Answers to Referee comments of the revised manuscript

Summary

Referee Comment: In this study, the authors use a meteorology model, coupled to an aerosol
model that predicts aerosol mass concentrations over the course of several months in
Germany where observations are present at two sites within their domain. The aerosol mass
concentrations that are simulated in the models are converted to CCN using assumed size
distributions, and these CCN concentrations are compared to estimates of CCN from various
in situ and remotely-sensed observations in Germany during the same time period.
Furthermore, the authors apply scaling factors to the emissions representative of the 1980s,
and run the 2013 simulations again with these new emissions to get a sense of what the CCN
concentrations were in 1980s for comparison. The authors utilize a wide range of methods to
quantify CCN, and a comparison of such methods are useful. However, more details on why
these different methods vary would provide a much more compelling study and would improve
the interpretation and understanding of not only the 2013 results but also the 1985 results.
Furthermore, there are also some critical details that are missing and some missing references.
As such, | think this study is of interest to the wider community, but needs additional analyses
and more details as discussed below.

Author Response: The authors would like to thank the anonymous Referee for the
comprehensive and critical review, which is helpful in order to improve the manuscript. We
have addressed all concerns in this document. Part of the answers of the more general
comments can be found at the specific comments in more detail. According to the referee’s
comments, we have revised the manuscript. All changes in the manuscript are addressed in
the following. Text marked in yellow was added in the revised manuscript.

Overarching concern

Referee Comment: The main focus of this study is on the use of modelled CCN estimates.
However, the authors only speculate reasons why their modelled CCN estimates vary from
observations (e.g., ammonium nitrate uncertainties, precipitation impacts, particle size
distributions, particle composition) and do not provide concrete results explaining why their
modelled estimates compare as they do to various observations. All of these speculations
could be actually tested in their framework. Understanding the reasons for their 2013 model-
observation comparison biases would be especially helpful in assessing the robustness in their
1985 estimates, for which there are no observations and which are based on meteorology
from 2013. Ultimately, | am left questioning on how accurate are these 1985 profiles

Author Response: The aim of the study was to provide estimates of mid 1980’s CCN
concentrations over Central Europe and Germany, and not exactly for the year 1985. Apart
from uncertainties due to assumptions in the model (e.g., size distribution), the emissions of
the 1980’s over Germany are very uncertain as there are only insufficient emission records for
Eastern Germany for that time. Therefore, it is not realistic to aim for exact concentration
estimates of a particular year in the 1980’s. The study took part in the framework of the
HD(CP)? project and had the task to provide 3D time-varying CCN fields as input for high-
resolution simulations with ICON-LEM. Although, the magnitude of the estimated CCN
number concentrations might be uncertain especially for the 1980’s scenario, the regional
and temporal variations are expected to introduce significantly more realism to the ICON
simulations of the partner study (Costa-Surrds et al., 2020) than the previously applied
spatially and temporally constant CCN profiles (Heinze et al., 2017).

The applied size distributions were already explained, discussed and compared to
measurements great detail in our previous work by Hande et al. (2016) (see also answer to
later comment for more details). Any other size distribution assumptions would be less



constrained by observations for this particular site. The effect on the CCN concentration of
deviations of the modeled and measured chemical composition (but using the same size
distributions to calculate CCN from the modeled and observed mass, respectively) is shown
in Figs. 2 and 3. Far from any speculation, we clearly show that the model underestimates the
total CCN concentration at least partly due to an underestimation of aerosol mass, mainly by
ammonium nitrate and ammonium sulfate, in the spring episode and overestimates CCNs
because of an overestimation of these aerosol species in the fall episode. The
underestimation of ammonium sulfate and particularly ammonium nitrate mass in the spring
episode is also shown in Fig. 2 in the work by Hande et al. (2016) (see below).
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Ammonium sulfate and ammonium nitrate concentration for the spring episode. The figure is taken
from Hande et al. (2016) (Figure 2) with permission of the authors.

Furthermore, the size distribution assumptions are evaluated against in-situ observations of
CCN in section 3.2. This section also provides a comparison of the N_CCN/N_CN ratios,
which give insight to both the number of particles in a certain size range and the resulting
CCN at a defined supersaturation. From this investigation, it can be seen (Fig. 4) that there is
no difference in the comparison to the observation between the spring and fall episode.
Hence, the different under- and overestimation of the CCN concentration between the spring
and the fall episode seen in Fig. 2 is more likely linked to uncertainties of the modeled aerosol
mass than the assumptions made to derive CCN. The behavior during the comparison for
different combinations of N_CN thresholds and supersaturations for N_CCN can be explained
by the known deviations of the assumed size distributions to the observed ones (N_CN is
underestimated by 10 % for particles > 110 nm and 35% for particles > 80 nm).

The recently published paper by Costa-Suros et al. (2020) includes a comparison of the
modeled (same simulation data) and satellite-borne observed aerosol optical thickness (AOT).
For both the 2013 period and the same time period in 1985, the average AOT in model and
observation agree well. That means in particular that the model using the assumptions
discussed in the present manuscript is able to represent the clean conditions of the year 2013
and the much more polluted atmosphere of the 1980’s. Therefore, it can be concluded that
the average total aerosol load is represented sufficiently well also for the 1980’s conditions.

However, we are aware that these size distribution assumptions are likely not completely valid
for the whole domain and time period in 2013, as well as for the 1980s. This is certainly a
shortcoming which is difficult to overcome and to evaluate. The evaluation against today’s in-
situ observation shows an average deviation for the two periods between -29% to +37%.
Further investigations using size-resolved aerosol microphysics would avoid assuming
temporally and spatially constant size distributions. Such is planned for the future but is
beyond the scope of this study.



Overall, we believe that, despite the simplifying assumptions, this study applying the current
state of our model system provides valuable information on the CCN budget in the 1980s,
which are of interest for the broader scientific community.

Change in manuscript: The introduction has been revised, now providing more information
on the motivation and goal of this study as well as the role within the HD(CP)? project. The
label “1985” is replaced by “mid 1980’s”. Sections 3.1 and 3.2 were revised giving a clearer
discussion of the deviations between modeled and observed CCN concentrations due to
potential uncertainties of the modeled aerosol mass and the assumption of the number size
distribution. More detailed answers and discussion as well as respective changes in the
manuscript are addressed at the specific comments below. The comparison of AOT
conducted by Costa-Surés et al. (2020) is mentioned in the manuscript.

