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1 Introduction

The integration of the latest version of the Rapid Radiative Transfer Model (RRTM)- ecRAD,
a radiation scheme developed for the ECMWF Integrated Forecasting System (IFS) (Hogan
and Bozzo, 2018), into ICON; laid the groundwork for further development and testing. This
project proposes substantial advancements in the representation of cloud optics, aerosol-
radiation interactions, and aerosol-cloud processes within ICON, specifically targeting their
activation within ecRAD. Much of this development was carried out during the priority
project T?2(RC)? and was already implemented in the COSMO model. While certain ex-
tensions have been adapted for the current RRTM implementation in ICON, ecRAD has
yet to receive similar enhancements. Additionally, new sources of relevant aerosol data re-
mained inaccessible in ICON until now. Radiative transfer models constitute a fundamental
component of numerical weather prediction (NWP) systems, as they play a critical role in
determining atmospheric heating and cooling rates across all vertical levels. These radiative
effects can significantly influence atmospheric dynamics and, consequently, the overall perfor-
mance and accuracy of the model. However, the development of radiative transfer schemes
remains a complex task due to the involvement of numerous atmospheric constituents—
including gases, hydrometeors, and aerosol species—each of which interacts with radiation
in distinct ways. For accurate representation, the optical properties of these constituents
must be parameterized within each spectral interval considered by the model. These pa-
rameterizations are typically expressed as functions of bulk microphysical properties, most
notably the effective radius, averaged over the spatial scale of a model grid box.

During the period 2015-2019, comprehensive revisions to the radiation scheme of the COSMO
model were implemented within the framework of the Priority Project (PP) Testing and
Tuning of the Revised Cloud-Radiation Coupling T?(RC)2. The modifications encompassed
the incorporation of updated optical property parameterizations for water droplets (Hu &
Stamnes, 1993) and ice particles (Fu, 1996, 1998). These revised parameterizations published
in Muskatel et al. (2021) significantly extended the applicable size range of hydrometeors,
encompassing particles up to the dimensions of rain and snow. Additional improvements
included the integration of the MACv2 aerosol climatology (Kinne, 2013), prognostic ICON-
ART dust fields, and prognostic CAMS aerosol data for direct aerosol-radiation interactions.
These aerosol datasets were further utilized to parameterize water and ice nucleation pro-
cesses, thereby incorporating indirect aerosol effects on radiative transfer. The project ad-
ditionally introduced an enhanced parameterization for water droplet effective radius and a
refined formulation for representing the radiative impact of sub-grid scale (SGS) cloud pro-
cesses. Comprehensive validation of the revised code and its constituent features was con-
ducted through systematic comparison with ground-based and satellite observations acquired
across diverse meteorological conditions in Israel, Germany, and Russia. These evaluations
demonstrated measurable improvements in simulated net radiation fluxes and near-surface
temperature fields.

The first goal of our project was to addresses cloud optical properties. As previously noted,
novel ice optical property parameterizations based on Muskatel et al. (2021) have been suc-
cessfully implemented and validated within the COSMO framework. The ecRAD scheme
employs ice optics derived from the same foundational work by Fu (1996) albeit utilizing
a distinct spectral averaging methodology (Hogan and Bozzo, 2018). However, the forth-
coming development strategy for ecRAD involves transitioning to a look-up table (LUT)
methodology as proposed by Robin Hogan (ECMWF), necessitating a systematic conversion
from analytical formulations to tabulated values in high spectral and size resolutions. This
transition is needed for the adaptation to both the new general-cloud-optics and the new gas
optics (ecCKD) frameworks recently introduced in ecRAD.



With respect to liquid water droplet optical properties, ecRAD currently utilizes the SOCRATES
package (Hogan and Bozzo, 2018 and references therein), and also Mie calculation dataset

in a LUT format. The later is by definition a more accurate than the new parametrization
based on Hu and Stamnes (1993) introduced in Muskatel et al. (2021), since it does not
average over wide spectral intervals. For that reason, no further development was needed in
respect to liquid water cloud optics in this project.

The second objective was to implement novel aerosol parameterizations for radiative transfer
calculations suitable for operational deployment within the ICON modeling framework. The
current operational configuration of ICON utilizes the Tegen (1997) 2D aerosol climatology,
which provides monthly-averaged aerosol optical depth values. These climatological data are
employed to prescribe vertical profiles of aerosol number concentration that remain invariant
with respect to model dynamics. It is well-established that aerosols constitute a fundamental
component in both radiative transfer processes and cloud microphysical development. While
the direct radiative effects of aerosols are most conspicuous during extreme events such as
mineral dust outbreaks and volcanic ash emissions, the substantial day-to-day variability in
aerosol concentrations under ambient conditions introduces significant uncertainties when
climatological means are applied. In response to these limitations, three advanced aerosol
data sources have been integrated into ICON. The first comprises the Copernicus Atmo-
sphere Monitoring Service (CAMS) prognostic aerosol products (Morcrette et al., 2009),
which provide global forecasts extending to five days lead time in a 3-hours temporal resolu-
tion. These data encompass three-dimensional mixing ratios for five aerosol species, further
subdivided into eleven distinct tracers: 3 size bins of mineral dust, 3 size bins of sea salt,
sulphate, hydrophobic and hydrophilic tracers of both black carbon and organic matter.
The optical properties of CAMS aerosol species are already incorporated within the ecRAD
radiative transfer scheme and are relative-humidity dependent. The second data source con-
sists of the CAMS climatology (Bozzo et al., 2017). It is based on the reanalysis (2003-2014)
of CAMS model for the mentioned aerosol species. In this case, the vertical profiles are a
result of actual dynamics resulting a monthly climatology of aerosols profiles (Bozzo et al.,
2020). The dataset contains monthly averages of layer integrated mass from which the 3D
mixing ratios are calculated and used as an input to ecRAD scheme. The third is the com-
putationally efficient two-dimensional prognostic scheme for mineral dust which has been
originally developed by Giinther Zéngl (DWD), utilizing the Tegen (1997) climatology for
initialization. Within the scope of this project, we evaluated this methodology and extend
its applicability to additional aerosol species and alternative initialization datasets. Further-
more, these aerosol inputs may serve as cloud condensation nuclei for both frozen and liquid
hydrometeors.

The applied microphysical scheme significantly influences the radiation scheme. First, it de-
termines the development and lifetime of a cloud. Second, it determines the cloud's optical
properties via the liquid water content and the effective radius. Spectral Bin Microphysics
(SBM) is a state-of-the-art microphysical scheme. It is included in several models worldwide,
such as WRF, SAM, HUCM, JMA-NHM, and the Goddard Cumulus Ensemble model. Due
to the significant computational resources required to run the scheme, it is usually applied
for research purposes and the analysis of test cases. The implementation of SBM will pro-
vide similar possibilities in ICON, allowing us to identify the pros and cons of the existing
microphysical schemes with special regard to their impact on the simulation of radiation
transport.

The final component of our project encompasses comprehensive testing and validation pro-
cedures. Preliminary investigations (Poliukhov et al., 2018) revealed that the Tegen aerosol
climatology (1997) systematically overestimates aerosol loading, while sensitivity analyses
have demonstrated pronounced aerosol-induced effects on near-surface temperature fields



(Chubarova et al., 2018). In this study, we conducted validation of ICON model surface ra-
diation fluxes utilizing both CAMS climatological and prognostic CAMS aerosol inputs, with
the Tegen aerosol dataset serving as the reference baseline. This validation protocol was sys-
tematically applied to each newly developed scheme within this project. Model performance
was evaluated against ground-based measurements.

2 Tasks and achievements
The project plan was originally constructed of 12 tasks:

¢ Implementation of new ice optical properties based on Muskatel et al. 2021 in ecRAD
(Task 1)

o Introduction of new liquid clouds optics based on Hu & Stamnes (1993) in ecRAD
(Task 2)

¢ Coupling of CAMS forecasted aerosols with cloud droplets and ice nucleation schemes
(Task 3)

e Implementation of CAMS prognostic aerosols 3D fields as input for ICON radiation
scheme (Task 4)

e Implementation of CAMS climatology aerosols as input for ICON radiation scheme
(Task 5)

o Improvements/testing of the 2D aerosols advection scheme in ICON (Task 6)

o Implementation of Kinne (2013) aerosols climatology fields as input for ICON radiation
scheme (Task 7)

o Testing the radiation code using different aerosol inputs against experimental datasets
for clear/cloudy sky conditions (Task 8).

 Analysis/Revision of shallow convection scheme/SGS cloudiness in ICON radiation
scheme (Task 9)

o Systematic tuning (CALMO methodology) of the different ICON-RRTM versions for
finding the best operative setup (Task 10)

o Implementation of Spectral Bin Microphysics in ICON

The project lasted 4.5 years from March 2020 to September 2024. With the total amount of
10.97 FTEs in human resources.

Main achievements

o New optical properties for ice particles. The extinction coefficient, single scattering
albedo and asymmetry factors where parametrized following Muskatel et al. (2021).
This allows the extension of the effective size range allowing the inclusion of snow,
graupel and rain. The optical properties were calculated in high size and spectral
resolution into a LUT format aligned with the latest ecRAD framework. The new data
set is now an official part of ecRAD and ICON.



e Implementation of CAMS climatology and forecasted aerosols as an input for ICON
ecRAD radiation scheme. The details were published in ICON report issue 011.

o New ice heterogeneous nucleation scheme by DeMott (2015) was introduced in ICON.
The new scheme uses either Tegen (1997), CAMS climatology or CAMS forecasted dust
concentrations as an input to parametrize the ice nucleating particles (INP) number
concentrations.

e The 2D AOD advection scheme was updated with new mineral dust optical depth
source function parametrization after Kok et al. (2014). A new Sea-Salt optical depth
source function after Grythe et al. (2014) and a new parametrization for anthro-
pogenic emissions (sulfate, black carbon, organic carbon) using the Emission Database
for Global Atmospheric Research (EDGAR) and the GFAS (Kaiser et al. 2012) for

wildfires emissions.
o Implementation of the warm-phase Spectral-Bin-Microphysics (SBM) in ICON

o Extensive verification campaigns against ground-based and satellite data for all of the
mentioned developments.

Tasks initially planned but subsequently removed or partially completed

o Introduction of new liquid clouds optics based on Hu & Stamnes (1993). This data
set was not implemented since a more accurate Mie-calculation data set is already
available in ecRAD (Task 2)

o Implementation of Kinne (2013) aerosols climatology as an input for radiation.
This task was performed by Trang Van Pham, DWD (Task 7).

e A new parametrization of effective radius of shallow cumulus clouds using an adiabatic
parcel model. Will be done in the proceeding project Aerosol-Cloud Interactions in
ICON Model (ACLIIM) (Task 9).

o Substantial effort was devoted to improving precipitation forecasts at 2.5 km resolution
using the ICON model with the one-moment microphysics scheme, focusing in partic-
ular on the Mediterranean region. The main objective was to increase the frequency
of weak and moderate precipitation while reducing the overestimation of very intense
precipitation events. The work followed two complementary directions: (1) optimiz-
ing the balance between the shallow convection parameterization and the grid-scale
microphysics, and (2) tuning the one-moment microphysics scheme together with the
saturation adjustment. Within the first direction, we evaluated the stochastic shallow
convection scheme over the Eastern Mediterranean. This analysis was carried out in
close and productive collaboration with M. Ahlgrimm. The results showed that, al-
though the stochastic scheme produced a more realistic cloud field structure than the
standard Tiedtke-Bechtold shallow convection scheme in ICON, its overall impact on
precipitation biases over the Eastern Mediterranean was limited. In contrast, tuning
the one-moment microphysics and the saturation adjustment led to a substantial re-
duction in precipitation biases. During 2024, G. Zangl and A. Seifert introduced new
tuning parameters controlling the dependence of the saturation adjustment on updraft
velocity and the dependence of the raindrop size distribution on rainwater content. As
part of the project, we significantly reduced the intercept parameter of the raindrop
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size distribution, resulting in an increase in weak and moderate precipitation. At the
same time, we increased the supersaturation remainder in the saturation adjustment
under conditions of strong updrafts, which substantially reduced the overestimation of
precipitation during intense convective events. These results have not yet been pub-
lished, but they were presented at the COSMO General Meetings and the ICCARUS
conferences (Task 9).

o Systematic tuning (CALMO methodology) of the different ICON-RRTM versions for
finding the best operative setup. The task was removed due to lack of computational
and human resources (Task 10).

