming shortwave
radiation (SIS) climatologically over many cases. Finally,
Section 4 summarises our results and draws conclusions.

2 MODEL DESCRIPTIONS AND
MEASUREMENT DATA

2.1 Model data

For the purpose of this study, we use data from two model
families: firstly from the ICOsahedral Nonhydrostatic
weather and climate model (ICON), which is currently
deployed operationally by the Deutscher Wetterdienst (the
German Weather Service, DWD), and secondly from the
Integrated Forecasting System (IFS) developed by the
ECMWF. The following gives a brief summary of model
characteristics and implementations of aerosol effects.

2.1.1 ICON and ICON-ART

ICON is a nonhydrostatic atmospheric model and was
developed with the aim of providing a global model for
both weather and climate predictions. It is based on an
icosahedral grid and allows local grid refinement, so-called
nesting (Zängl et al., 2015). The ICON model has been
used for operational weather forecasting by the DWD on
a global scale since January 2015 and on a regional scale
since 2016 (Reinert et al., 2021).

Aerosols and Reactive Trace gases (ART) is a sub-
module of ICON, which enables the simulation of the
life cycle of aerosols, trace gases, and their interac-
tions in the atmosphere. In ICON-ART, aerosol pro-
cesses are simulated online, including emission and
removal processes. Aerosol particles are represented by
lognormal modes, where the median diameter of the
distribution is a diagnostic variable (Rieger et al., 2015).

ICON-ART offers a flexible and interoperable framework
that can be configured to include tropospheric and strato-
spheric chemistry (Schröter et al., 2018), aerosol dynam-
ics (Muser et al., 2020), aerosol–radiation (Hoshyaripour
et al., 2019; Rieger et al., 2017), and aerosol–cloud inter-
actions (Seifert et al., 2023). At the time of this study,
only aerosol–radiation interaction were implemented in
the pre-operational forecast system. This forecast runs on
the experimental system at DWD, mainly used for research
and development purposes. Aerosol–cloud interactions,
that is, indirect effects, were not yet implemented into
the system used here. Recently, Seifert et al. (2023) sug-
gested a subgrid parametrisation for dusty cirrus, but the
full aerosol–cloud interaction remains the topic of ongoing
developments.

All data from ICON-ART that we use in this study
were calculated on a R2B06 global domain with R2B07
nest over north Africa and Europe with 60 vertical lev-
els, which translates to an effective horizontal grid spac-
ing of 19.7 km. We retrieve DOD and SIS on the native
icosahedral grid. The model was initialised with DWD
reanalysis at 0000 UTC and we only consider forecast lead
times of less than 24 hr to minimise departure from model
analysis.

2.1.2 IFS and IFS-AER

The ECMWF IFS uses prognostic variables for tem-
perature, humidity, and cloud properties as well as
monthly-mean climatologies of trace gases and aerosols as
input for radiative calculations. The IFS further provides a
postprocessing system to simulate cloudy brightness tem-
peratures expected from satellites to allow a like-to-like
comparison with the observed satellite imagery. This sys-
tem takes a large number of atmospheric model profiles
into account for input into the radiative transfer model,
including temperature, specific humidity, ozone mass mix-
ing ratio, cloud cover, specific cloud liquid, ice, rain, and
snow water content, as well as surface parameters includ-
ing skin temperature, 10-m wind speed, 2-m temperature
and dewpoint temperature, volumetric soil water layer,
and convective available potential energy (Lupu & Wil-
helmsson, 2016). The aerosol climatologies used in the
IFS are derived from analysis and short-range forecast
data within the Copernicus Atmosphere Monitoring Ser-
vice (CAMS: Bozzo et al., 2017). The IFS (model cycle
47R3) provides two forecasts from unperturbed initial con-
ditions: a forecast at the regular horizontal grid spacing of
18 km and a forecast with a decreased horizontal grid spac-
ing of 9 km (hres). Additionally a medium-range ensem-
ble forecast (ens) is provided, containing 50 model runs
from perturbed initial conditions, which are generated by
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adding small-amplitude perturbations, and stochastically
perturbed model physics during the model integration.
All simulations are performed with 137 vertical levels
(for eps, 91 vertical levels before May 11, 2021), span-
ning from surface pressure to 0.01 hPa at the top level.
Model initialisation is performed at 0000 and 1200 UTC
(ECMWF, 2021). For the purpose of this study we use
data for dust events from several years. For each event
we retrieve data from the most recent operational version
(model cycles CY43R3–CY47R3). We retrieve total cloud
cover (TCC), SIS, and simulated BT from the hres run,
and remap data onto a regular latitude–longitude grid with
0.25◦ grid spacing. For analysis we only consider forecast
lead times of less than 12 hr, to minimise departure from
model analysis.

The Integrated Forecasting System aerosol scheme
(IFS-AER) is developed within the CAMS framework and
provides the operational IFS model with extensions for
simulating tropospheric aerosols, chemically interactive
gases, and greenhouse gases. Dust emissions in IFS-AER
are computed dynamically using prognostic variables from
the meteorological model, while emission threshold sur-
face wind speeds (threshold friction velocity after July 9,
2019) are derived from prognostic variables and a clima-
tology. A bulk-bin aerosol scheme is used for modelling
aerosol size distributions. For mineral dust there are three
bins within the limits 0.03, 0.55, 0.9, 20 μm, which repre-
sent the fine, coarse and super-coarse modes. Since IFS
cycle 45r1 (June 26, 2018), operational analyses and fore-
casts have been performed with interactive aerosols as
input for the radiation scheme to compute the direct radia-
tive effect of aerosols. Currently, there is no representa-
tion of aerosol–cloud interactions in IFS-AER, however an
implementation is planned for the future. The horizontal
model resolution is 40 km with 60 (137 after July 9, 2019)
vertical levels, spanning from surface pressure to 0.01 hPa
at the top level. Forecasts are initialised at 0000, 0600,
1200, and 1800 UTC (Rémy et al., 2019; Rémy et al., 2022).
Hereafter we refer to IFS-AER as the CAMS model. For
the purpose of this study, we use data from the opera-
tional near-real-time forecast (based on IFS model cycles
43R3–47R3). We retrieve DOD remapped to 0.25◦ grid
spacing at the time of model initialisation (analysis).

2.1.3 ERA5

ERA5 is the most recent global reanalysis product from
ECMWF and covers the period from 1950 to the present. It
is calculated with the ECMWF IFS, model cycle 41r2, and
accounts for aerosol by using climatological mean values.
The horizontal grid spacing is 31 km with 137 vertical lev-
els, spanning from surface pressure to 0.01 hPa at the top

level (Hersbach et al., 2020). We use ERA5 data in the case
study for assessing the synoptic situation.

2.2 Observational data

For the evaluation of forecast models we use data derived
from instruments on the geostationary Meteosat Second
Generation (MSG) satellites operated by the European
Organisation for the Exploitation of Meteorological Satel-
lites (EUMETSAT). All products are from measurements
with the Spinning Enhanced Visible and Infrared Instru-
ment (SEVIRI), the main instrument based on the MSG
satellites. SEVIRI employs 12 spectral channels, spanning
from the visible range to the infrared (0.4–13.4 μm). It pro-
vides a sampling resolution of 1–3 km at nadir, and is con-
tinuously scanning with a 15-min repeat cycle (Schmetz
et al., 2002).