Referee Comment: As such, | think this manuscript can be improved significantly by
providing focused analyses on why their model underestimates and overestimates CCN.
These include:

1) Assessment of precipitation and surface winds in the model and at their observation site.
The authors state that for a 2 day period, the overestimated in the model compared to
observations was due to precipitation not being correctly located in their model as compared
to observations. Therefore, this potential problem of comparing the model and observations
at one fixed site could help explain a lot of overestimation or underestimation of CCN, and if
so, then more credence can be given to the various emissions and aerosol assumptions used
in this model and post-model processing. Similarly, airmass trajectories and the advection of
aerosol to their specific site could also lead to similar biases and should be tested.

Author Response: As already stated in the manuscript, the misrepresentation of the amount
and exact location of precipitation in the COSMO model has been noted in the manuscript.
The large-scale air mass transport in the model is expected to be realistic since the model is
initialized and driven through the lateral boundaries by reanalysis data for both meteorology
and atmospheric chemical composition. A thorough trajectory analysis would be helpful to
partly explain the influence of different emission sources on the sampling site, but this is
beyond the scope of the current investigation. Nevertheless, as standard procedure during
the analysis we carefully go through the simulation results of key species and meteorological
fields. In addition to the chemical measurements, also the timeseries of meteorological
observations at the measurement station Melpitz were compared to the modeled variables.
At the station itself, no meaningful discrepancies were found of meteorological variables were
found.

During the mentioned short period the ammonium nitrate reaching the measurement site
originated from North-western Germany and The Netherlands, a region with very intense
agriculture (see figure below). Especially in the source region, the model underestimated the
precipitation and, hence, wet deposition of ammonium nitrate, ammonium sulfate and its
precursors on 2013/09/11 and 12 (see figure below). The air mass rich in ammonia and later
ammonium nitrate travelled towards the measurement site at Melpitz during the next 2 days,
which were the ones where the overestimation was observed.

It was not intended to deeply discuss the mentioned 3-day period since it covers only a short
part of the overall simulation period of several months. However, since the overestimation of
particularly ammonium nitrate was rather high during these three days, we decided to mention
it in a paragraph. From the analysis of air mass transport, ammonium nitrate formation, and
precipitation over Germany, we could conclude that at least part of the overestimation can
be explained by lack of wet deposition on 2013/09/11 and 12 and subsequent enhanced
formation of ammonium nitrate and ammonium sulfate. However, the model is here not
completely misrepresenting the situation since also in the gravimetrical aerosol
measurements a strong peak could be observed. Therefore, we assume that the general



interplay of emission, formation, and transport is reasonable. However, it cannot be explained
which of the processes leads to the overestimation to which extent. A likely major reason
presents the missing wet deposition in the ammonia source region in the North-western part
of the domain, since observed large amounts of precipitation were not modeled there.

Change in manuscript: The section about the 3-day period has been revised including more
discussion on the potential causes.
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Referee Comment: 2) The authors state several times throughout the manuscript that there
are large uncertainties likely due to the fact that they assumed a fixed PSD for their aerosol
size distribution that is required to estimate CCN. It seems reasonable and possible for the the
authors to test this assumption, by using a few other PSDs to understand the magnitude of
this sensitivity, which would allow for more scientifically rigorous conclusions. This seems
computationally feasible as the calculations are run offline. Specifically, the authors note that
there PSDs likely have too few particles below 100nm, so at least the authors should run a
test with more particles in this part of the PSD.

Author Response: A comparison between observed and measured particle size distribution
was already done by Hande et al., 2016, who provide the assumed size distributions. These
are based on AMS measurements of ambient concentration of the individual species (Poulain
et al., 2011). A comparison of the estimated size distributions to observations can also be
found in Hande et al. (2016). As can be seen in their Fig. 3c (see below), the observed average
aerosol size distribution at Melpitz is indeed bimodal with peaks at ~30 nm and ~100 nm
diameter. The combined size distribution of the different species was found to match the
observed size distribution well around 100 nm (i.e., the peak region of the largest mode),
which is most relevant for estimating CCN. However, the number of aerosols in the size
ranges (diameter) of 200 nm — 1 pm and < ~100 nm is underestimated.
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Modelled and observed particle number size distribution at Melpitz during April 2013. The figure is
taken from Hande et al. (2016) (Figure 3c) with permission of the authors.

The following table presents a brief sensitivity for the assumed size distribution assumptions
for the example of 1 pg m® ammonium sulfate, which is a main driver of CCN number
concentrations in our simulation. Since the five supersaturations are fixed (no competition for
water vapor), the critical radius is independent of the size distribution parameters. First of all,
the change of size distribution parameters affects the mass-to-number conversion and
therefore the total particle number of this monomodal aerosol distribution. By varying the
geometric mean radius by +/- 10 %, the CCN concentration at 0.2 % supersaturation varies
by +/- ~15 % in the particular case. The effect is larger for the higher supersaturations shown
here. Widening the distribution causes a ~25 % decrease in CCN number concentration at
0.2 %. The effect is different for the aerosol mixture, which changes both temporally and
spatially.

r [um] o Neot [cm™] Ncen [em™] at supersaturation of

0.1 % 0.2 % 0.3 % 0.5% 0.7 %
which are equivalent to critical radii [um] of

0.077 0.048 0.037 0.026 0.021

0.05 1.6 409 74 215 302 373 395
0.045 1.6 560 71 246 371 490 531
0.055 1.6 306 73 186 246 289 301
0.05 1.7 310 65 163 223 276 295

Hence, keeping the mass that is supposed to be distributed over the particle size distribution
and the chemical composition constant, the underestimation of particle number in the
diameter range 200 nm - 1 pm (i.e., a too narrow distribution, or shifted to smaller sizes than
reality) results in an overestimation of CCN at fixed supersaturation. The underestimation of
particle number of particles with diameters < ~100 nm (i.e., distribution shifted towards larger
sizes than reality) would result in an underestimation of CCN at fixed supersaturations (in the
investigated range).

Also, in the current manuscript, the modeled particle number and CCN number concentration
was compared to the in-situ observation at Melpitz. As stated in the text (p.15, 1.4-6), the
number of particles larger than 110 nm is underestimated by 10 %, and the number particles



larger than 80 nm is underestimated by 35 %. Furthermore, the N_CN / N_CCN ratios that
were investigated in section 3.2 provide a comparison to in-situ observations and take into
account the effect of the chosen size distribution assumptions.