3 Implementation of new ice optical properties based on Muska-
tel et al. 2021 in ecRAD

(H. Muskatel, A. de Lozar, D. Rieger, M. Ko&hler)

3.1 Introduction

Radiation transfer through clouds is a key factor in Earth's energy cycle and greatly affects
atmospheric dynamics. Numerical weather prediction models must forecast cloud amount,
thickness (liquid water content - LWC, ice water content - IWC), hydrometeor concentration,
and effective particle size to calculate the amount of radiation transferred, absorbed, and
scattered by clouds. With these parameters correctly described, the radiation module can
calculate cloud-radiation interactions using three optical properties: the extinction coefhi-
cient, the single scattering albedo, and the asymmetry factor (Beyt,ww, ¢g). These properties
must be defined for each hydrometeor type separately (ice, liquid, and aerosols), as well as
for each wavelength interval and particle effective size.

In the T2(RC)? project, we introduced a practical parameterization of both liquid droplet
and ice particle optical properties based on the single-wavelength data of Fu (1996, 1998)
and Hu and Stamnes (1993). The new ice particle optical properties were introduced in both
COSMO and ICON radiation schemes. The calculation was based on Fu's single-particle
data, but instead of using the in-situ PSDs employed by Fu, we generated 7,500 PSDs
based on the generalized gamma distribution function, allowing the extension of the effective
size validity range from 70 to 300 micrometers which enabled the effective size range to be
extended to include larger hydrometeor categories such as rain, snow, and graupel. The full
formal derivation of the method is thoroughly explained in Muskatel et al. (2021). Using
these functions and a refined spectral averaging technique, we calculated the bulk optical
properties as a function of the effective size of needle-shaped particles or their aspect ratio
in the case of the asymmetry factor parameterization. The parameterization was based on
fitting rational functions division in the Padé approximation form:

(3.1)

where f represents each of the optical properties and z is either the effective size or the aspect
ratio. This parameterization is asymptotically stable even for particles as large as a few cen-
timeters. The spectral averaging was adapted for both COSMO and ICON spectral intervals
and was separately tested and verified extensively. The current ecRAD scheme also uses Fu's



ice parameterization but with different spectral averaging and bulk optical property param-
eterizations. Previously, the radiation scheme in ICON only accounted for two hydrometeor
phases: liquid and frozen. In the default configuration, the liquid phase corresponds to
cloud water while the frozen phase combines ice and a small portion of snow, with all other
hydrometeors neglected. However, a new option, ecrad__use__general cloud__optics = .true.,
now allows for independent consideration of each hydrometeor type in the radiation calcu-
lations. This enhancement utilizes optical properties as a function of effective radius, which
are provided in external files for each hydrometeor. The effective radii of snow, graupel, and
rain are calculated by the effective radius module, which also determines the effective radius
of cloud water and ice when large hydrometeors are included in the simulation. It should be
noted that ECCKD gas optics require the general cloud optics option to be enabled, though
large hydrometeors are not necessary for this gas optics scheme. The general cloud optics
require high spectral and size resolution hence the optical properties were re-calculated hun-
dreds of narrow spectral intervals and size bins and resulted in a LUT format which is also
needed when the new gas optics ECCKD is used. The new high resolution optical properties
parametrizations are shown in Figure 1.
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Figure 3.1. Extinction efficiency, single-scattering albedo, and asymmetry factor of hexag-
onal ice particles as a function of effective radius and wavelength (Adapted from Muskatel
et al. (2021).

The asymmetry factor presented in Fig. 1 was calculated for particles with smooth surfaces,
where the forward scattered peak (delta fraction fy) is large because of the plane-parallel
surfaces of the ice particles. However, real particles might have rough surfaces, where the
forward scattering is smaller. The asymmetry factor for rough surfaces can be defined as
(Fu 2007):
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In the current ICON implementation both smooth and rough surfaces parametrizations can
be selected using name list parameter ecrad_iice_scat: 0 for rough surfaces (default), 10
for smooth surfaces and 11 for the baum-general-habit-mixture-ice parametrization. Notice
that these numbers are valid only when use_general cloud_optic = .TRUEFE. is selected.
Otherwise, the default ice optical properties parametrizations are based on Fu (1996, 1998)
which are in a formula representation and not in a high resolution LUT format. The rough
surfaces data set is chosen to be the default setup since it is more suitable for a variety of
ice particles including snow and was recommended in Fu et al. (2007) to better represent
realistic ice particles in NWP models.

3.2 Test cases and sensitivity Experiments

Example 1: Squall Line over Germany

We examined the impact of the new optical property parametrizations on radiative transfer
and compared the results with the default ICON radiation scheme. The primary advantage of
our new ice optics is the inclusion of large hydrometeors. Therefore, we present the combined
impact of both the inclusion of large particles and the new optical property parametrizations.

For our first example, we simulated a squall line event over Germany. This squall line flooded
the Frankfurt South train station during the night of August 16, 2023. The domain is shown
in Figure 2. The left panel shows a snapshot of 850 hPa reflectivity at 21:00 UTC, where deep
convection is observed in many locations, indicating high concentrations of rain, graupel, and
snow. The right panel illustrates the top of atmosphere (TOA) longwave upward flux.
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Figure 3.2. Snapshot at 21:00UTC of reflectivity at ~850 hPa (left) and top of atmosphere
longwave upward flux (right) for the August 16, 2023 squall line event in Germany.

We compared radiation calculations using identical fields and setups, with the only difference
being which large hydrometeors were included. We employed our RUC configuration (two-
moment scheme) and ECCKD gas optics. Model configurations are summarized in Table
1.
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iliquid_scat iice_scat isnow_scat igraupel_scat irain_scat
Mie Droplet No contribution No contribution No contribution
REEEEE Scattering (0) R (285, SeEiiio] to radiation (-1) | to radiation (-1) | to radiation (-1)
Snow Mie Droplet Smooth Muskatel | Smooth Muskatel | No contribution No contribution
Scattering (0) et al. (2021) (10) etal. (2021) (10) | toradiation (-1) | to radiation (-1)
Full Mie Droplet Smooth Muskatel Smooth Muskatel [ Smooth Muskatel Mie Rain
Scattering (0) et al. (2021) (10) etal. (2021) (10) | etal.(2021) (10) Scattering (0)

Table 3.1. Model configurations for the August 16, 2023 squall line test case. Three
setups (Reference, Snow, and Full) are compared, with columns showing optical properties
for cloud droplets, ice, snow, graupel, and rain hydrometeors. The Reference configuration
uses ecrad__use_ general cloud_ optics = .FALSE., while Snow and Full configurations use
.TRUE. to include large hydrometeors in the radiation scheme. Listed values indicate the
optical property settings for each hydrometeor type, with corresponding namelist parameter
numbers shown in red.

To examine radiation sensitivity to the inclusion of large hydrometeors and their new op-
tical properties, we compared top-of-atmosphere (TOA) longwave radiation. Figure 3 (left
panel) shows a snapshot of the radiation field differences between the 'Reference' and 'Full'
configurations. High-altitude graupel and snow block surface longwave radiation, reducing
upwelling radiation at TOA. Figure 3 (right panel) displays the frequency distribution of
TOA longwave radiation differences for both the 'Snow' and 'Full' configurations relative to
the 'Reference' configuration. Domain-averaged differences are -0.05 W/m? and -0.31 W/m?,
respectively.
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Figure 3.3. Snapshot at 21:00UTC of TOA LW upward radiation differences between the
‘Full” and ‘Reference’ configurations (left) and the differences frequencies of both ‘Full” and
‘Snow’ configurations compared with the ‘Reference’.

Example 2: Radiation sensitivities in January 2022 over the East-Mediterranean
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Figure 3.4. Surface downward radiation in the IMS domain on 01-01-2022 at 11:00 UTC.
(Upper-left) Radiation from the 'Reference' configuration (Table 1). (Upper-right) Differ-
ences in surface radiation between the 'Full' and 'Reference' configurations using smooth ice
particle optical properties. (Lower-left) As in upper-right but for rough surface ice parti-
cles. (Lower-right) Differences between rough and smooth parameterizations for the 'Full'
configuration. Domain-averaged biases are shown in text boxes within each panel.
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Figure 3.5. TOA upward radiation in the IMS domain averaged for January 2022. (Upper-
left) Thermal (LW) radiation difference between the ‘Full’ configuration and 'Reference’ (see
Table 1). (Upper-right) As in upper-left but for rough surfaces optics. (Lower-left/Lower-
right) As in upper panels but for the total thermal an solar (LW+SW) TOA radiation.
Domain-averaged biases are shown in text boxes within each panel.

Example 3: Global ICON simulations

Figures 7 and 8 show the surface and TOA shortwave irradiance biases, respectively, in
global ICON simulations resulting from the introduction of the large hydrometeor optics.
The globally averaged biases are on the order of 10 W/m?, with a maximum cooling effect
reaching up to 50 W/m?. The largest magnitudes are observed near the equator during
summer—July in the Northern Hemisphere and January in the Southern Hemisphere.

ACCSOB_S dei2_468 - dei2_470 2022010100 to 2022010200 ACCSOB_S dei2_468 - dei2_470 2022070100 to 2022070200
Min: -44.69 Max: 0.4148 Mean: -8.936 RMS: 11.64 Mem: 31 Min: -47.58 Max: 0.5452 Mean: -8.12 RMS: 11.03 Mem: 31
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Figure 3.6. Global ICON simulations showing the differences in surface SW irradiance
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January 2022 (upper panel) and July 2022 (lower panel) between the large-hydrometeors
optics setup and the reference setup.

ACCSOB_T dei2_468 - dei2_470 2022070100 to 2022070200
Min: -58.94 Max: 0.3556 Mean: -10.25 RMS: 14.02 Mem: 31

ACCSOB_T dei2_468 - dei2_470 2022010100 to 2022010200
Min: -65.42 Max: 0.01187 Mean: -10.97 RMS: 14.39 Mem: 31

Figure 3.7. Global ICON simulations showing the differences in TOA SW irradiance Jan-
uary 2022 (upper panel) and July 2022 (lower panel) between the large-hydrometeors optics
setup and the reference setup.

3.3 Conclusions and recommendations

The implementation of the new cloud optics scheme based on Muskatel et al. (2021) enabled
the inclusion of large frozen hydrometeors in the ICON radiation scheme. A squall line test
case over Germany demonstrated a significant reduction in upward longwave radiation when
these large hydrometeors were incorporated into the model. A similar effect was observed
over the IMS domain in the eastern Mediterranean during an extended simulation covering
the entire month of January 2022. This experiment further revealed that the overall impact of
the new cloud optics also reduced incoming shortwave radiation, producing an average cooling
effect of approximately 0.5 W/m?. These findings were consistent with monthly global ICON
simulations for January and July 2022, which showed global surface shortwave radiation
reductions of 8 W/m? and 11 W/m?, respectively. Comparable magnitudes were simulated
for the top-of-atmosphere (TOA) shortwave radiation. The largest biases appeared during
summer—July in the Northern Hemisphere and January in the Southern Hemisphere—when
the baseline radiation is highest. The sensitivities reported here are substantial and should
be carefully considered, particularly in climate simulations, as their effects are considerably
larger than the radiative forcing attributed to C'Os.