2.2.1 Meteosat cloud mask

We use the cloud mask from the EUMETSAT Satellite
Application Facility on Climate Monitoring (CM SAF),
contained in the product group CLAAS ed. 3.0 (Meirink
et al., 2022). Products derived from passive satellite image
data require information about the type of scene contained
within a pixel. Therefore, cloud masking is an essential
step in the processing of MSG images. The cloud-masking
algorithm relies on measured radiances from seven
SEVIRI channels in the visible and infrared and a cli-
matology of cloudiness. It is trained and validated with
reference data from the Cloud–Aerosol Lidar with Orthog-
onal Polarization (CALIOP) on the Cloud–Aerosol Lidar
and Infrared Pathfinder Satellite Observations(CALIPSO)
satellite. The combination of measured radiances and a
climatology allows for the estimation of a probability that
a pixel is cloudy, given the measured radiance. For the
purpose of this study we only use the binary cloud mask,
which classifies a pixel as cloudy if the cloud probability
exceeds a threshold of 50% and clear-sky otherwise (Karls-
son et al., 2020). The MSG CM SAF cloud mask covers a
circular area with a maximum extent from 81.3◦ S–81.3◦ N
and from 81.25◦ W–81.25◦ E on a pixel basis. It is saved on
the native SEVIRI grid in satellite projection. For the pur-
pose of this study, we use retrievals from the latest product
version 004 on their native grid.

2.2.2 Surface incoming shortwave radiation

We use SIS from EUMETSAT CM SAF, derived via
the Surface Solar Radiation Data Set–Heliosat Edition
2 (SARAH-2) methods (Pfeifroth et al., 2018b). The
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HERMES et al. 5

algorithm uses the MAGICSOL method, which is a com-
bination of the Heliosat method (Beyer et al., 1996) with
the SPECMAGIC clear-sky model (Pfeifroth et al., 2018).
For the calculation of solar irradiance during cloudy con-
ditions, a retrieved cloud albedo and a clear-sky model
are used. For the calculation of solar irradiance during
clear-sky conditions, a look-up table approach is used
which takes into account the effects from aerosol. For
aerosols including dust, a modified monthly mean clima-
tology derived from the ECMWF Monitoring Atmospheric
Composition and Climate (MACC) reanalysis is used. For
water vapour, the retrieval algorithm uses the vertically
integrated value from the daily ECMWF hres analysis at
1200 UTC. For ozone, monthly mean values of the verti-
cally integrated ozone column from ERA-Interim reanaly-
sis are used. Uncertainties during clear-sky conditions for
deviations of 0.1 from the monthly mean aerosol optical
depth (AOD) relative to a background AOD of 0.2 are esti-
mated to be about 10 W⋅m−2 (20 W⋅m−2) for a solar zenith
angle of 60◦ (0◦). For cloudy conditions, these uncer-
tainties are reduced with increasing cloud optical depth.
Uncertainties due to deviations in the integrated water
vapour of about 1–2 mm result in uncertainties of about
3 W⋅m−2, with decreasing uncertainties towards higher
water-vapour levels (Pfeifroth & Trentmann, 2018).

Comparison of this SIS product with ground-based
observations across Europe has shown high accuracy, with
mean absolute errors of 6.9 W⋅m−2 relative to measure-
ments. The product has further been shown to be capa-
ble of reproducing observed spatio-temporal SIS trends
and distributions (Pfeifroth et al., 2018a). Even though
the SARAH-2 methods deploy an aerosol climatology, we
expect to capture changes in the aerosol indirect effect
(Mueller et al., 2015) through measured variations in cloud
brightness. For the purpose of this study, we use instan-
taneous SIS derived via the SARAH-2.1 method, product
version 410. It is derived from measurements with SEVIRI
on MSG and covers a circular area with a maximum extent
from 65◦ S–65◦ N and from 65◦ W–65◦ E with a resolution
of 0.5◦. This product is available with 30-min time spac-
ing and the same version the of retrieval algorithm from
February 20, 2018 onward (Pfeifroth et al., 2018b), and
extends beyond the end date of our analysis (March 2021).

As the direct radiative effect of aerosol is implemented
with a prescribed climatology, we expect the satellite prod-
uct to overestimate SIS for cases with DOD above the
climatological mean.

2.2.3 GridSat cloud-top products

The GridSat product combines data from most interna-
tional meteorological satellites in geostationary orbit and

provides an intersatellite calibrated product, covering most
of the globe between 70◦ S and 70◦ N from 1980 until the
present. It is continuously extended to include most recent
dates. The spatial resolution is 0.07◦, which is equivalent to
about 8 km at the Equator. The temporal resolution is 3 hr.
GridSat provides data in three channels (infrared, water
vapour, visible: Knapp et al., 2011).

For the purpose of this study, we use the National
Oceanic and Atmospheric Administration (NOAA) Fun-
damental Climate Data Records (FCDR) of brightness
temperature near 11 microns. For the examined area
of Europe, this is derived mainly from Meteosat-11
measurements.

2.2.4 Radiosonde and station data

The Swiss meteorological service MeteoSwiss performs
radiosoundings at the station Payerne every day at
0000 UTC and 1200 UTC. We use data from the launch on
March 3, 2021 at 1200 UTC.

The DWD deploys a network of stations with instru-
ments measuring SIS. We use measurements from two
selected stations, Köln/Bonn and Hohenpeißenberg,
which deployed a pyranometer and scanning pyrheliome-
ter/pyranometer (ScaPP), respectively, during March
2021. Instruments are regularly calibrated, and perform
automatic dark current corrections, keeping systematic
measurement errors minimal. Relative errors for 1-min
measurements reach up to 2.5% for the pryranometer,
and the ScaPP is expected to perform similarly to the 20%
uncertainty reported for hourly values, according to man-
ufacturer information and internal validation by DWD
Meteorological Observatory Lindenberg–Regional WMO
radiation centre, respectively. We use the climate prod-
uct of 10-min mean values with 10-min time spacing and
automatic quality control and correction (DWD Climate
Data Center, 2022).

2.3 Data processing and averaging

For validation of forecast data against satellite observa-
tions, we perform several operations for spatial and tem-
poral data alignment. We perform all calculations on the
resolution of the respective model grid, hence we remap
satellite data to the model grid. For TCC, BT, and SIS, this
is the regular grid used in the IFS hres run. For comparison
of SIS with ICON(-ART) values, this is the icosahedral grid
used in the operational ICON model. Radiation data from
ICON and IFS models are given as three-hourly mean and
accumulated values, respectively. SIS satellite data from
SEVIRI on MSG are provided as instantaneous data every
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30 min, which we average over 3-hr periods to gain a mea-
sure comparable with the model values. In the following
we refer to data from both variables, the instantaneous BT
at 1200 UTC and the 3-hr mean SIS from 1200–1500 UTC,
as the 1200 UTC values.

2.4 Event selection

Currently operational weather forecast models such as
ICON or IFS do not include prognostic aerosols and
their direct, semidirect, and indirect effects. To explore
whether there is a consistent, statistically robust error dur-
ing dusty conditions, and in order to quantify the typical
model errors during such conditions, we perform a statis-
tical analysis. Inconsistent model versions, satellite instru-
ments, or retrieval algorithms can limit data consistency.
Due to changing retrieval algorithms of satellite products
and data availability, we limit our analysis to the period
from January 2018–March 2022.