Change in manuscript: Sections 3.1 and 3.2 were revised now giving a clearer discussion of
the deviations between modeled and observed CCN concentrations due to potential
uncertainties of the modeled aerosol mass and the assumption of the number size
distribution.

Referee Comment: 3) Why does the aerosol vertical profile of CCN change between the 1985
and 20137 There is no clear explanation given.

Author Response: This is due to the different chemical composition of the aerosol in 1985
and 2013. It was stated that way in the manuscript (p.18, I.13-14). The different scaling factors
applied in order to estimate the concentration of the aerosol constituents in the mid 1980’s
lead to a different chemical composition. The chemical composition is not constant with
height and the comparison this comment refers to is done for a vertical velocity of 1 ms™.
Therefore, the different aerosols compete for the available water vapor. Hence, the
supersaturation is not fixed but depends on the chemical composition of the aerosol. Here,
we finally utilize the full parameterization of Abdul-Razzak and Ghan, 2000.

Change in manuscript: The respective text in section 3.4 is updated.

Referee Comment: 4) Why was the meteorology from 1985 not taken into account? Is there
no meteorology data available from that time period? How can we know that the differences
shown in the authors in their simulated 2013 and their simulated 1985 (using meteorology
form 2013) would not be different if they actually used meteorology from 1985? The authors
even state in their conclusions that the dynamics and thermodynamics (e.g., meteorology)
have a large influence on the CCN distribution. Given that the authors treat their 1985 CCN
profiles are realistic representations that can be used in future studies and assess the role of
emissions reductions between these years, there should be some at least some support, either
references or some analysis of the meteorology from these time periods that justify not
considering the meteorology.

Author Response: The meteorology of the year 1985 is for sure different from 2013. It was
not the goal to describe the real year 1985 but rather to estimate the general aerosol and CCN
conditions of the mid 1980’s over Central Europe. The reason for keeping the 2013
meteorology is that we did not want to have additional effects due to different meteorological
patterns. Instead of simulating many years to rule out meteorological effects, we applied
scaling factors to our concentrations of the 2013 simulation. These scaling factors are derived
based on the difference of emission estimates of the years 2013 and 1985. Since the concrete
emission strength, the location of emitters and other assumptions like size distributions are
uncertain for the 1980’s in general, this approach is expected to deliver a valid estimate of
general mid 1980’s CCN concentrations to be included in the mentioned high-resolution
simulations.

The way the study is designed, we can be sure to see only effects caused by the altered
emission estimates.

Change in manuscript: The introduction has been revised, now providing more information
on the motivation and goal of this study. The label “1985” is replaced by “mid 1980°s”. It is
made clearer that we did not conduct a separate 1980’s simulation, but rather scaled the
concentrations of aerosol constituents based on the difference of emission estimates of the
years 2013 and 1985.



Specific Comments / Questions

Referee Comment: P1, L8: Can the authors extend their CCN values to include a few
decimals points, since the units are 10° m™,

Author Response: Yes.

Change in manuscript: “At ground level, average values between 0.7 -1.5 x 10° CCN m™ at
a supersaturation of 0.2% were found with the different methods.”

Referee Comment: P1, L13-14: ‘since chemical composition and the size distribution are
less important in these ranges’. This was not shown in this manuscript from my understanding
and should be excluded from the abstract.

Author Response: We agree that it is not well formulated here. We meant that at these two
supersaturations (0.1 and 0.7%) either almost none or all of the particles are activated,
respectively (since we do not consider for Aitken and nucleation mode particles here).
However, we now think that it is better to remove the statement from the abstract, and refer
to effects of the size distribution assumptions in the text.

Change in manuscript: “The discrepancies between model and in-situ observations were
lowest for the lowest (0.1 %) and highest supersaturations (0.7 %).”

Referee Comment: P1, L16: What does ‘mid-supersaturation regime’ mean? It is suggested
the authors use actual numbers here to make it more clear.

Author Response: We agree and have changed the sentence accordingly

Change in manuscript: “For supersaturations between 0.3 % - 0.5 %, the model
overestimated the potentially activated particle fraction by around 30%.”

Referee Comment: P2, L2: It may be a good idea to include the word ‘Europe’ in the first
sentence to make this statement accurate and clear.

Author Response: We agree and have changed the paragraph also according to the next
Referee Comment.

Change in manuscript: “Compared to today, in the 1980s the anthropogenic emission of
aerosols and precursor gases such as SO; in Central Europe was much higher (Vestreng et
al., 2007; Smith et al., 2011). Presumably, during this time the loads of such aerosols over
this region were at their maximum. At least since the 1990s anthropogenic emissions of
aerosols and precursor gases in Central Europe have been decreasing (e.g., Smith et al.,
2011).”

Vestreng, V., Myhre, G., Fagerli, H., Reis, S., and Tarrason, L.: Twenty-five years of continuous
sulphur dioxide emission reduction in Europe, Atmos. Chem. Phys., 7, 3663-3681,
https://doi.org/10.5194/acp-7-3663-2007, 2007.

Referee Comment: P2, L4: Should the last sentence of the first paragraph have a reference,
possibly the Cherian et al. 2014 reference?

Author Response: Yes, we agree. The paragraph was revised also according to the Referee
Comment above.

Change in manuscript: “Compared to today, in the 1980s the anthropogenic emission of
aerosols and precursor gases such as SO; in Central Europe was much higher (Vestreng et



al., 2007; Smith et al., 2011). Presumably, during this time the loads of such aerosols over
this region were at their maximum. At least since the 1990s anthropogenic emissions of
aerosols and precursor gases in Central Europe have been decreasing (e.g., Smith et al.,
2011).”

Vestreng, V., Myhre, G., Fagerli, H., Reis, S., and Tarrason, L.: Twenty-five years of continuous
sulphur dioxide emission reduction in Europe, Atmos. Chem. Phys., 7, 3663-3681,
https://doi.org/10.5194/acp-7-3663-2007, 2007.

Referee Comment: P2, L5-6: Aerosol particles play an important role in the microphysical
processes of cloud formation, should have a reference. | believe the proper, original reference
for this is: Kéhler, 1936.

Kéhler, H. (1936), The nucleus in and the growth of hygroscopic droplets, Trans. Faraday Soc.,
32(1152), 1152-1161, doi:10.1039/TF9363201152.

Author Response: Agreed.