4 CAMS 3D climatology and forecasted aerosols as an option
in ecRAD radiationin ICON

(H. Muskatel, D. Rieger, M. Ahlgrimm, P. Khain and M. Kohler)

4.1 Implementation in ICON code

The implementation of the CAMS climatology and forecasted aerosols was presented in de-
tail in the 011 issue of Reports on ICON. Since this publication, the format of the CAMS
aerosol climatologies has changed: aerosol is now provided as mixing ratio (kg/kg) rather
than layer-integrated mass. Moreover, a new CAMS aerosol climatology (49R2) is available,
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https://www.dwd.de/EN/ourservices/reports_on_icon/pdf_einzelbaende/2024_11.pdf

which corrects some unrealistic artefacts present in the previous version (43R3)—for exam-
ple, excessive dust in the stratosphere. The vertical interpolation method was also changed
compared to the one illustrated in the 011 ICON report. The details of the new implemen-
tation are explained in the ICON documentation. Further instructions on how to run both
options in ICON are given there.

4.2 Limited area model simulations

Global simulations with the ICON model, using CAMS climatological and forecasted aerosols,
were performed for January and July 2022. The radiative sensitivities were reported in [issue
011 of Reports on ICON (see details therein). Limited-area model runs were also performed,
and their verification is presented here. Figure 4.1 shows the two model domains used at
the IMS: the first (in blue) is the South-East Europe (SEE) domain, and the second (in
green) is the Eastern Mediterranean domain. Both setups use a horizontal resolution of 2.5
km (R02B10) with 65 vertical levels and driven with lateral boundary (LBC) and initial
conditions (IC) from IFS (ECMWF) model. The results shown here are from daily 00Z runs
with a lead time of 72 hours. The results are verified against selected stations in Israel.

UKRATNT
Deie

FRANC

TURKEY

LIEYA

Figure 4.1: ICON simulation domains used at the IMS. The blue rectangle marks the
South-East Europe (SEE) domain; the green rectangle marks the Eastern Mediterranean
(EM) domain.

Figure 4.2 shows the scores of several atmospheric variables verified against measurements
from a few dozen meteorological observation stations (the number varies from variable to
variable). Three models are considered: the operational COSMO at 2.5 km, the operational
ICON setup at 2.5 km using the Tegen aerosol climatology, and ICON at 2.5 km with
CAMS forecasted aerosols as input to the radiation scheme. All three models run over the
EM domain, and the RMSE is computed relative to the score of the IFS global model, which
also uses the CAMS climatology as input to its radiation scheme. In other words, a value
of 0 means "same as IFS", a positive value means worse than IFS, and a negative value
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means better than IFS. The upper panel shows the results for the entire year 2020; the lower
panel shows the results for the 30 most polluted days in Israel in 2020. These 30 days were
selected as those in which the average ground-based PM2.5 measurements (averaged over
all stations in Israel) were at least twice the yearly average. The first conclusion from these
plots is that the ICON model outperforms the COSMO model. For temperature, relative
humidity, precipitation, wind speed, and wind direction, the two ICON setups perform almost
identically; however, for global radiation — and even more so for direct radiation — the ICON
setup with CAMS forecasted aerosols performs markedly better. On the polluted days, the
advantage of the ICON-CAMS configuration is even more pronounced.

All 2020 RMSE reduction compared to IFS [%]
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Figure 4.2: RMSE of several atmospheric variables relative to the IFS global model score
(0 = same as IF'S; positive = worse; negative = better), verified against meteorological obser-
vation stations in Israel. Shown are the operational COSMO 2.5 km (red), the operational
ICON 2.5 km with the Tegen aerosol climatology (light blue), and ICON 2.5 km with CAMS
forecasted aerosols (dark blue). Upper panel: the entire year 2020. Lower panel: the 30
most polluted days in Israel in 2020.

Figure 4.3 shows surface incoming short-wave radiation (global radiation) as a function of
the hour of day. The results are averaged over the full 72-hour model lead time and verified
against 10 radiation measurement stations in Israel. Six months of verification are averaged:
December 2021-January 2022, April-May 2022, and September—October 2022. The models
included are: the global IFS (orange; bias = 2.6 W/m?, RMSE = 78.8 W/m?), the default
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ICON with the Tegen climatology (magenta; bias = 25.9 W/m?, RMSE = 86.5 W/m?),
ICON with CAMS forecasted aerosols (red; bias = 26.6 W/m?2, RMSE = 84.8 W/m?), and
ICON with the CAMS aerosol climatology (black; bias = 0.9 W/m?, RMSE = 82.5 W/m?),
together with the observations (lime). Note that both the IFS and ICON with the CAMS
climatology closely follow the observed curve, but the latter outperforms all other models in
terms of bias. These results are for the ICON runs over the EM domain; very similar results
were obtained for the SEE domain.
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Figure 4.3: Mean diurnal cycle of surface incoming short-wave (global) radiation, verified
against 10 radiation stations in Israel and averaged over the 72-hour lead time and six months
of runs (Dec 2021-Jan 2022, Apr-May 2022, Sep—Oct 2022), for the EM domain. Shown
are IFS (orange), ICON with Tegen climatology (magenta), ICON with CAMS forecasted
aerosols (red), ICON with CAMS climatology (black), and observations (lime).

4.3 Conclusions and recommendations

The impact of aerosol representation on the ICON model was evaluated in both global and
limited-area configurations. Global simulations using CAMS climatological and forecasted
aerosols were performed for January and July 2022, and the radiative sensitivities were
reported in issue 011 of Reports on ICON. Limited-area runs at 2.5 km resolution were
carried out over the South-East Europe (SEE) and Eastern Mediterranean (EM) domains
and verified against surface observations in Israel.

The main conclusions are as follows:

1. Aerosol input matters primarily for radiation. For temperature, relative hu-
midity, precipitation, and wind, the choice of aerosol input (Tegen vs. CAMS) had
little effect. For global radiation, and even more so for direct radiation, using CAMS
aerosols as input to the radiation scheme substantially improved the scores relative to
the default Tegen climatology.

2. The benefit is largest under polluted conditions. On the 30 most polluted days
of 2020 in Israel, the advantage of the CAMS-based configuration was even more pro-
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nounced, indicating that a realistic aerosol load is essential when aerosol concentrations
deviate strongly from climatological values.

3. CAMS climatology provides the best overall radiation bias. In the diurnal-
cycle verification against 10 radiation stations in Israel, ICON with the CAMS aerosol
climatology achieved a near-zero bias (0.9 W/m?), closely following the observations
and outperforming the other ICON configurations. Similar results were obtained over
both the EM and SEE domains.

Based on these findings, ICON with the CAMS aerosol climatology has been the opera-
tional configuration at the IMS since August 2023. In addition, a hybrid approach has been
adopted: when a dust outbreak is foreseen, the configuration using CAMS forecasted aerosols
is activated in place of the climatology. This strategy combines the low bias of the climato-
logical aerosols under typical conditions with the responsiveness of forecasted aerosols during
exceptional aerosol-loading events.

5 New ice heterogeneous nucleation scheme by DeMott (2015)

(H. Muskatel, A. de Lozar)

5.1 Overview

In Chapter 3 we examined the new optical properties of ice particles implemented in ICON
and emphasized the importance of realistic particle number concentrations and effective
sizes for ice cloud optical thickness. Cloud radiative properties are an important factor,
but secondary to the sizes and concentrations of the particles in the cloud. Diagnosing ice
nucleating particle (INP) concentrations is therefore a first and essential step in determining
ice particle concentrations in NWP models, although large uncertainty remains regarding the
relative weight of primary nucleation compared to secondary ice production processes. In
the default ICON 1-moment microphysics scheme, INP concentration is parametrized using
the Cooper (1986) formula (icpl_aero_ice = 0), in which it depends only on temperature:

ninp(T)=5e eXp0‘304(To_T) (5.1)

Where nyyp is the INP number concentration m ™3, T is the temperature and Ty is the
melting point of water (K). This parametrization was based on observational data from many
regions worldwide, and Cooper attributed the large observed variability not to secondary
processes but to the variability of the INP population itself. The formula, however, suffers
from a lack of information on the aerosols acting as ice-nucleating embryos. In this project
we therefore added an alternative ice nucleation scheme, following the empirical immersion-
freezing parametrization of DeMott et al. (2015), which was derived from an integration

of field measurements and laboratory data sets and combines both temperature and dust
number concentration 7,g,:

nNINP (T, ndust) = 1000 o ndu5t1‘25 eXp0-46(TO—T)—11.6 (52)

Where ng, is the number concentration of dust particles larger than 0.5 pm cm™3. Since
the original DeMott formula yields nyyp in L', a factor of 1000 is applied to convert to
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m ™3 as required in ICON. The parametrization was derived for the temperature range 238

K < T < 252 K; as a first guess, we did not restrict its validity range, since it appears more
realistic than the default Cooper formula even outside this range. For temperatures colder
than 238 K the Steinke et al. (2015) parametrization would be a preferred choice (Nickovic
et al. 2016), but it was not implemented in this project. The dust concentrations can be
taken either from CAMS climatology/forecated (icpl_aero_ice = 1, irad_aero = 7/8) or
from Tegen climatology (icpl_aero_ice = 2, irad__aero = 6). When coupling CAMS aerosols
to the DeMott formula, number concentrations are computed from CAMS aerosol mixing
ratios via:

Ndust = 1076 ® Jcams ® pair/mp (53)

Where geqams is the CAMS aerosol mixing ratio (kg/kg), pair is the air density kg/m? and
my is the mean particle mass in the specific size bin (kg); the factor 1075 converts from
m™3 to em ™ as needed in the DeMott formula. CAMS dust is divided into three size bins
(um): aermr04 [0.03, 0.55], aermr05 [0.55, 0.9] and aermr06 [0.9, 20]. Only the contributions
from aermr05 and aermr06 are considered, since only particles larger than 0.5 pum act as
ice nucleating particles in the DeMott scheme. These aerosol number-concentration coeffi-
cients were subsequently updated with the new CAMS climatology (49R2 / IFS cycle 38R1),
where the new coefficients — corresponding to mean particle masses of 3.92434437-10~1°
kg and 8.591950322- 1074 kg for aermr05 and aermr06, respectively — represent dust
number per unit aerosol mass integrated over the relevant size bins, computed using the
CAMS team script. When coupling Tegen aerosols to the DeMott formula, ng,s is calcu-
lated in the subroutine ncn_ from_ tau_ aerosol speccnconst_ dust, a shortened version of
ncn_from  tau_ aerosol speccnconst, where the 1076 conversion to em ™3 is likewise applied.
Note that ng,s is very sensitive to the mean mass radius of dust particles 74,4, taken from
Wong et al. (2021), which can therefore be treated as a tuning parameter.