We create an event catalogue of multiple events with
elevated dust concentrations over the focus area of the
case study. This area covers Austria, Belgium, continental
France (without Corsica), Germany, Liechtenstein, Lux-
embourg, Netherlands, Switzerland. With this we limit
analysis to approximately the area in which the case study
shows large model errors, as well as to land areas to avoid
skewed results from potential variations in the quality of
satellite retrievals over land or water. Other than previous
studies using relative deviations of on aerosol index from
mean values to define dusty days (Barkan et al., 2005), we
use absolute thresholds for DOD for differentiating from
background aerosol and in order to ensure the selection
of events with high absolute dust loadings. We classify
cells as dusty if the simulated DOD exceeds a background
aerosol threshold value of 0.1. This threshold is consis-
tent with the background AOD threshold used by Hol-
ben et al. (2001) and Kambezidis and Kaskaoutis (2008),
and of similar magnitude to the dust aerosol climatol-
ogy used in the ECMWF IFS model for the study area
(Bozzo et al., 2017). Additionally we compute the median
DOD over the area, in order to select events where a large
number of cells show elevated DOD. Based on these com-
puted area values, we manually tune thresholds so that
they result in the selection of the dust events over Cen-
tral Europe during the beginning and end of February 2021
and beginning of March 2021: If more than 25% of cells
are classified as dusty and the median DOD is greater than
0.075, we select the date as a dust day. For both criteria,
we use DOD data from the near-real-time CAMS forecast
at initialisation time, which shows reasonable skill com-
pared with measurements (Flentje et al., 2021; Gueymard
& Yang, 2020). Finally we manually analyse the selected

days for other prominent aerosol species over the selected
areas, to ensure mineral dust is the dominant aerosol.

2.5 Case classification

For the quantification of model errors during dust events,
reference data are required. At the time of this study, the
ECMWF operational analysis does not reproduce the cir-
rus cloud cover during dusty conditions reliably, hence it
cannot be used as reference. In contrast, satellite retrievals
for BT and SIS are available as operational products with
consistent retrieval algorithms. We hence validate the
model forecast directly against satellite products in order
to provide a quantitative assessment of model errors. To
investigate model errors in the presence or absence of dust,
we apply a cell-based approach. For this we classify model
cells into different cases: cells affected by the hypothe-
sised source of model error (with dust) and those without
the hypothesised source of model error (without dust).
Furthermore, we differentiate between cloudy cells and
clear-sky cells in order to quantify direct or indirect effects.

Therefore, we classify all model cells by two crite-
ria: firstly by cloudiness, which we derive from the cloud
mask and via the output variable TCC (total cloud cover)
from the IFS model. In the case of the IFS model, we
chose thresholds of TCC<25% and>75% for the classifica-
tions clear-sky and cloudy, respectively. We only take val-
ues from cells where cloudiness from satellite and model
agree. This lowers the risk of the double-penalty problem
concerning the cloud cover during the evaluation. Sec-
ondly, we classify all model cells by the presence of dust,
which we determine via the total DOD from the CAMS
model. If the cell value is greater than or equal to the
threshold value we classify the cell as dusty; if it is less than
the threshold we classify it as not dusty. We use a DOD
threshold of 0.1 to differentiate from background aerosol.
Additionally, we test the variation of DOD threshold values
from 0.01–1 in order to investigate the sensitivity of model
errors to increasing dust concentrations. We apply both
criteria to each model cell and event, in order to obtain dif-
ferent classes for enabling differentiation between direct
effects of dust during clear-sky conditions and indirect
effects during cloudy conditions. This results in four spe-
cific cases: (1) clear-sky with dust, (2) cloudy with dust,
(3) clear-sky without dust, (4) cloudy without dust. This is
summarised in Figure 1.

In a subsequent step we calculate the model error for
each cell for both BT and SIS, as follows:

BTdifference = BTmodel − BTsatellite,

SISratio =
SISmodel

SISsatellite
.
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HERMES et al. 7

TCC < 0.25 TCC > 0.75

yesyes

TCC threshold

clear-sky cloudy

not
usedagrees with cloud mask?

(satellite)

clear-sky
with dust

clear-sky
w/o dust

cloudy
with dust

cloudy
w/o dust

DOD threshold

0.25 ≤ TCC ≤ 0.75

no

all cell values
(model)

DOD < 0.1DOD ≥ 0.1 DOD ≥ 0.1 DOD < 0.1

F I G U R E 1 Classification of four different cases depending
on simulated total cloud cover (TCC), satellite cloud mask, and
simulated dust optical depth (DOD). The criteria are applied to each
grid-cell value from all events in the event catalogue. [Colour figure
can be viewed at wileyonlinelibrary.com]

To account for temporal autocorrelations between selected
dust days, we summarise consecutive dust days into the
same event. Next we compute the area-weighted median
model error relative to satellite data from all cells within
the respective case and per dust event, in order to account
for spatial correlations. We then use the distribution of
median model errors per event and case for statistical
testing and error quantification, and for intercomparison
between the four cases.

3 RESULTS

We first present the results of a case study for a partic-
ularly pronounced event with Saharan dust over Europe.
We use the pre-operational ICON-ART model to inves-
tigate how a model with prognostic aerosol reproduces
observed conditions. We compare this with the ICON
model without ART and the ECMWF IFS model, which
both deploy aerosol climatologies. The IFS model in par-
ticular is widely used for operational forecasting, and
simulations of dust concentrations are available from its
coupled version IFS-AER. In a second step, we make
use of the available IFS and IFS-AER analyses and
short-range forecasts and perform a statistical analysis
for a large set of dust events to investigate whether
model errors are systematic and quantify deviations from
observations.

3.1 Dust event case study

3.1.1 Synoptic situation

During February and March 2021, several events occurred
during which high loads of Saharan dust were transported
towards Western and Central Europe. In a recent publi-
cation, Francis et al. (2022) showed that two dust events
in February 2021 coincided with ARs. In the following we
focus on a later episode in early March 2021 and base our
synoptic analysis on data from CAMS (DOD) and ERA5
(all other variables).

At the end of February and beginning of March 2021,
large parts of Europe were under the influence of a pro-
nounced anticyclone with its high-pressure centre over
Germany (not shown). This system formed an omega-like
situation over Central Europe and caused large-scale sub-
sidence with stable clear-sky conditions. West of the anti-
cyclone, a trough spans from a low-pressure region over
the Bay of Biscay via the western Iberian peninsula into
Morocco. These conditions can favour the formation of
North African cyclones (e.g., Knippertz & Fink, 2006).
At the same time, the SEVIRI desert dust red-green-blue
(RGB) composite (Lensky & Rosenfeld, 2008) shows pink
colours in the south of Algeria (not shown), a known
dust source region during spring (Ginoux et al., 2012).
Elevated dust appears in pink colours in this RGB prod-
uct. Pink colour patters, presumably dust, are advected
northwards and reach the Mediterranean coast on the
morning of March 1. Multiple stations in the north of Alge-
ria report dust on March 1, 2021. Additionally, stations in
Er-Rachidia (Morocco) record gusts of up to 59 km⋅hr−1

and stations in Tozeuz/Nefta (Algeria) gusts of up to
65 km⋅hr−1, a favourable condition for further dust emis-
sion. The southerly flow over the western Mediterranean
advects subtropical air masses and Saharan dust north-
ward. On March 2, the high-pressure system over Cen-
tral Europe starts to weaken. Over the western Mediter-
ranean, southerly flow persists and advects Saharan dust
further, and a high-level cloud shield forms. On March
3, Western and Northern Europe are under increasing
cyclonic influence (Figure 2a). A cut-off cyclone is evident
over North Africa. Ahead of an approaching short-wave
trough over Western Europe, satellite BT from March 3
at 1200 UTC shows a high-level cloud extending from the
Iberian peninsula over central France towards Central
Europe (Figure 2b). Enhanced southwesterly to westerly
winds in the mid and upper troposphere favour the advec-
tion of Saharan dust in these layers. Compared with the
dust outbreaks during February 2021 (Francis et al., 2022),
the transport of integrated water vapour (IVT) is much
lower at the event examined here (Figure 2a). This is
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8 HERMES et al.