Change in manuscript: The reference Kdhler (1936) was added to the respective sentence.

Referee Comment: P2, L26: The statement says the particle size distribution were calculated
using an offline using the Abdul-Razzak and Ghan parameterization. Is this true? | thought the
PSDs were assumed, not calculated. Please check.

Author Response: We apologize for ambiguous writing. The reviewer is correct. The size
distributions are assumed and applied to the aerosol mass. After this step, the CCN
concentration is calculated using the parameterization of Abdul-Razzak and Ghan (2000). We
have revised the sentence.

Change in manuscript: “Then, the CCN number concentration was calculated offline using
the parametrization of Abdul-Razzak and Ghan (2000), utilizing assumed number size
distributions and the modeled chemical composition of the aerosol.”

Referee Comment: P2, L31: It is suggested that the authors include some earlier, more
original studies of CCN observations. For example, Squires and Twomey, 1966.

Squires, P., and S. Twomey (1966), A Comparison of Cloud Nucleus Measurements over
Central North America and the Caribbean Sea, J. Atmos. Sci, 23(4), 401-404,
doi:10.1175/1520-0469(1966)023<0401:acocnm>2.0.co;2.

Author Response: Yes, we agree.

Change in manuscript: We added the references Hoppel et al. (1973), Squires and Twomey
(1966), and Twomey and Squires (1959) and adapted the paragraph slightly.

Hoppel, W. A., J. E. Dinger, and R. E. Ruskin (1973), VERTICAL PROFILES OF CCN AT
VARIOUS GEOGRAPHICAL LOCATIONS, J. Atmos. Sci, 30(7), 1410-1420,
doi:10.1175/1520-0469(1973)030<1410:vpocav>2.0.co;2.

S. Twomey & P. Squires (1959), The Influence of Cloud Nucleus Population on the
Microstructure and Stability of Convective Clouds, Tellus, 11:4,408-411, DOIL:
10.3402/tellusa.v11i4.9331

Referee Comment: P2, L 32-33: Again there are earlier, more original references that should
be considered. For example, Feingold et al. 1998.



Feingold, G., S. Yang, R. M. Hardesty, and W. R. Cotton, 1998: Retrieving cloud condensation
nucleus properties from Doppler cloud radar, microwave radiometer, and lidar. J. Atmos.
Oceanic Technol.,

Author Response: We added a few more references and adapted the paragraph slightly.

Change in manuscript: “Also the derivation of vertical profiles of CCN with ground-based
remote sensing methods is possible (e.g., Ghan et al., 2006; Shinozuka et al., 2015; Mamouri
and Ansmann, 2016; Lv et al., 2018) with the development of first approaches in the late
1990’s (Feingold et al., 1998)."

Shinozuka, Y., Clarke, A. D., Nenes, A., Jefferson, A., Wood, R.,McNaughton, C. S., Strém,
J., Tunved, P., Redemann, J., Thorn-hill, K. L., Moore, R. H., Lathem, T. L., Lin, J. J., and
Yoon, Y.J.: The relationship between cloud condensation nuclei (CCN) concentration and light
extinction of dried particles: indications of underlying aerosol processes and implications for
satellite-based CCN estimates, Atmos. Chem. Phys., 15, 7585-
7604 ,https://doi.org/10.5194/acp-15-7585-2015, 2015.

Lv, M., Wang, Z., Li, Z., Luo, T., Ferrare, R., Liu, D., Wu, D., Mao,J., Wan, B., Zhang, F., and
Wang, Y.: Retrieval of cloud condensation nuclei number concentration profiles from lidar
extinction and backscatter data, J. Geophys. Res.-Atmos., 123, 6082-
6098, https://doi.org/10.1029/2017JD028102, 2018

Referee Comment: P3, L12: The authors state that the activation of aerosol particles depends
on their number, which is not true. The activation of aerosol particles only depends on size,
composition, and the amount of supersaturation present.

Author Response: The reviewer is correct. The sentence as it was written in the original
manuscript is wrong. We actually meant that the number of activated particles is depending
on the physical and chemical properties of the underlying aerosol population, which includes
the number size distribution. We have revised the sentence accordingly.

Change in manuscript: “Based on the modeled aerosol mass concentrations and assumed
particle number size distributions for each aerosol species, the CCN number concentrations
were calculated offline using the activation parametrization by Abdul-Razzak and Ghan
(2000). The parameterization calculates the number of activated aerosol particles for an
aerosol population of multiple lognormal aerosol size distributions and multiple aerosol types.
The number of activated aerosol particles depends on the number size distributions of the
aerosol population, its chemical composition as well as the applied supersaturation (e.g., fixed
or derived from updraft velocities).“

Referee Comment: P4, L3: Is there then a discontinuity in the simulation data every 48 hours
when the model is re-initialized?

Author Response: Yes, there is a usually small discontinuity in the meteorological fields in
the center of the domain. The aerosol and trace gas fields are kept for the next cycle and are
not re-initialized. Due to hourly update of the chemical and meteorological boundary
conditions, near the domain boundaries, no discontinuity is present since the boundaries
originate from continuous reanalysis data. Wolke et al. (2012) tested the impact of the cycle
length on the resulting concentration fields of aerosol constituents and gas phase chemical
compounds. It was found that there is no huge difference between a cycle length of 48 or 96
hours. For COSMO-MUSCAT, the differences between 24- and 48-hours cycles were
previously investigated at TROPOS, which showed almost the same result (not published).
Therefore, a cycle length of 48 hours presents a good compromise between accuracy and
computational costs.



Change in manuscript: “After a spin-up phase for COSMO of 24 hours, both models run
coupled online for 48 hours. To ensure that the meteorology stays close to the real
meteorological conditions, the meteorological fields are then re-initialized for the next
simulation cycle. The trace gas and aerosol fields are kept from the last time step of the
previous cycle to ensure a continuous simulation.”

Referee Comment: P5, Figure 1. The Julich site is right next to the model domain boundary.
If | understand the model set-up correctly, this is a significant concern since if there are winds
coming from the west, the aerosol concentrations in the model could be very inaccurate.

Author Response: The large rectangle in the Fig. 1 shows the approximate location of the
domain. This was for simplistic reasons. In the actual domain the site Jilich is located farther
away from the western domain boundary. We have exchanged Fig. 1 now showing the real
domain. That the domain is not rectangular in this projection is due to that the model is run
on a grid with rotated pole.