5.2 Test case analysis

In order to quantify the sensitivity of INP concentrations to the choice of ice nucleation
scheme, we performed three ICON simulations over the ICON-EM domain (see Figure 4.1) at
2.5 km horizontal resolution for April 5, 2020: the first using the default Cooper formula, the
second using the DeMott parametrization with Tegen dust climatology as input, and the third
using the DeMott parametrization with CAMS forecasted aerosols as input. Figure 5.1 shows
the grid-point occurrence density in INP L~! vs. temperature (°C) space, averaged over all
time steps within 0-24 hours lead time. Yellow colors represent higher occurrence densities
and purple colors lower ones, while the lime line denotes the mean INP concentration at
each temperature. The simple exponential temperature dependence of the Cooper scheme is
clearly visible, yielding the lowest number concentrations of the three schemes. The DeMott—
Tegen case exhibits a wider spread around the exponential decay, owing to a nearly constant
dust number concentration, but with overall higher values. The DeMott—CAMS combination
produces the most diverse results, with higher INP concentrations and with INP present at
warmer temperatures (> —25 °C), which are absent in the other two schemes.
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Figure 5.1: INP grid-point occurrence density as a function of INP concentration L~!
and temperature (°C) for three ice nucleation schemes: Cooper (left), DeMott with Tegen
dust climatology (center), and DeMott with CAMS forecasted aerosols (right). Densities
are averaged over all time steps within 0-24 h lead time of the ICON-EM simulations (2.5
km resolution, April 5, 2020). Yellow (purple) shading indicates higher (lower) occurrence
density; the lime line shows the mean INP concentration at each temperature.

Ice nucleation can affect radiation directly by altering the average effective size of ice particles:
for the same ice content, higher INP numbers reduce the particle size accordingly — an effect
that also depends on particle shape. A second, microphysical effect is that the ice particle
number concentration can modify the conversion rates to other hydrometeors. The model
runs described above were integrated for three days starting on 5 April 2020 at 00:00 UTC,
and Figure 5.2 shows a snapshot of these simulations at 08:00 UTC on 7 April 2020. The
upper-left panel shows the surface shortwave (SW) radiation difference between the default
setup, which uses the Tegen climatology as input to the radiation scheme, and a run using
CAMS forecasted aerosols as input. Both runs use the same Cooper ice nucleation scheme,
so this map represents the aerosol direct radiative effect, with a positive average bias of
7.19 W/m?2. The upper-right panel shows the same aerosol comparison, but here the INP
concentrations in the microphysical scheme are calculated with the DeMott—CAMS scheme
vs. the Cooper scheme (average bias of 9.34 W/m?). The lower-left panel is the same,
but additionally includes the indirect INP effect on the effective radius (average bias of 4.16
W/m?). The lower-right panel uses the same CAMS aerosol background in both runs, thereby
eliminating the aerosol direct effect, and thus isolates the indirect effects of ice nucleation
alone (DeMott—CAMS vs. Cooper), yielding a net surface cooling of -1.89 W/m?2.
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Figure 5.2: Surface SW radiation differences (W/m?) at 08:00 UTC on 7 April 2020, from
ICON simulations initialized at 00:00 UTC on 5 April 2020. Upper left: Tegen vs. CAMS
aerosols as radiation input, both with the Cooper ice nucleation scheme (aerosol direct
effect). Upper right: as upper left, but with INP computed by the DeMott—-CAMS scheme
vs. Cooper (mean bias +4.16 W/m?). Lower left: as upper right, but including the indirect
INP effect on ice effective radius. Lower right: identical CAMS aerosol background in both
runs, isolating the ice nucleation indirect effects only (DeMott—CAMS vs. Cooper).

5.3 Long term 6-months analysis

We performed six months of simulations as described in the previous section. Figures 5.3a—f
show the averaged TOA net radiation differences for December 2021, January, April, May,
September and October 2022, while Figure 5.3g presents the average over the entire six-
month period. In each figure, the upper-left panel shows the aerosol direct effect (both runs
using the default Cooper ice nucleation scheme), while the upper-right and lower-right panels
show the full direct and indirect aerosol effect using the DeMott—CAMS and DeMott—Tegen
ice nucleation schemes, respectively, compared to the default Cooper scheme. The lower-left
panel is similar to the upper-right panel but includes only the microphysical indirect effect,
excluding the effective-size effect. Blue colors indicate a net cooling effect on the atmosphere
and reddish colors a warming effect. The results are averaged over the full 72-hour lead-time
range of all 00Z runs in the respective period. The most pronounced feature of these figures
is the land-sea contrast: sea areas generally show positive values (warming effect) while land
areas show negative TOA net radiation differences (cooling effect). The magnitude and sign
of the effect depend on the season, and the average bias of each effect is indicated on the
corresponding panel. In general, dust-laden months such as April and September exhibit
larger magnitudes than the winter months of December and January.
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TOA net radiation mean April 2022 (Wm~2)
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TOA net radiation mean September 2022 (Wm™2)
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TOA net radiation 6-months mean (Wm~2)
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Figure 5.3: Monthly averaged TOA net radiation differences (W/m?) for (a) December
2021, (b) January, (c) April, (d) May, (e) September and (f) October 2022, and (g) the
average over the entire six-month period. In each figure: upper left — aerosol direct effect
(Tegen vs. CAMS, both with Cooper ice nucleation); upper right — full direct and indirect
effect with the DeMott—CAMS scheme vs. the default Cooper scheme; lower right — as
upper right, but with the DeMott—Tegen scheme; lower left — as upper right, but including
only the microphysical indirect effect (excluding the effective-size effect). Blue (red) shading
indicates net cooling (warming). Values are averaged over the full 72-hour lead time of all
00Z runs in the respective period, with the mean bias of each effect indicated on the panels.

Figure 5.4a shows global radiation verification results for the aforementioned six-month pe-
riod. The model results were compared against 10 ground-based radiation stations in Israel
over the full 72-hour lead-time range. The y-axis shows the global radiation and the x-axis
the hour of day (UTC). The ICON model versions compared are: the default configura-
tion (Tegen aerosols with Cooper ice nucleation, magenta), CAMS forecasted aerosols with
Cooper ice nucleation (red), CAMS aerosols with the DeMott nucleation scheme (blue),
CAMS aerosols with the DeMott nucleation scheme excluding the effective-size effect (yel-
low), Tegen aerosols with the DeMott ice nucleation scheme (black), and the observations
(lime). Figure 5.4b is the same as Figure 5.4a, but for 19 cases in which the forecasted dust
AOD exceeded 0.2 over more than 80% of the grid points at least once within the 72-hour
range. In both the full six-month period and the 19 dust-laden cases within it, the CAMS-
DeMott configuration outperformed the other versions in terms of radiation bias, while the
RMSE values of all versions were similar.
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Figure 5.4: Global radiation verification against 10 ground-based radiation stations in Israel
for (a) the full six-month period and (b) 19 dust-laden cases (forecasted dust AOD > 0.2
over more than 80% of grid points at least once within the 72-hour range). Shown is the
mean diurnal cycle (UTC) over the full 72-hour lead time for the observations (lime) and five
ICON configurations: default Tegen aerosols with Cooper ice nucleation (magenta), CAMS
aerosols with Cooper ice nucleation (red), CAMS aerosols with DeMott ice nucleation (blue),
CAMS aerosols with DeMott ice nucleation excluding the effective-size effect (yellow), and
Tegen aerosols with DeMott ice nucleation (black).

5.4 Conclusions and Recommendations

In this work, the DeMott et al. (2015) ice nucleation parametrization was implemented in
the ICON 1-moment microphysics scheme as an alternative to the default temperature-only
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Cooper (1986) formula. Unlike the Cooper scheme, the DeMott parametrization accounts for
the availability of ice nucleating aerosols by combining temperature with the number concen-
tration of dust particles larger than 0.5 um. The dust concentrations can be supplied either
from the Tegen climatology (icpl_aero_ice = 2) or from CAMS climatology or forecasted
aerosols (icpl_aero_ice = 1, irad_aero = 7/8). The sensitivity simulations demonstrated
that the choice of ice nucleation scheme has a substantial impact on the simulated INP popu-
lation. The Cooper scheme produces a simple exponential temperature dependence with the
lowest INP concentrations, while the DeMott—Tegen configuration yields higher values with
a wider spread around the exponential decay. The DeMott—CAMS combination provides the
most diverse and arguably most realistic INP distributions, with higher concentrations and
with INP present at warmer temperatures (> —25 °C) that are entirely absent in the other
two schemes. These microphysical differences translate into meaningful radiative effects.
The case study of April 2020 showed that the aerosol direct effect and the ice nucleation
indirect effects act in opposite directions at the surface, with the isolated indirect effect of the
DeMott-CAMS scheme producing a net surface cooling of -1.89 W/m?2. The six-month TOA
net radiation analysis revealed a pronounced land—sea contrast — a general warming effect
over sea and cooling over land — with seasonally dependent magnitudes that are largest in
dust-laden months such as April and September and weakest in the winter months. Most
importantly, the verification against 10 ground-based radiation stations in Israel showed that
the CAMS-DeMott configuration outperformed all other model versions in terms of global
radiation bias, both over the full six-month period and in the subset of 19 dust-laden cases,
while maintaining RMSE values comparable to the other configurations. This indicates that
the combination of forecasted CAMS aerosols with an aerosol-aware ice nucleation scheme
improves the representation of the surface radiation budget without degrading forecast skill,
and its advantage is retained precisely in the dust events where aerosol-cloud interactions
matter most.

Beyond NWP applications, the results carry an important implication for climate modeling:
the demonstrated sensitivity of the TOA net radiation to the choice of ice nucleation scheme
reaches magnitudes comparable to (and regionally exceeding) the radiative forcing associated
with a doubling of COy (approximately 3.7 W/m?). Since ICON also serves as a global
climate model (e.g., ICON-ESM), such a structural sensitivity in the parametrized aerosol-ice
interaction could rival or mask greenhouse-gas radiative signals in long climate integrations.
A careful assessment of the ice nucleation scheme, constrained by observations, is therefore
essential for global ICON climate simulations, and the choice of scheme should be regarded as
a first-order source of uncertainty in the simulated radiation budget rather than a technical
detail.

6 Simplified Prognostic Aerosols

(D. Rieger, G. Zangl)

6.1 Overview

ICON contains a simplified, computationally cheap aerosol module Prog2DAero. The addi-
tional cost in a global simulation is typically far below 1%. The idea is to account for the
main causes of variability in atmospheric aerosol concentrations not reflected in climatolog-
ical values. It is based on the Tegen climatological aerosol which is used for operational
numerical weather prediction with ICON.
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6.2 Aerosol used in the operational configurations at DWD

The operational version of ICON uses climatological aerosol based on the Tegen et al. (1997)
climatology. This option has the following main characteristics:

e Optical thicknesses at the wavelength 550 nm of the 5 species Sea Salt, Soil Dust,
Sulfate, Organic Carbon and Black Carbon are provided in the external parameter
file.

e The annual cycle is considered by providing monthly data which is linearly interpolated
inside ICON to the target date.

e The original data is vertically integrated optical thickness. For the use in ecRad, an
exponentially decaying, normalized vertical profile is added by ICON.

o The target variables optical thickness (SW/LW), single scattering albedo (SW) and
asymmetry parameter (SW) at the radiation wavelength bands are derived based on
lookup tables in the ICON code.

6.3 2-dimensional prognostic aerosol Prog2DAero

Several design choices for Prog2DAero were made based on characteristics of the climatology
described above. Prog2DAero makes use of the vertically integrated optical depth of the
five species Sea Salt, Soil Dust, Sulfate, Organic Carbon and Black Carbon as prognostic
variables and adds the following process descriptions:

o Horizontal transport using vertically averaged wind fields

o Artificial diffusion to account for vertical wind shear

« Emissions based on physical parameterizations for natural aerosol species (sea salt, soil
dust)

o Emissions based on datasets for anthropogenic and wildfire emissions

e Source term for sulfate to account for nucleation from the gas phase

e Wet deposition due to grid-scale and convective processes

o Relaxation approach to account for other sink terms (sedimentation, dry deposition)

o Particle growth depending on atmospheric humidity
Parts of Prog2DAero can be activated individually. By choosing the namelist parameter
i2daero_ dust=1, the simplified prognostic description for soil dust can be activated. Like-
wise, i2daero_seas=1 activates sea salt. The three species Sulfate, Organic Carbon and

Black Carbon can be activated by i2daero_anthro=1. In addition, emissions from wild fires
can be added to these species using the namelist option i2daero_ fire.