(a) (b)

(c) (d)

F I G U R E 2 Synoptic situation, modelled dust, and model errors over Europe on March 3, 2021, 12 UTC. (a) Integrated vapour
transport (IVT, computed in analogy to Francis et al., 2022), 500-hPa geopotential height (contours in geopotential decameters (gpdm) with a
8-gpdm contour interval), and mean sea-level pressure (contours in hPa with a 4-hPa contour interval) over North Africa and Europe. All
data from ERA5. (b) Brightness temperature (shading in K) and 500-hPa geopotential height (contours in gpdm with a 4-gpdm contour
interval). The DWD station Köln/Bonn is marked with a star and Hohenpeißenberg is marked with a filled circle. Brightness-temperature
data are retrieved from Gridsat satellite composites with 0.07◦ resolution. Geopotential height from ERA5. (c) Dust forecast from ICON-ART.
Colour shading shows DOD above 5000 m. Data are retrieved from a pre-operational +12 hr forecast with a grid spacing of 20 km. (d)
Absolute difference in surface shortwave radiation between ICON-ART model and MSG satellite, mean from 1200–1500 UTC. Model data are
retrieved from a pre-operational +15 hr forecast with a grid spacing of 20 km and from CM SAF operational products using the SARAH-2
methods, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

corroborated by the AR database (Guan, 2022) developed
by Guan and Waliser (2015) and based on Modern-Era
Retrospective analysis for Research and Applications, Ver-
sion 2 (MERRA-2) reanalysis data, which does not iden-
tify ARs in the western Mediterranean during the period
examined. We evaluate the capability of current models
to reproduce the observed conditions on March 3, 2021
in a case study. For this, we analyse firstly a simulation
with the pre-operational ICON-ART model with prognos-
tic dust and secondly the operational IFS with a dust
climatology.

3.1.2 Pre-operational forecast
with prognostic dust: ICON-ART

At the time of this study, ICON-ART is used for
pre-operational dust forecast by DWD. We use this fore-
cast for evaluating the extent of the dust plume. On March
3, 2021, 1200 UTC, the forecast shows the dust plume
extending into altitudes above 5000 m and spanning from
North Africa and the Iberian peninsula via France to Cen-
tral Europe (Figure 2c). This implies overlap of the dust
plume with the observed high-level cloud (Figure 2b) and
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HERMES et al. 9

suggests that dust might play a role in the formation of this
cloud. Further examination indicates the model simulat-
ing vertical structures of dust (Appendix Figures A1,A2)
and moisture (Appendix Figure A4) with reasonable skill.

Cloud cover and cloud properties play an important
role for the radiative budget in the atmosphere (Boucher
et al., 2013). Consequentially, model errors in cloudiness
manifest as errors in radiative quantities. For assessing
this, we further compare SIS from ICON-ART with SIS
derived from MSG. Figure 2d shows the difference in SIS
between the ICON-ART model and the satellite retrieval.
The model shows slightly lower values than the satellite for
clear-sky regions, with differences of up to 20 W⋅m−2 over
Italy and the central Mediterranean and up to 65 W⋅m−2

over Poland. Taking into account that the SIS satellite
retrieval shows a positive bias during conditions with ele-
vated aerosol concentrations over the climatology (see
Section 2.2.2), we consider this a reasonable agreement. In
areas of low or broken clouds, varying patterns of disagree-
ment between model and satellite can be seen, which can
mostly be related to temporal or spatial shifts in cloudiness
between model and satellite. In the area of high DOD and
high-level clouds, namely the area between the Iberian
peninsula and Central Europe, model and satellite show
strong and spatially consistent deviations in SIS. Absolute
differences exceed 100 W⋅m−2 in a wide swath, and exceed
300 W⋅m−2 at individual locations. This translates into rel-
ative model errors in SIS of up to 50%. Spatial consistency
of the deviations with the high-level cloud layer and dust
plume suggests the model has problems reproducing the
observed high cloudiness.

ICON-ART reproduces cloud cover in lower layers and
regions with moderate DOD. However, also in ICON-ART
the cirrus cloud shield in the area of elevated DOD is
absent (not shown). Recalling that our ICON-ART version
does not include aerosol–cloud interaction, we take this as
a strong indication that dust played an important role for
the formation of the high-level cloud and suggest it being
a dusty cirrus cloud (Seifert et al., 2023).

For evaluating the plausibility of SIS values, we com-
pare SIS data from model and satellite with ground-based
measurements. We further include model data from ICON
with different aerosol implementations, namely a setup
with aerosol climatology (ICON) and the pre-operational
setup with prognostic aerosol (ICON-ART), for examin-
ing whether the improved representation of direct aerosol
effects improves forecast of SIS for the examined March
3 event. We focus on two selected stations: Köln/Bonn,
which is located in the west of Germany and expe-
riences clear-sky conditions on March 3, and Hohen-
peißenberg in the south of Germany, which is located
directly under the cloud shield on March 3 (for loca-
tions see Figure 2b). We evaluate SIS for both stations

and the different cloudiness and dust conditions from
March 2–4 in Figure 3. On March 2, Köln/Bonn and
Hohenpeißenberg are both located under clear-sky con-
ditions with low DOD. SIS from station measurements
and satellite retrieval shows good agreement. Both ICON
and ICON-ART show very similar values with and with-
out aerosol effects, slightly underestimating SIS com-
pared with ground- and satellite-based retrievals at both
stations.

On March 3, ICON-ART shows increasingly dusty con-
ditions for both stations, while the satellite image shows
Köln/Bonn under clear-sky conditions and Hohenpeißen-
berg under the dense cirrus cloud shield. SIS model data
from ICON shows similar values to those on March 2,
indicating that ICON does not reproduce the reduced SIS
during dusty conditions. In contrast, ICON-ART clearly
shows a reduction in SIS by 50 W⋅m−2 for Köln/Bonn
and by 75 W⋅m−2 for Hohenpeißenberg on March 3 at
1200 UTC compared with March 2 and compared with
ICON. For Köln/Bonn, the ICON-ART value matches the

F I G U R E 3 Intercomparison of SIS from model forecasts,
satellite, and station measurements and dust forecast from March
1–3, 2021 at Köln-Bonn and Hohenpeißenberg. ICON and
ICON-ART values are retrieved with one-hour spacing from
operational and pre-operational forecasts, respectively, with daily
re-initialisation at 0000 UTC. Station data with 10-min spacing are
from station-based measurements from DWD. Satellite data with
30-min spacing are retrieved from CM SAF operational products
using the SARAH-2 methods. The dust forecast is from ICON-ART.
For Köln-Bonn the simulated station in ICON is located about
17.5 km SE from the DWD station. [Colour figure can be viewed at
wileyonlinelibrary.com]
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10 HERMES et al.

station measurement very well. Satellite SIS shows slightly
reduced values compared with the previous day but also
overestimates radiation compared with the pyranometer
measurement. For Hohenpeißenberg, values from both
model setups are still much higher than the station mea-
surement and satellite retrieval. This suggests that the
implementation of prognostic aerosol leads to an improve-
ment of the direct radiative effect in ICON-ART, espe-
cially under clear-sky conditions. However, the current
level of model complexity is not sufficient for reproduc-
ing SIS adequately during dusty conditions with clouds.
On March 4, both stations experience changing conditions
of cloudiness and reduced DOD compared with March 3.
SIS from satellite retrievals agrees well with the station
measurements. Models show no clear difference between
ICON and ICON-ART but smoothing due to reduced time
resolution in comparison with measurements. For Köl-
n/Bonn the models roughly reproduce daily SIS, whereas
for Hohenpeißenberg, where DOD remains higher, both
models still overestimate SIS.