The model was run in nested mode, i.e. the atmospheric chemical composition was
calculated on a coarser European domain first (horizontal resolution of 14km), which for itself
is driven by reanalysis data. For sake of simplicity, this information was left out in the original
manuscript. We have now revised this paragraph providing the information of the boundary
data and generally make the model setup clearer. The inner domain, which was mentioned in
the text, is driven by boundary data from this larger domain run. Therefore, reliable chemical
composition is provided at the boundaries, which only lacks of fine-scale structure.

Change in manuscript: Updated Figure 1.

“The model domain investigated in this study is displayed in Fig. 1 and covers the area
between 6-15°E and 48.25-54°N. The horizontal resolution was set to 7 km. In the vertical,
the model treats 50 layers up to a height of 22 km. As lateral boundary conditions for the trace
gases and aerosol species, modeled fields of atmospheric chemical composition originating
from a coarser simulation on a European domain are utilized. This coarser surrounding
simulation is driven by reanalysis data for meteorology (reanalysis product of DWD using the
GME model) and atmospheric chemical composition (CAMS reanalysis product, Innes et al.,
2019).”

Inness, A., Ades, M., Agusti-Panareda, A., Barré, J., Benedictow, A., Blechschmidt, A.-M.,
Dominguez, J. J., Engelen, R., Eskes, H., Flemming, J., Huijnen, V., Jones, L., Kipling, Z.,
Massart, S., Parrington, M., Peuch, V.-H., Razinger, M., Remy, S., Schulz, M., and Suttie, M.:
The CAMS reanalysis of atmospheric composition, Atmos. Chem. Phys., 19, 3515-3556,
https://doi.org/10.5194/acp-19-3515-2019, 2019.

Referee Comment: P5, L10: The authors state that particles between 50 and 200 nm are
most relevant for estimating CCN. This is not strictly true since all aerosol particles can form
CCN. Can the authors be accurate with their statements? For example, maybe here the
authors mean that particles between 50 and 200nm are most relevant for estimating CCN for
supersaturations between some supersaturation range? For shallow clouds with very low
supersaturations, the sizes of CCN particles that are relevant may indeed be larger. Similarly,
for high supersurations, the relevant particle sizes may be lower.

Author Response: The reviewer is right. We had the investigated supersaturation range in
mind. In this supersaturation range, the critical size of activation is often located in the size
range of 50 —200 nm in diameter. Furthermore, in this range particles are usually more
numerous than in larger sizes. We wanted to express that, for the given supersaturation range,
an underestimation of the number of much larger particles and much smaller particles does



usually not influence the CCN number concentrations substantially since they are either small
in number (large particles) or are not activated (small particles).

Change in manuscript: “The calculations have been compared to observational data and
showed a good agreement to the observed total size distribution at Melpitz between 50 and
200 nm (Hande et al., 2016), which is a very relevant size range for estimating CCN in the
supersaturation range investigated in this study (0.1 - 0.7 %).”

Referee Comment: P6, L10: What does “as written above” refer to? | found this paragraph
difficult to follow and suggest the authors revise it to make it more clear.

Author Response: The statement refers to the section on p.5, 1.8-13, which describe the
paper by Hande et al.,, 2016. We agree that the reader benefits from a revision of this
paragraph.

Change in manuscript: The respective paragraph is revised.

Referee Comment: Table 1: Instead of putting the references in the caption, can the authors
put the relevant references next to each species? This would allow a reader who was
interested in understanding one of the species assumptions to easily find that without having
to look through all of the references listed in the caption.

Author Response: We agree. However, putting the references in the table would suggest to
the reader that the references also refer to the other parameters. Instead, we have now
included the species name to the respective reference in the table caption.

Change in manuscript: Updated caption of Table 1.

“Several laboratory and model studies served as basis for the k values used in this study
(@ammonium sulfate: Ghan et al. (2001), Petters and Kreidenweis (2007); ammonium nitrate:
Duplissy et al. (2011); sulfate: Petters and Kreidenweis (2007); OC: Ghan et al. (2001), Wex et
al. (2009); sea salt, dust, EC: Ghan et al. (2001)).”

Referee Comment: P11, L30: What causes the significant differences (5-8x different) in OC,
SS and DU between the 1985 and 2013 modeled values? Since the emissions do not change,
it would be very interesting to understand why these other species change and provide better
interpretation of these results.

Author Response: The concentration of OC, dust and sea salt did not change. Table 4
presents their relative contribution to the CCN number concentration. Due the higher emission
of SO, in 1985 the concentration of ammonium sulfate and sulfate is much higher and hence
the CCN provided by these species. Therefore, the relative contribution to the total CCN
number of the unchanged components OC, dust and sea salt is reduced.

Referee Comment: P12, L7-9: What does ‘large’ and ‘major’ mean? Can the authors be more
specific and include numbers?

Author Response: Poulain et al. (2011) did not report SOA concentrations but concluded
from their investigations of chemical properties of the organic aerosol that in summer at
Melpitz “the organic particulate matter seemed to be heavily influenced by regional secondary
formation”. Overall, organic matter is the most important particulate fraction in PM1 at Melpitz
in summer (59 %).

Change in manuscript: “SOA generally can contribute a large fraction to the total
concentration of organic aerosol mass with an average contribution over Europe ranging from



~20 % to more than 50 % (Jimenez et al., (2009). Also at Melpitz in summer, organic matter
is the major fraction (59 %) of the PM1 aerosol and is strongly influenced by SOA (Poulain et
al., 2011).”

Referee Comment: P12, L18: Why were ammonium sulfate and nitrate underestimated in the
model in the first half of spring?

Author Response: The exact reasons are not known. The concentration of ammonium nitrate
in agricultural regions is depending on the available ammonia. The ammonia emissions are in
the short term uncertain since the exact timing of bringing out manure is usually not known.
Hence, in particular the magnitude and timing of observed ammonium nitrate and sulfate
concentration patterns cannot be expected to match by applying ammonia emission
databases (time variation covers only the general seasonal cycle). Other potential causes of
uncertainty such as precipitation did not show obvious discrepancies during the first half of
the spring episode.

Referee Comment: L12, L19: It is unclear what the “factor of 5” is referring to. | am assuming
CCN concentrations, but the way it is written it sounds like ammonium nitrate or ammonium
sulfate or both?