The prognostic equation for aerosol species j can be written as

. N
s~ WV + gV + Se + Sy - Lo =Y
ot ’ Tclim,j
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where the right hand side terms are advection, artificial diffusion, source terms, sink terms
and relaxation. 1; denotes the vertically integrated optical depth, v ; the vertically averaged
horizontal wind, cgiryr,; a diffusion coefficient, Se ; source terms (emission), Sy, ; sink terms
(washout), ¥eim,; the climatological value of vertically integrated optical depth and 7
a relaxation time scale.

The emission process of soil dust and sea salt is described by adapted versions of physically
based parameterizations, namely Kok et al. (2014) for soil dust and Grythe et al. (2014)
for sea salt. Adapted in a sense that calculations of soil characteristics are kept simple and
that the result is converted into an AOD flux instead of an emissions flux. Anthropogenic
emissions are based on global emissions for 2018 from the Emission Database for Global
Atmospheric Research (EDGAR; Crippa et al. 2016). For wildfire emissions, there exist two
options. The first is to read emission data from GFAS data (Kaiser et al., 2012) which fits
to the simulation date. The second option is to use seasonal fire emission data which was
compiled based on ten years of GFAS data from 2015 to 2024. This seasonal fire climatology
is then interpolated to the simulation time based on a quadratic function. For sulfate, there
is an additional correction term to account for nucleation due to photocatalytic reactions
taking into account temperature, relative humidity, zenith angle, and sulfate concentration.

An ad-hoc parameterization to account for particle growth depending on atmospheric hu-
midity using a similar polynomial function as in the visibility diagnostic was introduced.
This parameterization had a major impact on the verification results, since it improves the
daily cycle of AOD by accounting for the higher humidity and thus larger particles during
night and lower humidity and thus smaller particles during the day.

6.4 Selected Results
6.4.1 Mineral Dust Emissions

Using the parameterization based on Kok et al. (2014), we performed simulations to get a
picture of the mineral dust emission characteristics produced by ICON. We performed 10-
day slices of simulations for the whole year 2019, each started from interpolated initialized
analysis data from DWD's deterministic ICON forecasting system. This approach using
10-day slices has the advantage that the simulations are close to the real weather patterns
without the need of too many short simulations over the course of one year. The simulations
were performed on an R2B6 grid (i.e., 40 km) which does not require extensive computational
resources. In addition, this resolution was also used for DWD's global ensemble forecast at
that time.
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Figure 6.1: Accumulated mineral dust emissions calculated by an R2B6 simulation with
ICON. This results in annual mineral dust emissions for 2019 of 3533 T'gyr—'. The regions
marked by colors will be used to assign contributions of individual regions to the total
emissions in the following. North America is marked in yellow, South America in red, North
Africa and the Arabian Peninsula in brown, South Africa in orange, the Middle East and
Central Asia in light green, East Asia in dark green and Australia in pink color.

Figure 6.1 shows the mineral dust emission flux calculated with ICON. These sum up to
a global emission flux of 3533 Tgyr~!. To bring this value into a context, Tanaka et al.
(2006) report a global emission flux of 1877 T'gyr~! and Zender et al. (2003) report 1490 =+
160 Tgyr—!. Evan et al. (2014) compare mineral dust fluxes for North Africa from the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (CMIP5) models
with satellite-based estimates. While the CMIP5 models produce mineral dust emission
fluxes of a similar magnitude as the previously mentioned studies, estimates from satellite
measurements are in the order of 4500 T'gyr~'. A possible explanation for this apparent
mismatch is that models are tuned towards AOD measurements and, thus, a systematic bias
in the size distribution leads to significantly wrong dust emission fluxes (Kok et al. 2011;
Evan et al. 2014).

The horizontal distribution of the dust emissions closely resembles the well-known dust source
regions (a comprehensive summary is given by Schepanski, 2018), with particularly strong
emissions in regions that are known to be major source regions. The Sahara in general is
the strongest source region. There are, however, regional differences. One hot spot of dust
emission in the Sahara is the Bodele Depression. There are further hot spots in the Grand
Ergs in the north-western part of the Sahara. The dominating source region in South Africa
is the Namib Desert. On the Arabian Peninsula, the Rub' al Khali stands out. Further east,
the Lut Desert in Iran shows a strong peak. The dust emissions of Karakum Desert are also
distinctive. In Eastern Asia, Taklamakan and Gobi Desert are significant source regions.
In Australia, the dominating source region is Lake Eyre. In South America, a dry region
producing emissions spans from Altiplano down south to Patagonia. The Great Basin in
North America shows some weak emissions.
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Figure 6.2: Seasonal mineral dust emissions fluxes for the source regions defined in Figure
6.1 for boreal winter (top left), spring (top right), summer (bottom left) and fall (bottom
right).

The temporal evolution of the emissions is displayed in Figure 6.2. North Africa shows a
strong peak during boreal spring and summer. In Central Asia, the Shamal winds lead to a
peak during summer. Dust production in Eastern Asia happens mostly during spring. For
source regions on the Southern Hemisphere, the peaks are in austral summer and spring.
Although there are strong interseasonal differences, North Africa and the Arabian Peninsula
are dominating the emissions in general. Besides that in boreal winter only Australia is
showing a significant share. In summer, Central Asia has a large contribution. These results
are in good agreement with previous studies (Schepanski, 2018) and show that, in general, the
meteorological conditions necessary for dust emission are met well by our ICON simulations.
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6.4.2 Sea Salt Emissions

Accumulated Sea Salt Emission Flux (kg m? yr™)
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Figure 6.3: Accumulated sea salt emissions calculated by an R2B6 simulation with ICON

The annual sea salt emissions from a one year simulation similar to the simulation described
above for mineral dust are shown in Figure 6.3. The results closely resemble the reference
results from Grythe et al. (2014) and are, thus, not further discussed here.

6.4.3 Anthropogenic

Since the anthropogenic sources from the original Tegen data are not up-to-date, we add
sources based on emission data from the Emissions Database for Global Atmospheric Re-
search (EDGAR, https://edgar. jrc.ec.europa.eu/, Crippa et al. 2016). The data used
corresponds to emissions for the year 2022. Black carbon, organic carbon, sulfur dioxide,
ammonia and nitrogen oxides are added using an ad-hoc tuning factor to the corresponding
AOD species of the Tegen aerosol. The gaseous precursors sulfur dioxide, ammonia and ni-
trogen oxides are simply added (with the tuning factor) to sulfate AOD species, since sulfur
dioxide is the direct precursor of sulfate. Ammonia and nitrogen oxides are precursors for
aerosol species with rather similar optical properties as sulfate.

The above described simplification leads to systematic sulfate underestimation in remote
regions caused by (i) different lifetime of sulfur dioxide and sulfate and (ii) nucleation of sulfur
dioxide at low temperatures. To account for this, a simplified nucleation parameterization
was introduced which artificially creates sulfate if conditions for nucleation are favorable, i.e.
if the sulfate concentration is low, temperature is low, relative humidity is high and solar
radiation is available for photocatalytic reactions.

6.4.4 Wildfire

On a coarse scale, the seasonal cycle of Wildfire presence in the major source regions of
wild fire emissions is remarkably similar each year. With all the simplifications used by
Prog2DAero, using sophisticated modelling of wild fire occurrence or even daily satellite prod-
ucts would add expensive details which get obscured by other simplifications in Prog2DAero
anyways. Thus, we decided to add wildfire emissions based on a seasonal climatology which
was created for this purpose. This approach significantly reduced biases during these seasons
as will be shown in the verification later. The climatology is based on the CAMS Global
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Fire Assimilation System (GFAS) data set (Kaiser et al., 2012) and combines averaged data
per season (DJF, MAM, JJA, SON) from the years 2014 to 2023 for black carbon, sulfur
dioxide and organic carbon.

6.4.5 Horizontal distribution of AOD
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Figure 6.4: AOD of the five different species and total AOD on 15 July 2023. For each
species, the panels show Tegen, Prog2DAero and CAMS from top to bottom.

In order to get an impression of the global AOD distribution, figure 6.4 shows an example
for the distributions of the original Tegen climatology, the results of Prog2DAero and CAMS
reanalysis data (Copernicus Atmosphere Monitoring Service, 2020; Inness et al., 2019) which
can be seen as a reference since it includes a sophisticated aerosol scheme in combination
with data assimilation. The simulations used to generate these data are similar to the above
described simulations with 10-day slices, reinitializing the meteorology from DWD analysis
every 10 days. The aerosol is cycled and can thus spin up. The example in figure 6.4
shows the distribution for July 15, 0 UTC. For all the different species and for the total
AOD, the Prog2DAero results are closer to the distributions of CAMS than the original
Tegen aerosol. This is not only the case for this example date, but for the whole year (not
shown). While it can not be expected from Prog2DAero to resemble fine-scale details due
to the simplicity of the parameterization, the general patterns are reflected quite well, with
the major plumes in the right places throughout the year. It should be pointed out that
this is also the case for the individual species which is quite important since the optical
properties are significantly different between the species. Throughout the whole year, the
wildfire climatology has a major impact on the dominating patterns in black carbon, organic
carbon and sulfate improving the overall picture in an eyeball comparison tremendously.
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6.5 Comparison to Measurements
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Figure 6.5a: Comparison of simulated total AOD at 550nm with sun photometer (AERONET)
measurements for DWD's measurement station at Hohenpeissenberg. The black line are the

measurements, the red line is Tegen aerosol, the grey line is CAMS data and the green line
is Prog2DAero.
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Figure 6.5b As Figure 6.5a, but for Lindenberg, Germany.

While the previous section provided a more qualitative comparison to a dataset that contains
measurements data (i.e. reanalysis data), we want to provide some direct comparison with
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measurements in this section. Since our focus region is Germany, we are using AERONET
data from the two sites operated by DWD in Hohenpeissenberg (Figure 6.5a) and Lindenberg
(Figure 6.5b).

It directly catches the eye that Tegen systematically overestimates the AOD under present
day conditions. Technical improvements and stricter environmental regulations have de-
creased the particulate matter load in Germany steadily since the 1980s, which is why Tegen,
generated in the mid 90s does not reflect present day conditions well anymore. This was
also part of the motivation to update the aerosol in ICON-NWP. Especially during autumn,
winter and early spring, CAMS as well as Prog2DAero are closely around the measurements,
without a significant bias. During late spring and summer, Prog2DAero seems to underesti-
mate peak concentrations. At least partly, this is due to an underestimation of mineral dust
outbreak strength. Overall, most of the time, Prog2DAero is closer to the measurements
than Tegen and thus should provide a better estimate of AOD than the currently used cli-
matology. This is not only true for the two shown stations, but with few exceptions for all
450 AERONET stations that provide data during 2023 (not shown).

6.6 Verification

In order to verify the impact of Prog2DAero on NWP forecasts, we performed simulations
for global ICON from 1 January to 15 March 2025 (winter period) and from 1 May to 15
July 2025 (summer period) using the operational NWP setup at DWD. Mineral dust from
Prog2DAero was not included for these simulations since it did not show a beneficial impact.
The aerosol cloud coupling is, since Prog2DAero uses the same species as Tegen, done with
the same methods as in the reference.
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Figure 6.6a: Radiation scores in the EPS forecasts in winter for Germany. Top: Mean error,
bottom: CRPS, left: diffuse radiation, right: global radiation, black: Prog2DAero, red:
reference. Figure 6.6b: Radiation scores in the EPS forecasts in summer for Germany.
Top: Mean error, bottom: CRPS, left: diffuse radiation, right: global radiation, black:
Prog2DAero, red: reference.