From intercomparison of SIS values from station mea-
surements, satellite, and ICON with and without prog-
nostic dust, several characteristic features can be sum-
marised. Firstly, satellite retrievals generally match well
with ground-based measurements. Discrepancies during
dusty clear-sky conditions might be related to the use of an
aerosol climatology in the satellite retrieval. Secondly, the
model forecast during dusty clear-sky conditions improves
with the inclusion of prognostic aerosol accounting for
direct radiative effects from dust. Thirdly, the forecast dur-
ing dusty cloudy conditions is not captured well by either
model, which suggests that the implementation of prog-
nostic aerosol with direct radiative effects is not sufficient
for the model to capture cloudiness and subsequently SIS
during these conditions.

3.1.3 Operational model without
prognostic dust: ECMWF IFS

Since the pre-operational ICON-ART model shows prob-
lems with reproducing high clouds during the dust event
studied here, we examine the ECMWF IFS model to eval-
uate how the dust event on March 3, 2021 is reproduced by
a model that implements dust via prescribed climatologies
and is currently used for operational weather forecasting.
To keep discrepancy from the model analysis low, we base
our analysis on IFS products at initialisation time (BT) or
from the first timestep when temporally accumulated vari-
ables are available (SIS, +3 hr forecast). We only use data
from the IFS hresrun.

We firstly analyse the simulated BT from IFS in
Figure 4, a direct model output that can be compared with
the GridSat BT (derived from MSG) in Figure 2b. Compar-
ing cloud patterns over North Africa, the Bay of Biscay, or
the Baltic, there is a good agreement in cloud structures
between model and satellite on March 3. Focusing on the
region with the observed high-level cloud, model and satel-
lite differ. The discrepancies between model and satellite
are most pronounced in the area of high DOD according to
the ICON-ART dust forecast and reach values up to 75 K,
suggesting the high cloud layer is highly underestimated
or missing in the model. By analogy with the previous
section, we analyse SIS from the IFS model relative to data
derived from the Meteosatsatellites via SARAH-2 meth-
ods (Figure 4). Additionally we analyse output from model
runs with increased forecast lead times (not shown). For
data in clear-sky regions, there is good agreement between
model and satellite. In areas of low or broken clouds,
there are varying patterns of discrepancy between model
and satellite, which are mostly related to temporal or spa-
tial shifts of clouds between model and satellite. These

(a) (b)

F I G U R E 4 Model simulation with ECMWF IFS for March 3, 2021, 1200 UTC. Data are retrieved from the hres run with a grid spacing
of 9 km. (a) Simulated brightness temperature. Data are retrieved from a forecast at initialisation time. (b) Absolute difference in surface
shortwave radiation between ECMWF IFS model and MSG satellite, mean from 1200–1500 UTC. Data are retrieved from a +3 hr forecast and
from CM SAF operational products using the SARAH-2 methods, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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HERMES et al. 11

differences increase with increasing forecast lead times,
resulting in the noisy pattern. In the area of the dusty cir-
rus cloud, the model does not show strong reductions in
SIS. In contrast, SIS derived from satellite shows largely
reduced values in this area. Absolute differences between
model and satellite exceed 100 W⋅m−2 in a spatially con-
sistent area between the Iberian peninsula and Central
Europe and exceed 300 W⋅m−2 at individual locations. This
translates into relative model errors of up to 50% in the
area of the (missing) cirrus cloud, and agrees well with
the error pattern observed for ICON-ART. This promi-
nent error pattern under the cirrus cloud is consistent
between the model analysis and forecasts with increased
lead times.

3.1.4 Case study summary

During the beginning of March 2021, Saharan dust was
advected towards Central Europe. Other than during dust
events in February 2021, this did not coincide with an
AR. Satellite data show a high and spatially consistent
high-level cloud over Western and Central Europe on
March 3, which overlaps with the simulated dust plume
at altitudes above 5000 m. The prominent high-level cloud
on March 3 is consistently underestimated or missing
in a pre-operational model with prognostic calculation
of aerosols (ICON-ART) as well as in operational mod-
els using aerosol climatologies (ICON, ECMWF IFS). The
pre-operational ICON-ART model with prognostic aerosol
and direct effects reproduces the general weather condi-
tions reasonably on March 3, but does not properly repro-
duce the high-level cloud in the area of the dust plume.
The missing dusty cirrus cloud leads to model errors in SIS
of more than 100 W⋅m−2 in a wide swath, and peaks above
300 W⋅m−2 (about 17% and 50% of total SIS). Intercompar-
ison with ICON shows improvement of the direct effect on
SIS with the inclusion of prognostic dust. This, however,
still underestimates indirect effects during cloudy condi-
tions. As the model shows nearly perfect spatial overlap
of the dust plume with model errors in cloudiness, min-
eral dust is efficient, as INP and indirect effects are not
yet implemented into ICON-ART: we conclude that dust
is very likely the cause of model errors for the event exam-
ined here. Similar errors in clouds and SIS are recorded
for the operational IFS model. Errors exist in both model
analysis and forecast with various lead times, suggesting a
missing implementation of relevant processes in the model
leading to this error.

Comparison of SIS satellite and station data shows
good agreement during continuously cloudy conditions
with dust, where the optical depth from clouds dominates
extinction in the atmosphere, as well as during clear-sky

conditions without dust. The SIS retrieval from satellite
measurements, however, does not account for increased
direct radiative effects during elevated dust concentra-
tions. This becomes particularly obvious during clear-sky
conditions with dust when compared with station mea-
surements. SIS from satellite retrievals should therefore
be handled with caution when used as a reference.
ICON shows improvement of the SIS forecast under dusty
clear-sky conditions with the inclusion of the ART mod-
ule. ART adds prognostic aerosol, but only includes the
direct radiative effect of dust. Under the cloudy condi-
tions with dust studied here, the direct aerosol effect is not
sufficient for reproducing SIS from measurements. Mod-
els do not reproduce the extensive high-level cloud in the
area of the dust plume. As the model errors in cloudiness
align spatially with dust above 5000 m, and comparison
with station data shows improvements with the inclu-
sion of direct effects, we conclude that dust effects are
likely the source that causes these errors. Recently, Seifert
et al. (2023) suggested a novel subgrid parametrisation
for dusty cirrus clouds and showed that only with this
parametrisation is ICON-ART able to simulate the forma-
tion of these clouds. We conclude that, in particular, the
missing implementation of indirect aerosol effects is likely
the cause of the models not reproducing the high-level
cloud in regions of high dust concentrations.