Author Response: It refers to the concentration of ammonium nitrate, where we see the
strongest deviation from the observed aerosol mass. Therefore, the statement is put in
brackets behind ammonium nitrate only. We have separated the information about
ammonium nitrate into its own sentence to avoid misunderstanding.

Change in manuscript: “However, during the fall period the model often overestimates the
concentration of ammonium sulfate and ammonium nitrate and hence the CCN
concentrations. In particular ammonium nitrate is sometimes strongly overestimated by up to
factor of 5.”

Referee Comment: P13, L1-5: The authors speculate that the overestimation in the modeled
CCN may be due to ammonium nitrate uncertainties. However, then they state that actually
for a two day period it was due to differences in precipitation and wet deposition. What is the
primary cause for the consistent overestimation?

Author Response: The respective paragraph was meant to discuss the fall period in Fig. 2,
which actually presents the CCN calculated from the different compounds using the modeled
and the measured aerosol masses and the same activation parameterization. It can be seen
that both ammonium nitrate and ammonium sulfate are overestimated (compare Fig. 2b
(model) and d (chemical aerosol measurements)).

The 3-day episode was not supposed to be investigated in detail in this study, since it does
not give hints on the overall performance during the whole period covering several months.
We mentioned the short episode in the text since the exact location of such small-scale low
pressure systems and of the formed precipitation is not controlled by the driving boundary
data, but develops due to the model physics. The analysis causes leading to uncertainties of
the meteorological model for this selected short period is beyond the scope of the study. The
3-day period is meteorologically an exception and the overall performance of the reanalysis-
driven meteorological model is mostly satisfactory.

The lack of wet deposition due to missing precipitation in North-western Germany and The
Netherlands could explain at least part of the overestimation (see also Figure at comment 1)
in the section “Overarching Concerns”). For the three days, the ammonium nitrate
concentration is stronger overestimated (factor of 2-3) than ammonium sulfate (< factor of 2).



Assuming the overestimation of ammonium sulfate is due to the missing wet deposition,
would imply still ~50% overestimation in ammonium nitrate. However, this is also very
speculative. Since the true emission events are not known, it is not possible to reliably quantify
the effect that arises from overestimation of the emissions. Nevertheless, the chemical
observations show the same peak in ammonium nitrate and ammonium sulfate, but with
smaller magnitude. This implies that the general pattern of emission, formation, and transport
is represented well.

The potential uncertainties of the observations (temperature bias) and modelling (unknown
timing of ammonia emissions) of ammonium nitrate were given in the manuscript since we
know that these issues exist. However, the magnitude of these effects is not known.
Therefore, the primary cause of the overestimation is not known. Since the overestimation is
primarily seen for ammonium nitrate, uncertainties in the emissions seems likely, but is also
speculative. We therefore intended to only mention potential uncertainties in the manuscript.

Change in manuscript: The section about the 3-day period has been revised including more
discussion on the potential causes.

Referee Comment: Figure 2c,d: There is very little discussion in the manuscript about the
comparisons of the CCN based on the gravimetric observations as compared to the CCNC,
which is shown in Figure 2c,d.

Author Response: We agree that a statement on the comparison between CCN from the
gravimetrical measurements and in-situ CCN measurements improves the discussion of Fig.
2. The discussion was initially meant to focus on the performance of the model against the
in-situ observations and against the CCN estimated based on the gravitational
measurements.

Change in manuscript: The discussion of Fig. 2 is revised.

Referee Comment: P16, L2: “More important” than what?
Author Response: This sentence was unclear and not a valid conclusion from Fig. 5.

Change in manuscript: The sentence is deleted in the revised manuscript and the whole
paragraph is revised.

Referee Comment: P16, L12: “observed and measured” -- Are these meaning the same
thing?

Author Response: We are sorry for this typo with strong confusing effect. Instead of
“measured” we mean “modeled”. This is changed accordingly in the manuscript.

Change in manuscript: “Above, the observed and modeled CCN concentrations start to
decrease considerably, ...“

Referee Comment: P18, L4: The authors state that for this analysis a vertical velocity of 1 ms™’
was assumed. All the prior analyses had fixed supersaturations, while for this analysis, the
authors instead used a fixed vertical velocity. Why did this change?

Author Response: This was done, since the partner study that used the CCN fields in high-
resolution simulations required CCN concentrations for a set of different vertical velocities.
Furthermore, the usage of the vertical velocity in order to derive the number of activated
particles is what would be done when the activation parameterization is applied to cloud
droplet activation in a simulation with cloud interactive aerosols. Here, we finally utilize the full



parameterization of Abdul-Razzak and Ghan (2000). In contrast to a fixed supersaturation, the
usage of vertical velocity leads to a competition between the aerosol particles for the available
water vapor and, hence, a variable supersaturation which depends also on the aerosol
chemical composition.

Change in manuscript: In the revised manuscript, the following sentence was added:

“For the calculation, a vertical velocity of 1 ms™ was assumed. This is an example for the CCN
fields that are required as input for the ICON-LEM simulations within the HD(CP)? project.”

Referee Comment: P18, L4-5: The authors state that “in contrast to the previous analysis,
the supersaturation depends on the aerosol composition and varies spatially and temporally.”
| think additional statements are needed here or upfront in the manuscript to make this more
clear.

Author Response: Assuming a fixed vertical velocity, instead of fixed supersaturation, leads
to variable supersaturation, which depends on the current size-resolved chemical
composition of the aerosol population. Since the size distribution is fixed in our case, the
supersaturation is still varying with chemical composition.

Change in manuscript: “In contrast to the previous analysis, the applied supersaturation,
and hence the critical size of activation, is not fixed but now result from the competition of
the aerosol particles for the available water vapor. Therefore, the supersaturation and the
critical size of activation depends on the aerosol composition, due to the different
hygroscopicities and assumed size distributions of the different aerosol species, and
therefore varies temporally and spatially.”

Referee Comment: P18, L13-14: Why is the difference in shape of the profiles due to
differences in aerosol composition (hygroscopicity)? How was this determined, and how did
the authors rule out other differences (i.e., differences in aerosol chemistry, differences in
meteorology)? There should be much more explanation here.

Author Response: Differences in meteorology can be ruled out since only the 2013 scenario
was simulated. The 1985 concentrations were estimated from the 2013 concentrations (see
Table 3) based on the scaling factors. These are derived from the difference in countrywide
emissions between 1985 and 2013. Moreover, model assumptions on aerosol chemistry, i.e.,
how the model forms ammonium nitrate and ammonium sulfate aerosol, were used to derive
the scaling factors. The procedure is explained in detail in section 2.2.2. Therefore, only
different aerosol composition can be the reason for the different shape of the vertical profiles.
That the contribution from different species to the total CCN number is different between the
1980’s and 2013 case is also shown in Table 4.