Figure 6.6a and 6.6b show the radiation scores in the EPS system for summer and winter.
The slight reductions in radiation biases lead to significant improvements in the EPS scores
while the deterministic scores are neutral or mixed (not shown).
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Figure 6.7: Selected EPS scores in summer for North America. Top: mean error, bottom:
CRPS, black: Prog2DAero, red: reference, from left to right: surface pressure, 6-hourly rain
rate, Temperature in 2m height, dew point in 2m height.



The impact of the wildfire emissions can, for example, be clearly seen in the summer 2025
scores for North America in Figure 6.7 with significant improvements even for indirectly
related variables like rain rate. This is remarkable, since the wildfire climatology as described
above, uses seasonal averages for the years 2015-2024 and confirms the assumption that the
major wildfire events with a large-scale impact depend mostly on the season and less on the
year.
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Figure 6.8a+b: Synop scorecard for winter, EPS. Blue shows an improvement in CRPS
score with Prog2DAero. From left to right: Northern Hemisphere, Southern Hemisphere,
Tropics, Europe. From top to bottom: wind speed, 6-hourly gusts, total cloud cover, high
cloud cover, low cloud cover, mid cloud cover, surface pressure, diffuse radiation, global
radiation, relative humidity in 2m height, 6-hourly rain rate, temperature in 2m height, dew
point in 2m height.
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score with Prog2DAero. From left to right: Northern Hemisphere, Southern Hemisphere,
Tropics, Europe. From top to bottom: wind speed, 6-hourly gusts, total cloud cover, high
cloud cover, low cloud cover, mid cloud cover, surface pressure, diffuse radiation, global
radiation, relative humidity in 2m height, 6-hourly rain rate, temperature in 2m height, dew
point in 2m height.

Figures 6.8 and 6.9 show the scorecards for winter and summer in the ensemble prediction
system. As pointed out before while the deterministic scores are mostly neutral/mixed, the
reductions in biases show their impact mostly in the EPS. There are significant improvements
especially in the radiation scores for all regions. The slight degradation of gust scores is due
to a double penalty effect caused by slightly higher gusts.

6.7 Combination with ICON-ART

Since the more sophisticated aerosol from ICON-ART uses Tegen climatological aerosol com-
plementary for species that are not considered by the ICON-ART setup, Prog2DAero can
be used complementary to ICON-ART in a similar way. For example by using natural
aerosol (Mineral Dust, Sea Salt) from ICON-ART and anthropogenic and wildfire species
(Sulfate, Organic Carbon, Black Carbon) from Prog2DAero. Please note, however, that the
combination of Prog2DAero with ICON-ART has not been thoroughly tested yet.

6.8 Summary

A strongly simplified, 2-dimensional aerosol scheme Prog2DAero has been introduced in
ICON. It builds upon the currently used Tegen climatology and adds simplified transport,
horizontal diffusion as well as source and sink terms for AOD. Comparisons to measurements
data (Aeronet) and to more sophisticated aerosol schemes which include data assimilation
(CAMS) show strong improvements compared to the original Tegen climatology. This is
partly due to changes in the anthropogenic emissions since Tegen climatology was created
in the mid 90s, but partly also due to the transport being able to account for the impact on
current weather conditions on the AOD. The most remarkable impact on the overall results
was caused by the addition of a seasonal wildfire climatology and accounting for hygroscopic
growth of particles. The scheme increases the runtime typically less than 0.5%. DWD is
currently in the final steps to prepare Prog2DAero for operational usage. The verification
results show an overall neutral to positive impact, especially on the ensemble prediction
system. The next steps will be to investigate combining Prog2DAero with mineral dust
from ICON-ART and to add boundary data supply to allow for a usage within limited-area
simulations.

Acknowledgements: We thank Ralf Becker and Frank Wagner for operating and pro-
viding AERONET data for Lindenberg and Hohenpeissenberg. We acknowledge the use of
Copernicus Atmosphere Monitoring Service Information.
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7 Implementation of spectral-bin microphysics in ICON

(P. Khain, K. Shpund, A. Seifert, D. Reinert, U. Schittler, H. Muskatel, Y.
Levi, A. Givati and A. Khain)

7.1 Introduction

The Spectral Bin Microphysics (SBM) parametrization is a detailed cloud microphysics
scheme used in atmospheric models that explicitly represents the size (or mass) distribution
of cloud particles by dividing them into discrete size (or mass) bins. The implementation of
SBM in ICON, alongside the existing 1-moment and 2-moment (2M) microphysics schemes,
was divided into two stages: implementation of a simplified "Warm-Phase" version first, and
implementation of the "Mixed-Phase" version second. In the following, we describe each of
the two stages separately. Finally, we briefly describe our development status as part of the
ongoing ACLIIM project.

7.2 Implementation of Warm-Phase SBM in ICON

The Warm-Phase SBM version was implemented in ICON in 2022. The implementation was
followed by comprehensive testing in an idealized supercell storm simulation. The results of
the 2M scheme and SBM were compared in all aspects related to warm processes, especially
with regard to sensitivity to aerosols. In all simulations, a strong storm with maximum
updrafts exceeding 25 m/s was simulated. The maximum vertical velocity in the 2M scheme
does not depend on aerosols. However, the maximum vertical velocity in SBM with high
aerosol concentration was found to be substantially higher than in the case of low aerosol
concentration. Despite the insensitivity of the maximum vertical velocity to aerosols, the
microphysics of the 2M scheme is sensitive to aerosols. Both the SBM and 2M schemes
showed faster rain formation in the case of low aerosol concentration; both schemes indicate
that the first raindrops form when the mean volume radius exceeds ~15 pm. In both schemes,
the first raindrops form near cloud top in an undiluted core and fall along the cloud edges
at the mature stage. At the decaying stage, raindrops fall through the cloud core. The
zone of rainfall in the lower few kilometres coincides with the zones of strong downdrafts.
A substantial effect of aerosols on the intensity and spatial distribution of precipitation was
found. In the case of low aerosol concentration, raindrops form earlier and at lower altitudes.
As a result, the area covered by rain is smaller, but the maximum rain intensity is higher
than in the case of high aerosol concentration.

As part of that implementation, a paper was published [Khain et al., 2022], "Warm-phase
spectral-bin microphysics in ICON: reasons of sensitivity to aerosols." In this paper we also
discussed the hindering effects of large supersaturation, via mass loading, on cloud develop-
ment in the case of low aerosol concentration, and examined the validity of the well-known
saturation adjustment procedure.

An example of this comparison of the SBM and 2M schemes in a warm-phase scenario is
presented in Fig. 7.1.
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Fig 7.1. The vertical velocity fields in all simulations in x—z cross-sections through the cloud
cores at 27 min. The simulations are: 2M with high aerosol concentration (2M-H), SBM
with high aerosol concentration (SBM-H), 2M with low aerosol concentration (2M-L), and
SBM with low aerosol concentration (SBM-L).

7.3 Implementation of Mixed-Phase SBM in ICON

In summer 2025, the mixed-phase version of the SBM scheme was implemented in the ICON
model, and since October 2025 it has been included in the official public release.

The SBM scheme is activated using the namelist parameter itype_gscp=8. In contrast to
the bulk schemes, the SBM scheme does not use the saturation adjustment procedure be-
fore and after the call to the microphysics scheme. To solve the equation of diffusional
growth /evaporation, SBM uses the supersaturation change during the last time step, which
occurs due to advection, with contributions from other physics processes. The coupled equa-
tion system for diffusional growth and supersaturation is solved so that supersaturations over
water and ice are non-zero until the end of the microphysical time sub-steps. Therefore, it is
required to turn off saturation adjustment, i.e. to set the namelist parameter inwp_ satad=0.

In order to calculate the supersaturation change during the time step, a special "SBM storage"
(see mo_sbm__storage.f90) was implemented, which allows the temperature and water vapor
of the previous time step to be saved and restored. The main "fast-physics" parametrizations
called in ICON at every time step are the turbulent mixing ("turbdiff") and the microphysics.
It is reasonable for SBM to use the supersaturation right after the advection, rather than the
smoothed supersaturation after "turbdiff." Therefore, it is required to set the corresponding
namelist parameter lmicrophysicsFirst=.true..

In order to fully couple SBM to ICON's dynamics, it is required to set the corresponding
namelist parameter Isbm_ coupled=.true.. For testing purposes, there is an option to run
ICON with 2M dynamics and microphysics and, on top of it, run SBM every time step with
an option to analyze its output (e.g. using extra_3d variables). To choose this option, in
which SBM does not have any influence on the model dynamics or microphysics, one needs
to set the namelist parameter lsbm__coupled=.false..

In addition to the already existing tracers in ICON, SBM includes 132 advected tracers.
Three hydrometeor size distributions, for drops, ice/snow, and graupel/hail, are defined
on a logarithmic mass-doubling grid containing 33 bins (tracers). The minimum particle
radius is 2 pm and the maximum radius is 3.4 mm. Drops with radii exceeding 50 pm
(bin number krdrop=15) are attributed to raindrops, while smaller drops are considered
cloud droplets. Similarly, ice/snow particles with a bin number exceeding krice=18 are
attributed to snowflakes, and smaller particles are considered ice crystals. In contrast, the
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33 graupel/hail bins are defined as either pure graupel or pure hail distributions via the
hail_opt parameter. The size distributions of dry CCN are defined on a logarithmic mass
grid, also containing 33 bins (tracers). The maximum CCN radius is taken to be 2 pm.
The initial size distribution of aerosols playing the role of cloud condensation nuclei (CCN)
applied in SBM is described as a sum of three log-normal distributions, representing a nuclei
mode (ultrafine aerosols) centered at a radius of 0.005 pm, an accumulation mode centered
at 0.035 pm, and a coarse mode centered at 0.31 pm (Ghan et al. 2011). Supersaturation
and CCN properties are used to calculate the critical size using Kéhler theory. CCN with
sizes exceeding the critical value are converted to droplets, and the corresponding bins in
the aerosol size distribution become empty. Non-activated aerosols are advected similarly to
hydrometeors, so wind transports both hydrometeors and non-activated CCN. The settling
velocity of CCN is neglected.

There are several options in SBM to define an initial vertical profile of CCN. Among others,
the code includes definitions of theoretical maritime and continental options. By default,
SBM uses a continental initial profile. A namelist scaling factor tune sbmccen [0-1] allows
the initial CCN concentration profile to be reduced with respect to the continental case.
tune__sbmcen=1 corresponds to the use of a pure continental profile, and tune_ sbmccn=0
is an approximation of the maritime case.

When implementing mixed-phase SBM in ICON, the interaction with other parametrizations
was taken into account. ICON uses total water and ice contents (qc, qr, qi, gs, qg) in many
places in the code. When using SBM, we keep advecting these total water contents but
overwrite them with the integrals over the corresponding size distributions, right after the
call to the microphysics. The vertical turbulent diffusion ("turbdiff") also uses cloud water,
ice, and snow (qc, qi, gs). For consistency, the corresponding SBM bins (tracers) were added
to the vertical turbulent diffusion as well. The convection scheme might also detrain qc,
qi, qr, gs. For mass conservation, we "evaporate' this water, transferring it to water vapor
qv, and subtract the corresponding latent heat release. Under appropriate conditions, this
water vapor may condense into hydrometeors as part of SBM. Total water contents are used
in ICON's initial and boundary conditions. In the case of SBM, a similar transformation to
water vapor is applied.

Detailed documentation of the mixed-phase SBM implementation in ICON is available here:
SBM Overview — ICON documentation.