3.2 Statistical analysis

3.2.1 Event catalogue

As shown in the previous section, omitting prognostic
dust and dust–radiation–cloud interactions in operational
weather forecast models can lead to large errors in radi-
ation and cloudiness forecasts during Saharan dust out-
breaks. To verify if such errors occur systematically during
dust events, we investigate the dust events in recent years.
To extract the “dusty days”, we apply the selection crite-
ria explained in Section 2.4 for the period from January
2018–March 2022 for each day at 0000 and 1200 UTC. This
yields the selection of 49 individual days and translates
into an average of 11.5 dust days over Central Europe per
year. Clustering of consecutive dust days into events results
in 24 dust events. Manual screening confirms mineral dust
as the dominant aerosol for all events. All dates selected
for the event catalogue are summarised in Table 1. Most
dust days occur during spring (MAM, 24 days), followed
by summer (JJA, 12 days). During autumn (SON, 4 days)
and winter (DJF, 8 days), dust events over Central Europe
are less frequent. This seasonality agrees with other stud-
ies (e.g., Moulin et al., 1998; Israelevich et al., 2012; Merdji
et al., 2023), which that show Saharan dust transport to
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12 HERMES et al.

T A B L E 1 Selected dates for the dust event catalogue from application of the selection criteria to the area of Central Europe.

Selected dust days

2018-04-07 2019-04-22 2020-01-23 2021-02-06 2022-03-15

2018-04-08∗ 2019-04-23∗ 2020-05-13 2021-02-07∗ 2022-03-16∗

2018-04-09∗ 2019-04-24∗ 2020-11-07 2021-02-22 2022-03-17∗

2018-04-23 2019-06-10 2021-02-23∗ 2022-03-18∗

2018-05-26 2019-06-11∗ 2021-02-24∗ 2022-03-29

2018-05-27∗ 2019-06-14 2021-03-02 2022-03-30∗

2018-05-28∗ 2019-06-15∗ 2021-03-03∗

2018-05-31 2019-06-25 2021-03-04∗

2018-06-11 2019-06-26∗ 2021-04-01

2018-08-07 2019-06-27∗ 2021-04-02∗

2019-07-24 2021-06-18

2019-07-25∗ 2021-06-19∗

2019-10-13 2021-06-20∗

2019-10-14∗

2019-10-23

2019-12-17

2019-12-18∗

Note: Consecutive dust days, which were summarised into the same event as the previous date, are marked with an asterisk.

the Mediterranean region and Europe is most active during
spring and summer.

3.2.2 Synoptic situation

For assessing the mean synoptic situation during days
with Saharan dust over Europe, we compute composites
from all dust days in the event catalogue. Figure 5 shows
the composite of 500-hPa geopotential and total DOD
from CAMS. This shows a pronounced trough over the
Iberian peninsula, which extends over the Atlas moun-
tains and Algerian desert regions, while the Central
Mediterranean is under anticyclonic influence. The syn-
optic composite resembles the mean synoptic conditions
observed for dust transportation days to Central Europe
by Barkan et al. (2005). The pronounced trough span-
ning into the Atlas mountains is characteristic for condi-
tions that favour the formation of North African cyclones,
which are efficient for dust transport to the Mediterranean
region (Flaounas et al., 2015). With the tendency for ele-
vated wind speeds and quasigeostrophic forcing ahead
of the trough axis, dust emission and lifting into higher
atmospheric layers can be assumed. For dust days in our
catalogue, dust mainly reaches Europe with the general
flow via the Western Mediterranean.

3.2.3 Statistical results

We analyse BT difference and SIS ratio for the four differ-
ent case classes (Section 2.5) and the operational forecasts
of ECMWF. We only use data from the IFS hres run.
Figure 6 shows the median of these relative errors over
all dust events in the evaluated Central Europe area (see
definition in Section 2.5 and Figure 5), but for different
DOD thresholds classifying with/without dust. Note that
a DOD threshold of 0.1 is used for initial event detec-
tion. Further note that we only use cells where model and
satellite agree on cloudiness (15.2% of cells do not agree
and were discarded for the analysis), and that area-median
errors were computed for each case class per event prior
to computing the median over all events. Generally, for
higher DOD thresholds model errors increase. For very
high threshold values, only a few or no dust events contain
cells that exceed the threshold, hence the number of events
with dusty cases is low or not available (clear-sky with
dust). This results in abrupt variations in values for cases
with dust with increasing DOD threshold. For both BT and
SIS, the case “cloudy with dust” stands out and shows a
strong increase of the model error with increasing DOD
threshold. For the other cases, the increase of model errors
with increasing DOD threshold is small. Thresholds for
TCC are chosen as outlined in Section 2.5(<25% and>75%
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HERMES et al. 13

F I G U R E 5 Composite of the large-scale synoptic situation
from all dust days in the event catalogue, each day at 1200 UTC. We
show the 500-hPa geopotential field (labeled contours in
geopotential decameters (gpdm) with a 6-gpdm contour interval),
total DOD (colour shading), and the area of evaluation in Central
Europe (unlabeled contour). Fields are retrieved from the CAMS
near-real-time forecast at initialisation time. [Colour figure can be
viewed at wileyonlinelibrary.com]

for classification as clear-sky and cloudy, respectively).
Stricter thresholds do not show a significant difference for
clear-sky conditions and BT, but increase the SIS errors
during cloudy conditions with dust (not shown), while
reducing the total sample size. Also independent of the
DOD threshold, cloudy grid cells with dust feature a higher
median error in BT and SIS compared with their counter-
part without dust. This strongly points to dust playing an
important role in causing large errors in cloud parameters,
and subsequently surface radiation.

For further statistical analysis we chose the thresh-
old DOD of 0.1 at individual grid points. This value is
exceeded during each dust day, so that we include values
from each dust event. Table 2 summarises model errors
relative to satellite measurements for the four cases at
this threshold. Comparing model errors between the four
cases, prominent characteristics stand out.

Firstly, the cloudy cases show a wide distribution of
model errors (Figure 6, solid boxes), compared with a
narrow distribution for clear-sky cases (Figure 6, dashed
boxes). As this persists in both cases with dust (red) and
cases without dust (blue), we relate the broad error distri-
bution in the cloudy cases to non-dust-related variations in
cloudiness and cloud properties between model and satel-
lite. The narrow distribution of clear-sky errors suggests
consistency of model values relative to satellite retrievals.

Secondly, the case cloudy with dust shows the largest
median model error for both BT (7.0 K) and SIS (6.2%).

F I G U R E 6 Sensitivity of BT difference (model − satellite)
and SIS ratio (model/satellite) to the DOD threshold value for
classification of cells with/without dust. Cases with dust in red with
square markers, cases without dust in blue with cross markers.
Dashed lines indicate clear-sky conditions, solid lines indicate
cloudy conditions. Line plots show the median value, box plots
show quantiles (0.10, 0.25, 0.5, 0.75, 0.90) for a DOD threshold of
0.1. Data from all events in the event catalogue at 1200 UTC each
day are shown, alongside model data from the ECMWF IFS (hres) at
the time of initialisation at 1200 UTC (BT) or the first timestep when
temporally accumulated variables are available (SIS, +3 hr forecast),
and satellite data for BT and SIS from GridSat and MSG (CM SAF),
respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

Median model errors are smaller for the other cases and
of similar magnitude between cases. Setting median errors
for cases with dust in relation to cases without dust, infor-
mation about the effect of dust can be drawn. We test the
significance of the differences in the medians between the
case with dust and the corresponding case without dust via
bootstrapping the difference of medians. We draw samples
from the distributions of area medians from all events for
both cases, with a sample length equal to the sample size
of the distribution. Note that all distributions contain val-
ues for all 24 events, and therefore are of equal length. We
calculate the difference in sample medians for each boot-
strap replicate. We use a total number of 1000 bootstrap
replicates for calculating the bootstrapping distribution.
For all tests, we select a 95% confidence interval around the
bootstrapping distribution median and call the differences
significant where this interval does not extend over zero.
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14 HERMES et al.