Since the chemical composition is not constant with height and the comparison this comment
refers to is done for a vertical velocity of 1 m s™'. Therefore, the different aerosols compete for
the available water vapor. Hence, the supersaturation and the critical size of activation are
not fixed but depend on the chemical composition of the aerosol.

Change in manuscript: Due to a different vertical distribution of the aerosol constituents, the
aerosol composition and, hence, aerosol hygroscopicity deviates between mid 1980’s and
2013. Therefore, and since Fig. 7 presents the CCN concentration for a fixed vertical velocity
leading to variable supersaturations, the shape of the CCN profiles in the two scenarios
differs.



Referee Comment: P18, L15. What do the authors mean when they say the scaling factor
represents a mean trend? Are they suggesting there is a linear decrease between the two
years? | am not sure the authors can state anything about a mean trend with two points.

Author Response: We agree that the term “mean temporal trend” is misleading. We mean
that the derived scaling factor could be used to roughly scale CCN concentrations between
the 2010’s and the 1980’s over Europe.

Change in manuscript: “This scaling factor describes the difference in CCN number
concentration between the past peak aerosol in the 1980s and present-day conditions in
Europe and is useful for sensitivity studies.”

Referee Comment: P20, L18-19: In their conclusions, the authors state that the
thermodynamics and dynamics of the tropopause has a large influence on distribution of
aerosol and the vertical profile of CCN. However, the authors state in their manuscript that
this was due to aerosol composition hygroscopicity (P18, L13-14). Can the authors clarify what
is meant?

Author Response: We mean that, under the assumption that vertical transport (as part of the
atmospheric dynamics) of aerosol between 1980’s and today does not change generally,
strong concentration changes of CCN due to altered emission are estimated also in the lower
free troposphere. However, we agree that the sentence is actually misleading and have
replaced it.

Change in manuscript: “The scaling factor for estimating the CCN concentrations during the
1980s from current simulations is not vertically homogeneous. Close to the ground, a scaling
factor of 2 was determined, increasing to 3.5 between 2 and 5 km height. Towards the upper
troposphere at around 8 km height, the scaling factor decreases again to 1. The vertical
variability of the CCN scaling factor is caused by the changed chemical composition of the
aerosol due to the 1980’s emission estimates.”

Referee Comment: P20, L 19-20: One of the main results is the differences in the vertical
structure of CCN between 1985 and 2013, and the authors state that this vertical structure up
to 5km is important for cloud microphysical processes without any references. The two studies
that have assessed this are Lebo 2014 and Marinescu et al. 2017 and should be included to
support this statement.

Lebo, Z. J. (2014), The Sensitivity of a Numerically Simulated Idealized Squall Line to the
Vertical Distribution of Aerosols, J. Atmos. Sci. , 71 (12), 4581-4596, doi:10.1175/JAS-D-14-
0068.1.

Marinescu, P. J., S. C. van den Heever, S. M. Saleeby, S. M. Kreidenweis, and P. J. DeMott
(2017), The Microphysical Roles of Lower-Tropospheric versus Midtropospheric Aerosol
Particles in Mature-Stage MCS Precipitation, J. Atmos. Sci. , 74 (11), 3657-3678,
doi:10.1175/JAS-D-16-0361.1.

Author Response: Thank you for these suggestions. The two references are now included in
the revised manuscript.

Change in manuscript: Especially the height range of up to 5km, where a very high CCN
number concentration during the 1980s was found, is important for cloud and precipitation
formation in the mid-latitudes (e.g., Lebo, 2014; Marinescu et al., 2017).



Referee Comment: Figures 6 and 7. Can the authors make these figures wider, so that
readers can more easily see the values that are represented by the lines? Currently, it is very
hard to see.

Author Response: Yes, we have made the figures wider, and also increased the font size of
the figure text.

Change in manuscript: Updated Figures 6 and 7.
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Abstract. Atmospheric aerosols-aerosol particles are the precondition for the formation of cloud droplets and therefore have
large influence on the microphysical and radiative properties of clouds. In this work four different methods to derive or measure
number concentrations of cloud condensation nuclei (CCN) were analyzed and compared for present-day aerosol conditions:
(i) A model parameterization based on simulated particle concentrations, (ii) the same parameterization based on gravimetrical
particle measurements, (iii) direct CCN measurements with a CCN counter and (iv) lidar-derived and in-situ measured vertical
CCN profiles. In order to allow for sensitivity studies of the anthropogenic impact, a scenario for-to estimate the maximum
CCN concentration under peak aerosol conditions {exemplary-forthe-year1985)was-estimated-of the mid 1980’s in Europe was
developed as well. In general, the simulations are in good agreement with the observation. At ground level, an-average-value
of-around-1><+0%average values between 0.7 — 1.5 x 109 CCN m~3 at a supersaturation of 0.2 % wasfound-with-alt-metheds
were found with the different methods under present-day conditions. The discrimination of the chemical species revealed an
almost equal contribution of ammonium sulfate and ammonium nitrate to the total number of CCN for present-day conditions.
This was not the case for the peak aerosol scenario, in which it was assumed that no ammonium nitrate was formed while large
amounts of sulfate present consuming all available ammonia during ammonium sulfate formation. The CCN number concen-

tration at five different supersaturation values has been compared to the measurements. The discrepancies between model and

in-situ observations were lowest for the lowest (0.1 %) and highest supersaturations

ime(0.7 %). For supersaturations

between 0.3 % and 0.5 %, the model overestimated the potentially activated particle fraction by around 30 %. By comparing
the simulation with observed profiles, the vertical distribution of the CCN concentration was found to be overestimated by up
to a factor of 2 in the boundary layer. The analysis of the modern (year 2013) and the peak aerosol scenario (year1+985expected
to be representative for mid 1980’s over Europe) resulted in a scaling factor, which was defined as the quotient of the average

vertical profile of the peak aerosol and present day CCN concentration. This factor was found to be around 2 close to the



10

15

20

25

30

ground, increasing to around 3.5 between 2 and 5 km and approaching 1 (i.e., no difference between present day and peak

aerosol conditions) with further increasing height.