Fig. 7.2 compares the development of an idealized supercell near the equator in 2M (first
row) and SBM (second row) 1-km ICON mixed-phase simulations. It nicely shows a similar
cell evolution for various model time steps, from 2 to 10 seconds.
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Fig 7.2. Development of an idealized supercell near the equator in 2M (first row) and SBM
(second row) 1-km ICON simulations. A similar cell evolution is obtained for various model
time steps, from 2 to 10 seconds.

7.4 Development status as part of the ACLIIM project

More recently, processes accounting for collision enhancement due to turbulence and con-
centration inhomogeneity have been implemented in a private development branch. The
implementation is physically based for drop—drop collisions, and its extension to mixed-
phase collisions is being evaluated. Validation is carried out using idealized supercell storm
simulations as well as real-case studies over the Eastern Mediterranean. Results are anal-
ysed in comparison with the 2M and 1M ICON microphysics schemes under both maritime
and continental aerosol conditions. Moreover, an alternative scheme of turbulent enhance-
ment of collisions by Onishi and Seifert (Onishi and Seifert, 2016, ACP) was implemented
in ICON-SBM, and the comparison with the Pinsky and Khain scheme is ongoing.

The mechanism of turbulence enhancement is a major driver of the rapid onset of light
precipitation. It produces a fast, non-linear intensification of precipitation: cloud droplets
initially grow by diffusion into precipitation embryos, which then rapidly collide and accrete
mass, forming larger drops that sediment and eventually reach the surface as precipitation.
Fig. 7.3 presents the evolution of the liquid water content of a cumulonimbus cloud in an
idealized Weisman-Klemp setup (Weisman and Klemp, 1982) after 30 minutes (a) and 40
minutes (b), in the warm-microphysics setup of ICON-SBM. From left to right, the following
simulations are presented: polluted conditions without consideration of turbulent enhance-
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ment of collisions (hereafter "no enh"), clean (maritime) conditions and "no enh," polluted
conditions with consideration of turbulent enhancement of collisions (hereafter "enh"), and
clean (maritime) conditions and "enh." Polluted conditions provide stronger cloud develop-
ment with higher updrafts (not shown) in comparison with clean conditions, where larger
drops collide faster, leading to earlier rain development. Turbulent enhancement shows a
similar effect to simulating cleaner conditions, providing more efficient collisions, faster drop
growth, and consequently faster rain development. In the following, real-case simulations
are planned to verify the benefit of considering turbulent enhancement of collisions in ICON-
SBM simulations (both Pinsky-Khain and Onishi-Seifert), by comparing them to radar and
rain gauge data.
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Fig 7.3. The evolution of the liquid water content of a cumulonimbus cloud in an idealized
Weisman-Klemp setup after 30 minutes (a) and 40 minutes (b), in the warm-microphysics
setup of ICON-SBM.

8 Test Case Verifications: The ICON model precipitation
performance over central Greece during the storm "Daniel"

(E. Avgoustoglou, H. Muskatel)

8.1 Introduction

Storm Daniel is widely regarded as one of the most severe Mediterranean tropical-like cy-
clones (medicanes) ever recorded. Greece, particularly the central regions, experienced the
most intense impacts, with extreme precipitation and extensive flooding. These exceptional
conditions also provided a valuable opportunity to evaluate the regional configuration of the
ICON model, building on earlier work by Avgoustoglou et al. (2025), in which results from
the model's default aerosol climatology were published.

Under the methodology developed in that publication, the present report expands the analy-
sis by incorporating four additional ICON model setups. This extended experimental frame-
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work enables a broader assessment of how different climatological assumptions influence
short-range precipitation forecasts during an extreme Mediterranean cyclone. A sequence
of simulations was carried out for each climatology, covering the period when Storm Daniel
produced its most destructive impacts.

Following this expanded setup, ICON was forced by boundary conditions from the oper-
ational ECMWF Integrated Forecast System (IFS). Forecasted accumulated precipitation
was compared against observations from synoptic stations across the affected areas, while
the evolution of the medicane was examined in reference to the minimum PMSL values, re-
lating them to the corresponding ECMWEF analysis fields. This ensured consistency with the
established methodology while enabling a deeper exploration of aerosol-related sensitivities.

Research has shown that Mediterranean cyclones respond distinctively to aerosol loading,
with dust particles from North Africa significantly modifying the thermal structure of the
atmosphere during cyclogenesis. Observational studies have documented this feature dur-
ing intense dust episodes, while model simulation errors due to Saharan dust episodes were
reported by Hermes et al. (2024). The impact of aerosols on Mediterranean precipita-
tion exhibits complex patterns through both direct and indirect effects (Solomos et al.,
2011). Furthermore, the timing and intensity of precipitation in Mediterranean cyclones
show strong sensitivity to aerosol loading. The precipitation response varies seasonally, with
stronger aerosol effects observed during transitional seasons when Mediterranean cyclones
are most active. Long-term satellite observations combined with modelling studies indicate
that aerosol radiative effects can modify the track and intensity of Mediterranean cyclones
by altering the regional temperature gradients and consequently the steering flow patterns
(Nabat et al., 2015).

In medicanes, aerosol-radiation interactions demonstrate particularly complex effects due
to the region's unique geography and frequent dust intrusions from the Sahara. Although
mineral dust is the dominant aerosol type in the Mediterranean, sea-salt particles can signif-
icantly influence the tropical-like cyclones in the region through aerosol—cloud interactions
(Pravia-Sarabia et al., 2021). Regarding aerosol climatology versus forecasted aerosols, the
transition from climatological to real-time aerosol data represents a significant advance-
ment in weather prediction capabilities (Benedetti et al., 2018). Comparative studies have
demonstrated that using real-time aerosol data can improve temperature forecasts, especially
during dust events. Real-time aerosol assimilation has shown particular success in improv-
ing radiation forecasts, with studies reporting a 15-30% reduction in shortwave radiation
bias compared to climatology-based approaches (Martin Pérez et al., 2024; Muskatel et al.,
2021). Analysis of forecast skill indicates that precipitation timing and intensity predic-
tions improve significantly when using real-time aerosol data, especially during intense dust
episodes (Muskatel et al., 2021; Xin and Aijun, 2021; Muskatel et al., 2024). Studies have
shown that dynamic aerosol representation can better capture the diurnal cycle of radiative
effects, leading to improved prediction of convective initiation timing and wind speeds (Rémy
et al., 2015). Real-time aerosol data also enables better representation of aerosol-cloud in-
teractions, with significant improvements observed in precipitation predictions compared to
climatology-based approaches (Jiang et al., 2017). The primary disadvantage of fully coupled
aerosol models is their enormous computational resource requirements compared to conven-
tional NWP models that use aerosol climatology. These costs manifest in both computational
effort and memory consumption, as the additional chemical and particle tracers can double
both memory usage and CPU time. Such resource demands typically force compromises in
spatial and temporal resolution, which can degrade the model's performance to the point of
negating the improvements gained from the fully coupled approach.

A pragmatic compromise between these two approaches is to use fully coupled aerosol forecast
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model output as input to a higher-resolution NWP model (Muskatel et al., 2021). The
aerosol predictions can then replace aerosol climatology and serve as input to both the
radiation scheme (direct effect) and the microphysical scheme for droplet and ice nucleation
parameterizations. While this method sacrifices some dynamical consistency between the
NWP model and the aerosol model, specifically in terms of aerosol washout and convection
processes, we argue that these compromises are acceptable, particularly for synoptic-scale
events such as Saharan dust storms.

In this study, we enhanced the ICON model with new aerosol and cloud features. A key
addition was the integration of the aerosol climatology of Bozzo et al. (2017), derived from
the Copernicus Atmosphere Monitoring Service (CAMS) model reanalysis spanning the years
2003-2014 (Morcrette et al., 2009).

The five resulting model configurations were realized in corresponding ICON model setups
applied over the active period of the development of the "Daniel" medicane (4-12 September
2023). The results were based on 48 h runs forced by IFS 3 h operational runs, initialized at
00 UTC every day, in order to keep the short-range character of the model forecast, which is
useful for practical purposes. Their mutual differences are highlighted mainly in reference to
precipitation over the most heavily affected area of central Greece, Thessaly, in comparison
to the values registered by the available meteorological stations of HNMS in the area.

8.2 Generic ICON model setup

The limited-area model version of ICON that was implemented follows the configuration
established as a critical application at ECMWF by IMS (Khain et al., 2022). The integration
domain (Figure 8.1) includes the wider area of the central and eastern Mediterranean along
with significant portions of the surrounding areas of Europe, Africa, and Asia, stretching
between 4.00-45.50°E, 25.50-53.00°N and centered at 24.750°E, 39.250°N (the SEE domain).
According to the references associated with the tracking and the synoptic analysis of the
medicane (EUMETSAT, 2024; Wikipedia, 2024; Dimitriou et al., 2024; Flaounas et al.,
2024; Hewson et al., 2024), this domain can be considered an excellent choice to investigate
the local features of the storm from the qualitative standpoint.

The model resolution is about 2.5 km (R2B10), with a size of 41.5°x27.5° and 1,783,780
triangular cells, realized in 65 vertical levels up to 23 km. The work is based on eight
distinct 48 h runs forced by the deterministic IFS of ECMWFEF as initial and 3 h boundary
conditions, starting at 00 UTC and covering the dates 03—-10 September 2023. The runs
were performed over the period of the development of the medicane, placing emphasis on
the dates of extreme precipitation over Thessaly. This approach is consistent with the short-
range forecast value of a regional model and also allows comparisons between the first 24
hours of a run and the last 24 hours of the model run of the previous day. In addition to
gauging the model performance, this run period was also sufficient to highlight the differences
among the different aerosol climatologies that were employed.
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Figure 8.1. Integration domain of the ICON model.

8.3 Status of aerosol effects on ice nucleation processes

The ICON default radiation scheme employs Fu’s ice optical properties (Fu, 1996; Fu et
al., 1998), hereafter the "Fu parameterization", to calculate the extinction coefficient, single-
scattering albedo, and asymmetry factor (S.xt,w, g) based on effective particle size. These
parameterizations for the solar and thermal spectral regimes were originally limited to frozen
particles smaller than 60 micrometers, which complicated the inclusion of larger particles like
snow, graupel, and hail in the radiation scheme. This limitation could lead to significant
radiative errors, particularly at high latitudes and in convective clouds. To address this
limitation, we implemented and tested a newer parameterization (Muskatel et al., 2021),
hereafter the "Fu-Muskatel parameterization', that extends the size limit. The authors used
particle-size-distribution ensembles instead of original in-situ measurements, expanding the
effective size range to 570 um. This enhancement enables the inclusion of larger hydrometeor
categories in the ICON radiation scheme. Additionally, the new parameterization offers a
choice between smooth and rough surface treatments. Following Fu (2007), we opted for
rough surface parameterizations in our experiments. In this work we compared the results
of five ICON model setups, which are listed in Table 8.1.

The models differ in their treatment of aerosols, ice nucleation processes, and ice optical prop-
erties. For aerosol representation, we utilized both the two-dimensional Tegen et al. (1997)
climatology and the more advanced CAMS framework, which offers both three-dimensional
climatological data and forecasted aerosol distributions, as detailed in Muskatel et al. (2024).
Ice nucleation processes were simulated using either the Cooper (1986) parameterization or
the DeMott et al. (2015) approach, with the latter incorporating dust concentration data
from the CAMS climatology. The treatment of ice optical properties followed two distinct
approaches: the classical Fu parameterizations (Fu, 1996; Fu et al., 1998), where we excluded
large frozen hydrometeors from radiative calculations, and the newer Fu-Muskatel framework
(Muskatel et al., 2021), in which we comprehensively accounted for large ice particles, snow,
and graupel in the radiation scheme.
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Model Version name Aerosol input for radiation  Ice nucleation Ice optics

default Tegen Cooper Fu
DeMott CAMS DeMott Fu
IceOpt Tegen Cooper Fu-Muskatel
camsclim CAMS Cooper Fu
camsforc CAMS (forecasted) Cooper Fu

Table 8.1. Configuration details of the five ICON model versions employed in this study.