T A B L E 2 Deviations of the IFS model values for BT and SIS from satellite retrievals for a DOD threshold of 0.1 for all events from the
catalogue.

Case Deviation from satellite Sample size

Median Mean Std Rel. / abs.

Clear-sky with dust BT −0.8 K −1.5 K 2.8 K 6.4%/4374

SIS −3.2% −2.5%∗ 9.8%

Cloudy with dust BT 7.0 K∗ 8.54 K∗ 9.1 K 29.5%/20,147

SIS 6.2% 14.1%∗ 19.4%

Clear-sky w/o dust BT −1.5 K −2.0 K 2.2 K 19.8%/13,481

SIS −5.5% −6.1%∗ 3.7%

Cloudy w/o dust BT 1.7 K∗ 2.4 K∗ 4.1 K 44.3%/30,250

SIS 0.1% 5.9%∗ 14.8%

Note: BT difference in absolute values, SIS as deviation from the ratio 100% (SIS ratio−1). Statistics are computed from the distributions of area-median errors per
case and event. Sample size on cell level over all dust days before collecting in events and area-averaging per event. Cells where model and satellite cloudiness
do not agree are excluded. Cases with significant difference between conditions with and without dust at the 95% confidence level are marked with an asterisk.
Abbreviations: BT, brightness temperature; SIS, surface incoming shortwave radiation.

For clear-sky cases, the differences in BT median errors
between the cases with dust and without dust reach 0.7 K.
For SIS, the differences reach 2.3%. Both are not signifi-
cant. For cloudy cases, the differences in BT median errors
between the cases with dust and without dust reach about
5.3 K and are significant. For SIS the differences reach 5.1%
and are not significant. We apply the same procedure for
testing the differences in the mean errors between the case
with dust and the corresponding case without. This con-
firms significance for BT under cloudy conditions with
dust. Additionally, the mean errors in SIS under clear-sky
and cloudy conditions with dust are significantly differ-
ent from the corresponding cases without dust. Median
differences do not agree with this, therefore we con-
clude no robust significance for differences in SIS. These
findings suggest that the indirect effect plays the domi-
nant role for causing forecast errors in properties such as
cloud-top height or cloud optical depth during dust events.
While SIS errors during cloudy conditions are positive,
a significant effect from dust cannot be confirmed when
comparing the cases with/without dust. This is partly con-
sistent with the findings in Section 3.1, which show that
the indirect effect dominates the absolute amplitude of
model errors in a model without prognostic aerosol when
compared with station measurements. The clear indica-
tions for the direct aerosol effect causing forecast errors
during clear-sky conditions when compared with station
measurements cannot be confirmed by our multi-event
analysis. However, it must be noted that the SIS satel-
lite product likely shows a positive bias during clear-sky
conditions with highly elevated aerosol optical depth, due
to the deployment of a prescribed aerosol climatology in
the retrieval method (Pfeifroth & Trentmann, 2018, see
Section 2.2.2).

Thirdly, errors for clear-sky cases are negative. This is
consistent between cases with and without dust for BT and
SIS, and might be attributed to a general clear-sky bias in
model or satellite data.

Our analysis only assesses cases where model and
satellite agree on cloudiness, and excludes cases where
model and satellite do not agree whether a cell is
“clear-sky” or “cloudy”. Since Section 3.1 has shown that
dust can lead to conditions where models do not reproduce
observed clouds, we investigate whether the IFS model
reproduces total cloud fraction compared with the satellite
cloud mask. We compute cloud fraction per event directly
from the TCC model variable, and the cloud fraction in
the satellite cloud mask from the fraction of clear-sky pix-
els from all pixels. For each event we then compute the
mean over cells or pixels above/below the DOD threshold.
Figure 7 shows the mean cloud fraction over all events for
increasing DOD thresholds. Model and satellite cloud frac-
tion agree well for DOD<0.1, with maximum deviations of
model values from the satellite cloud mask of up to 2.3%.
With increasing DOD, cloud fraction from the satellite
cloud mask increases. This increase is underestimated by
the model, which shows up to 19.8% lower cloud fraction
than the satellite for a DOD greater than or equal to 0.7.
This matches with the findings in Section 3.1, which show
that models without prognostic dust might not reproduce
cloudiness during conditions with dust, again pointing to
the indirect effect from dust playing an important role for
causing model errors during such conditions. We conclude
that the increase in cloud fraction with increasing DOD
is likely related to indirect effects from dust. We hypoth-
esise that this effect might additionally be enhanced by
increased moisture transport during AR events, which
have been shown to coincide frequently with dust episodes

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4666 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [06/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



HERMES et al. 15

F I G U R E 7 Cloud fraction from model, satellite, and ratio of
model to satellite cloud fraction for different DOD threshold values
for classification of cells with/without dust. Data from all events in
the event catalogue at 1200 UTC each day. Model data from the
ECMWF IFS (hres) at the time of initialisation at 1200 UTC (BT).
Satellite data from the MSG CM SAF cloud mask. [Colour figure
can be viewed at wileyonlinelibrary.com]

over Europe (Francis et al., 2022). However, the under-
estimation of cloud fraction in the model can have var-
ious sources beyond the availability of CCNs, INPs, or
water vapour, and a bias in the cloud-mask classification
algorithms cannot be ruled out. A systematic assessment of
this model error is beyond the scope of this study but might
be investigated in future work. Concluding, the analysis of
49 dust days over Central Europe shows strong sensitivity
of model errors to dusty and cloudy conditions. Compar-
ing absolute model errors with satellite ones, and relative
errors of the dust case with those of the no dust case,
we conclude that the misrepresentation of cloud proper-
ties plays a dominant role for causing model errors during
dust events. We further find that the model underestimates
increased cloud fraction during dust events. With Saharan
dust transport towards Europe occurring multiple times
per year, our statistically robust quantification of model
errors emphasises the need for the inclusion of the dust
indirect effect into NWP models in order to improve the
representation of cloud properties during such events.

4 CONCLUSION

Current operational weather forecasting models, such as
the ICON model at DWD and IFS model at ECMWF,
deploy prescribed aerosol climatologies for implementing
dust effects on clouds and radiation. In this study we show
that during Saharan dust outbreaks, when concentrations
of mineral dust are greatly above climatological means,
this approach leads to a significant underestimation of
cloudiness and an overestimation of global radiation.

We first examined a dust event on March 3, 2021 and
showed that both IFS and the ICON model are incapable

of reproducing the observed cirrus clouds co-located with
the dust plume. Even coupled with the aerosol module
ART, the pre-operational ICON-ART does not reproduce
observed cloudiness, but improves the direct aerosol effect
in clear-sky regions. Consequentially, deviations in SIS
relative to satellite retrievals reach up to 50% of total
SIS for both IFS and ICON-ART in cloudy conditions.
Nevertheless, both models reproduce the larger synop-
tic situation with skill, and for ICON-ART the structure
of the dust plume matches satellite retrievals. Thus, the
implementation of direct effects improves the SIS forecast
during dusty clear-sky conditions in this case but is not
sufficient to reproduce measured values during dusty and
cloudy conditions. As the deviations from measurement
data exist for both model analysis and forecast, and as
models reproduce the general weather situation in most
areas without dust with skill, we conclude that the lacking
implementation of dust indirect effects is the most likely
cause for this model error.