8.4 Results

Medicane "Daniel" developed over a period of approximately two weeks and across a wide
geographical area, starting from the western parts of Greece and covering almost the complete
coastline of Libya. Therefore, a suitable strategy had to be followed, on the one side to keep
the features of the short-range model and on the other to address the colossal amounts
of precipitation associated with the catastrophic floods, as well as the complexities of its
tracking. Our approach was set within the framework of EUMETSAT (2024), in which
"Daniel” is established in two phase-periods, the first (4-8 September 2023) associated with
the devastating floods in central Greece and the second (8-11 September 2023) with those
in Libya. As the synoptic situation associated with medicane "Daniel" has been extensively
analyzed by several studies (EUMETSAT, 2024; Wikipedia, 2024; Dimitriou et al., 2024;
Flaounas et al., 2024; Hewson et al., 2024), we developed our findings on the analysis of
mean sea-level pressure (PMSL), the most characteristic meteorological field associated with
the medicane development over both phases. However, regarding precipitation, we focus
on the first phase, associated with central Greece, leaving the devastating floods in Libya
out of the scope of the present study. All the analyses are provided with respect to the
default ICON model setup, along with their differences to the setups according to the other
configurations in Table 8.1 and the corresponding comparisons regarding the accumulated
precipitation of the most affected Greek synoptic stations.

8.4.1 PMSL development of medicane "Daniel"

As mentioned above, the evolution of the storm was simulated with sequential 48 h model
runs starting at 00 UTC every day over the period 3-10 September 2023, forced by the
global model forecast of ECMWF-IFS. The incentive behind this approach was to outline
the medicane evolution from the perspective of a forecaster who is consulting a short-range
NWP model in daily practice. Usually, the first 48 hours of the local model run are used
operationally, especially in severe weather situations where the model output changes criti-
cally between successive runs. In principle, these runs are updated at least every 12 hours.
Nevertheless, for the purposes of this work, the runs were considered every 24 hours as a
sufficient time slot.
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Figure 8.2. PMSL (in hPa, upper scale) over the period 20230905 to 20230911 at 00 UTC:
analysis (al)—(a8), 24 h forecast of the default run (b1)—(b8), and the differences (in hPa,
lower scale) from DeMott (c1)—(c8), IceOpt (d1)—(d8), camsclim (el)—(e8), and camsforc
(f1)—(f8) as denoted in Table 8.1. Area limits: 170-250°E, 290-420°N. All row figures refer
to the same time as the one in the first column, and all column figures refer to the same
climatology as the one in the first row.

At first, the PMSL graphs from the IF'S analysis are compared with the model runs (Figure
8.2) over the designated area of the cyclone development (17.0-25.0°E, 29.0-42.0°N). In the
first column, the analysis graphs are given (Figure 8.2: (al)—(a8)) in 24 h time periods (4-11
September 2023 at 00 UTC), when the storm was most active. These graphs are compared
with the corresponding "default" 24 h model version forecast configured in Table 8.1 (Figure
8.2: (b1)—(b8)). Indicatively, Figure 8.2(b1) refers to the 24th PMSL forecast hour of the
48 h model run started on 3 September 2023 at 00 UTC. Although the agreement between
analysis and forecast is quite good, certain differences can be spotted, especially around the
areas of PMSL minimum. The most notable highlight is reflected in Figure 8.2(a7) versus
Figure 8.2(b7) and Figure 8.2(a8) versus Figure 8.2(b8) respectively, when the medicane is
in the area of Libya, where the PMSL minimum is visibly underestimated by the model.
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8.4.2 Investigation of the ICON model accumulated precipitation over Greece

A main feature of the previous investigation is that all five model setups denoted in Table
8.1 did not display any significant differences among them regarding PMSL over the whole
considered domain (Figure 8.2), as well as in the position and value of the PMSL mini-
mum (Figures 8.3-8.5) upon the medicane development. Also, their differences from the
IFS analysis were small over the period 4 to 7 September 2023, when the storm affected
Greece hazardously (EUMETSAT, 2024). Consequently, this period was considered suitable
to investigate the precipitation associated with the corresponding different model configu-
rations that have been implemented. The expectation was that, although PMSL, the most
critical dynamical meteorological field, varies modestly among the corresponding different
model setups, the extreme accumulated precipitation would show noticeable variations due
to the significant differences in the implemented physical processes described before. In
this approach, the precipitation for this period is presented in Figure 8.3. According to the
WMO convention followed, the daily 24 h accumulated precipitation that is displayed for a
specific date starts at 18 UTC of the previous day and concludes at 18 UTC of the next day.
Indicatively, the 24 h precipitation for 4 September 2023 covers the period from September
3 at 18 UTC to September 4 at 18 UTC.

In contrast to PMSL (Figure 8.2), the differences in the daily accumulated precipitation are
quite distinct, rising to the order of 50 mm in the cyclone area but also over the region of
Greece, especially the central /northern parts of the country where floods took place. These
areas display the highest amounts of accumulated precipitation, reaching the order of 300
mm daily.
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Figure 8.3. The 24 h (+18 to +42) accumulated precipitation (in mm) from the default
climatology model setup (al-a4) 00 UTC runs, along with the corresponding differences of
the other climatologies configured in Table 8.1 in the subsequent columns, over the wider
area of the storm development. Area limits: 170-250°E, 290—420°N. All row figures refer to
the same time period as the one in the first column, and all column figures refer to the same
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climatology as the one in the first row.

8.4.3 Comparisons of the accumulated ICON model precipitation with obser-
vations

The The performances of the different model setups of Table 8.1 are evaluated against the
accumulated precipitation of selected HNMS stations that recorded the highest precipitation
values over the 4-day period 04-07 September 2023, when the medicane affected Greece most
hazardously. The positions of these stations are depicted with bold yellow and red "X" marks
in Figure 8.4, where the network of HNMS synoptic stations is displayed. This selection has
been determined in the corresponding bulletins of the Climatology Department of HNMS
that become available to the public on a monthly basis (HNMS, 2024). In particular, the
stations of Larissa, Skiathos, Volos, and Lamia (bold red "X" marks) have been referenced
in the 18th EFAS Annual Meeting as the most affected by medicane "Daniel" (Papapetrou,
2023). The corresponding accumulated precipitation of this critical period is presented in
Figure 8.5a. Although the overall 4-day forecasted precipitation is underestimated, it is
important to note that some noticeable sensitivity is displayed among the different model
configurations denoted in Table 8.1, especially in favor of the implementation of the CAMS
forecasted climatology "camsforc". This feature remains for "camsforc" also for the daily
accumulated precipitation given in Figures 8.5b—8.5e, irrespective of whether precipitation
is overestimated or underestimated by the different model setups. Even for 07 September
2023 (Figure 8.5¢), "camsforc" very slightly preponderates, although the model performance
is rather modest for all setups.

Stations significantly (£3) and most (#) affected by Storm “Daniel”

39N

38N

37N

36N

35N

20E 21E 22E 23E 24E 25E 26E 27E 28  29E

Figure 8.4. The network of synoptic station positions of HNMS. The positions of the
stations significantly and most affected by storm "Daniel" are depicted with bold yellow and
red "X" marks respectively. The rest of the stations are represented with purple circles.

The overall model performance for the most affected stations (Figure 8.6a—8.6¢) turned out
to be more modest due to the exceptional local character of the extreme precipitation, which
accounts for approximately 50% of that for all stations (Figure 8.5a vs. Figure 8.6a). Nev-
ertheless, the overall model performance of Figure 8.6a is similar to that of Figure 8.5a. The
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"camsforc” model setup preponderates also for the Larissa and Skiathos stations, but for the
Volos and Lamia stations the "camsclim' and "IceOpt" model setups preponderate respec-
tively. However, the model performance for the Volos and Lamia stations is rather modest
for all model setups, as the accumulated precipitation is 30% and 40% of the corresponding
observations respectively.

8.5 Discussion

The hazardous nature of medicane "Daniel", associated with extreme precipitation over
Greece, provided the motivation to investigate the performance of a well-established ver-
sion of the regional ICON model (Khain et al., 2022). In addition to the "default" model
setup based on the Tegen scheme for the aerosol input for radiation (Tegen et al., 1997), the
Cooper scheme for ice nucleation (Cooper, 1986), and the Fu scheme for ice optical prop-
erties (Fu, 1996; Fu et al., 1998; Fu, 2007), this endeavor was realized from the perspective
of four more model setups (Table 8.1) associated with CAMS climatologies for the aerosol
input for radiation (Martin Pérez et al., 2024; Muskatel et al., 2024; Bozzo et al., 2017) and
the DeMott scheme for ice nucleation (DeMott et al., 2015). Our investigation was based on
a sequence of 48 h model runs starting at 00 UTC for the period 3 to 10 September 2023,
forced by the ECMWF-IFS global model. Good performance was found, especially for the
period 4-7 September 2023, the first phase of the medicane as designated by EUMETSAT.
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Figure 8.5. Height of total accumulated precipitation (mm) for all the selected stations of
Figure 8.4 over the period 04-07 September 2023 (a), as well as for every individual day, i.e.,

59



04 (b), 05 (c), 06 (d), and 07 (e) September 2023.

Although, regarding PMSL, the differences between the different model setups (Figure 8.2)
were not impressive (~2 hPa), the differences in 1-day accumulated precipitation (Figure
8.6) were very large (~50 mm) over the wider area of medicane activity. In this respect, our
approach to focus on the physical processes associated with the aerosol input for radiation,
ice nucleation, ice optical properties, and CAMS climatologies was well justified by the
corresponding model setups configured in Table 8.1. As a comparative validation, the 24 h
accumulated precipitation of the 21 most affected synoptic stations, as officially stored by
the Climatology Department of HNMS, was used for the period 4-7 September 2023. The
comparisons were performed with the 24 h accumulated precipitation of the 18-42 h model
forecasts, which was considered most suitable from the operational standpoint of the ICON
model implementation at HNMS.
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Figure 8.6. Height of total accumulated precipitation (mm) for the stations that displayed
the highest precipitation (Tegen et al., 1997) of Figure 8.4 over the period 04-07 September
2023 (a), as well as for every individual station, i.e., Larissa (b), Skiathos (c), Volos (d), and
Lamia (e) over the same period.

It was very interesting to note that the setup associated with the CAMS forecasted climatol-
ogy (camsforc) preponderated in the overall station performance against observations, both
over the complete 4-day period as well as the daily ones (Figure 8.5). The situation was not
so clear for the most affected stations, but still the "camsforc" setup performed better for
the synoptic stations of Larissa and Skiathos, where the overall model agreement was better
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for all model setups (Figure 8.6).

In addition to these results, the ICON simulations for the entire 2023 period, incorporating all
available aerosol climatologies, have been carried out. The further processing and analysis of
this extensive dataset are expected to provide a much-needed bridge between the operational
application of ICON and the broader understanding of cloud-radiation interactions. The
inclusion of multiple aerosol climatologies enables a more detailed assessment of how different
aerosol representations influence radiative and microphysical processes, particularly under
extreme weather conditions. The outcome of this endeavor is anticipated to motivate and
guide researchers in evaluating diverse NWP physics implementations during high-impact
events, thereby advancing the understanding of the complex physical processes that make
this field both challenging and scientifically rewarding. Building on these results, additional
targeted studies are planned to extend the methodology and deepen the investigation of
aerosol-radiation—cloud interactions across the central-eastern Mediterranean.
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prediction with participating meteorological services from Germany (DWD, AWGeophys),
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