We further show via statistical analysis of all dust
events over Central Europe from 2018 to spring 2022 that
this underestimation does not occur only during a partic-
ular dust event but is statistically robust throughout all 49
dust days. Our statistical analysis shows that the model
deviations from satellite retrievals occur most prominently
under dusty conditions with clouds. Absolute errors are
highest for cloudy conditions with dust, with median abso-
lute errors in BT of 7.0 K and median absolute errors in
SIS of 6.2% for dust cases with DOD equal to or greater
than 0.1. Differences between the cases with and without
dust are highest for cloudy conditions, with differences in
median errors in BT of 5.3 K, which are significant at a
95% confidence level. This indicates a systematic effect of
dust on cloud properties such as cloud depth, cloud height,
and cloud optical thickness. For SIS, differences in median
errors reach 6.1% but are not significant between the cases
with/without dust. For clear-sky cases, absolute errors in
BT and SIS are much smaller than for cloudy conditions
and are not significant. However, as the satellite retrieval of
SIS is known to be particularly biased under clear-sky con-
ditions with aerosol concentrations greatly above the cli-
matological mean, quantification of clear-sky SIS against
satellite data should only be done with caution. Our case
study shows that a bias in the satellite retrievals of SIS dur-
ing clear-sky conditions with dust could obscure model
errors during such situations. We hence conclude that we
cannot prove nor rule out a significant error from direct
dust effects. We suggest testing the usage of near-real-time
model fields of aerosol for future versions of SIS retrievals,
and a comparison with retrievals deploying an aerosol cli-
matology. We further show that cloud fraction increases
with increasing DOD, a behaviour that the IFS model
does not reproduce sufficiently. We suggest future research
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to assess the cause of the underestimated cloud fraction
during dust events in detail, in order to disentangle the
effect of dust on cloud formation from other processes:
for example, from potentially increased moisture trans-
port when dust days over Europe coincide with AR events
(Francis et al., 2022).

Our study shows that operational weather forecasting
models currently still lack the skill to reproduce cloudi-
ness during dust events adequately. Analysis of dust events
from several years shows that these underestimations
occur frequently. With 49 extremely dusty days occur-
ring over the area examined during the study period,
this highlights the importance of implementing prognos-
tic dust in numerical weather prediction models. Despite
pre-operational models simulating direct effects of min-
eral dust, which improves the forecast during clear-sky
conditions with elevated concentrations of dust, indirect
effects must be considered in order to account for dust
serving as INP and altering cirrus cloud formation. A first
promising attempt in this direction has recently been pro-
posed by Seifert et al. (2023), who show improved dusty
cirrus representation, including the case studied here, with
a novel subgrid parametrisation. The inclusion of the indi-
rect aerosol effect is a topic of ongoing development in
the ICON-ART model system and can contribute to an
improved forecast of cloudiness and, closely connected,
surface radiation.
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APPENDIX

In the case study we rely on the quasi-operational dust
forecast from ICON-ART for assessing the extent of the
dust plume on March 3, 2021. Here we provide addi-
tional material for validation of the forecast for this
particular day. For this we compare the vertical profile
from ICON-ART model data along the CALIPSO overpass
(Figure A1) with the vertical feature mask (VFM) from the
CALIPSO retrieval (Figure A2). Comparison of the model
profile with the VFM suggests agreement for the zonal
extent of the dust plume between model simulations and
the CALIPSO retrieval. Besides the cirrus cloud layer, key
features in the VFM are reproduced by ICON-ART. The
cold cirrus cloud that is recorded in GridSat BT (Figure 2)
and visible in the SEVIRI dust RGB (Figure A3) as dark
red colours is consistent with the CALIPSO profile. Dust is
not directly visible in the RGB product, as the cirrus cloud
shield obscures any signal from dust. CALIPSO does not
retrieve vertical information from below the cloud layer.
Individual dust aerosol pixels north from the cirrus cloud,
however, suggest the presence of dust in higher altitudes
up to 9 km, which means a vertical overlap of dust with
the cirrus cloud layer. As model data show agreement in
the horizontal extent of the dust plume compared with
CALIPSO measurement data, as well as in the vertical
extent of the dust plume south from 42◦ and north from
48◦, we conclude that ICON-ART shows reasonable skill
in reproducing the spatial structures of the dust plume.

To investigate further whether ICON-ART reproduces
the general vertical profile of atmospheric variables in the
area of the observed cirrus cloud with reasonable skill, we
provide an additional comparison against measured values
from the radiosonde launched at Payerne (Switzerland,

F I G U R E A1 Vertical cross-section on March 3, 1200 UTC
along the CALIPSO track from ICON-ART quasi-operational +12 hr
forecast. Marked with color shading are extinction from dust
aerosol, total cloud water (liquid water + ice), and saturation over
water. Surface marked with a solid line. [Colour figure can be
viewed at wileyonlinelibrary.com]

F I G U R E A2 Vertical cross-section with scene identification
as VFM. Data from the CALIPSO overpass on March 3, 2021,
approximately 1304–1313 UTC. [Colour figure can be viewed at
wileyonlinelibrary.com]

46.81◦ N, 6.94◦ E) on March 3, 2021, 1200 UTC. Figure A4
shows the radiosonde profile and the values from the
closest model cells of ICON-ART as a shaded range. The
modelled temperature profile fits measurements well, but
shows a slight underestimation of the tropopause height.
The modelled moisture profile fits with measurements in
most sections of the profile, but shows deviations close
to the cloud top of the observed cirrus at around 230 hPa
(about 11 km), where moisture is slightly overestimated,
and below the cloud top at around 400 and 700 hPa, where
moisture is underestimated by the model. A similar dif-
ference at 350–400 hPa between model and measurements
is shown in figure 7a of Seifert et al. (2023). With their
proposed subgrid parametrisation for dust-induced cloud
decks this difference vanishes, indicating improved dust
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F I G U R E A3 Meteosat SEVIRI dust RGB (Lensky &
Rosenfeld, 2008) for March 3, 2021, 1200 UTC. Surface track of
CALIPSO overpass (approximately 1304–1313 UTC) marked with a
solid line, Payerne radiosounding station marked with a triangle.
High clouds appear dark red, elevated dust over warm surfaces
appears pink. [Colour figure can be viewed at
wileyonlinelibrary.com]

representation also improving vertical moisture transport.
Taking into account the uncertainty in the exact location
of measurement due to balloon drift, the model shows
very good agreement with the measurement data. Under-
estimations from the measured moisture profile occur at
altitudes below the cloud top, while the model slightly
overestimates moisture around the cloud-top height. Sum-
marising, the model is generally capable of reproducing
the temperature and moisture conditions that lead to the
formation of the observed cirrus cloud layer.

F I G U R E A4 Radiosounding for Payerne (Switzerland) at
March 3, 2021, 1200 UTC in a skew T-log P diagram. Grey solid
horizontal lines show isobars, grey solid lines from bottom left to top
right show isotherms. Green dashed lines show equal water-vapour
mixing ratio, red dashed lines show the dry adiabatic lapse rate, and
blue dashed lines show the moist adiabatic lapse rate. Measurement
or model values for air temperature in red and marked with squares,
for dew point in green and marked with triangles. Radiosonde
measurement data as solid lines, range of ICON-ART model values
from the closest six cells to the radiosounding launch location as
shaded area. Model data for March 3, 2021, 1200 UTC from a +12 hr
forecast. [Colour figure can be viewed at wileyonlinelibrary.com]
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