1 Introduction

Compared to today-s-atmesphere, in the 1980s-the-aeroselHoad-1980’s the anthropogenic emission of aerosols and precursor

gases was much higher (Smith-et-al5204-Cherian-et-al5s2044)(?Smith et al., 2011). Presumably, during this time the anthropogenie

emissions-of-aerosels-and-preeursor-gasesin-Central- Eurepe-loads of such aerosols over this region were at their maximum. At
least since the 1990s-aerosel-concentrations-1990’s anthropogenic emissions of aerosols and precursor gases in Central Europe

have been decreasing (e.g.. Smith et al., 2011).

Atmospheric aerosol particles play an important role in the microphysical processes of cloud formation (Kohler, 1936) and
thus have a potentially large influence on cloud properties. However, the evaluation of their effects shows still large uncertainties
(e.g., Boucher et al., 2013). In order to reduce those uncertainties, parameterizations to estimate the number concentrations of
the CCN have been developed for application in models. For a realistic simulation of microphysical aerosol-cloud-interactions
and macroscopic cloud adjustment due to aerosol perturbations, a detailed representation of the aerosol in the models is re-
quired. To describe the activation of aerosol particles, the chemical composition, the number concentration and the size distri-
bution of the aerosol particles have to be known. Parameterizations of the cloud droplet activation (e.g., Abdul-Razzak et al.,
1998; Abdul-Razzak and Ghan, 2000; Petters and Kreidenweis, 2007) apply the Kohler-Theory (Kohler, 1936) and have been
implemented into regional chemistry transport models (e.g., Bangert et al., 2011; Hande et al., 2016). The influence of the
droplet activation on the aerosol composition is described using the aerosol hygroscopicity, e.g., represented by the hygroscop-
icity parameter kappa (k). These parameterizations enable the investigation of the interaction of the aerosol population with
cloud microphysical properties.

For the regional chemistry transport model (CTM) that is used in this study (COSMO-MUSCAT, Wolke et al., 2012, see
section 2.1.1), Sudhakar et al. (2017) extended the model system to allow aerosol-cloud-interactions applying the two-moment
cloud microphysics scheme by Seifert and Beheng (2006). This model version is online interactively coupled, making the
activation of aerosol mass available for the two-moment scheme. However, the aerosol activation uses the bulk mass and does
not explicitly consider online computed aerosol microphysical properties. The complex consideration of aerosols and aerosol-
cloud-interactions including the particle size distribution and composition in models is expensive with regard to computation
time and storage and thus not feasible in particular for long-term applications.

Therefore, Hande et al. (2016) applied a combination of two existing models to produce a CCN climatology for use in
limited-area models, representing normal background conditions over Europe. First, the aerosol particle mass concentrations
were simulated using a CTM with a mass-based aerosol scheme. Then, the particle-size-distribution-and-the-CCN number
concentration were-was calculated offline using the parametrization of Abdul-Razzak and Ghan (2000)—Fer-applying-this

, utilizing assumed number size
distributions and the modeled chemical composition of the aerosolparticles-have-to-be-preseribed.
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Measurements of the CCN number concentration in the field are valuable in order to evaluate and constrain the abil-
ity of the models to describe the activation of aerosol particles. There are several recent studies of in-situ observations
(e.g., Henning et al., 2014; Hammer et al., 2014; Friedman et al., 2013). Adso-the-In-situ CCN measurements were already
performed in the 50s of the last century and compared to the predicted CCN number (e.g., Twomey and Squires, 1959). Also
the influence of the source region and the variation of concentration with height and region has been investigated earlier
(e.g., Squires and Twomey, 1966; Hoppel et al., 1973). Furthermore, the derivation of vertical profiles of CCN with ground-

based remote sensing methods is possible {e-g-Ghanet-al;2006;- Mamouri-and-Ansmann;2016)(e.g., Ghan et al., 2006; Shinozuka et al.

the development of first approaches in the late 1990’s (Feingold et al., 1998). Such data sets can be used to evaluate the ap-
plication of available aerosol activation parameterizations in atmospheric models. Evaluated against in-situ observations, the

applied regional and global models (e.g., Spracklen et al., 2011; Begue et al., 2015; Schmale et al., 2019; Fanourgakis et al.,
2019; Watson-Parris et al., 2019) tend to underestimate the observed CCN concentrations.

The aim of this study is to provide estimates of the concentrations of cloud condensation nuclei (CCN) in-the1980s-(with-the
year-1985-as-areference)representative for the mid 1980’s over Germany and compare those to simulations and observations in
the year 2013. The derived time varying 3D-CCN fields were used as input for high-resolution simulations over Germany in the
framework of the High Definition Clouds and Precipitation for advancing Climate Prediction (HD(CP)?) project (see Heinze
et al., 2017; Costa-Surds et al., 2020). A similar approach as in Hande et al. (2016) was applied to derive CCN from modeled
aerosol mass concentrations. The aerosol-particle-coneentrations-mass concentrations of the aerosol species were simulated
using the regional CTM COSMO-MUSCAT with a mass-based aerosol scheme for two periods of the HD(CP)? Observational
Prototype Experiments (HOPE, Macke et al., 2017) in 2013. Based on the modeled aerosol mass concentrations ;—the-and
assumed particle number size distributions for each aerosol speciesand-, the CCN number concentrations were calculated offline

using the activation parametrization by Abdul-Razzak and Ghan (2000). The <

number—-size—and-parameterization calculates the number of activated aerosol particles for an aerosol population consistin
of multiple lognormal aerosol size distributions and multiple aerosol types. The number of activated aerosol particles depends

on the number size distributions of the aerosol population, its chemical composition as well as the applied supersaturation
(either-e.g., fixed or derived from updraft velocities). Thus, this approach is very versatile and can be applied for each type

of aerosol mixture. The resulting modeled CCN fields can be used in atmospheric models that do not treat aerosol transport
explicitly to analyze clouds and their radiation effects. For this purpose, CCN fields of a variable degree of complexity can
be generated, e.g., temporally and spatially constant CCN profiles, a 3D CCN field as a long-term average or even a 4D
CCN field for temporally limited episodes. For the year 2013, the CCN number concentrations derived or measured with four
different methods were compared: (i) CCN derived from COSMO-MUSCAT simulations of aerosol mass concentrations, (ii)
CCN derived from gravimetrical aerosol mass measurements, (iii) ground-based in-situ measurements of ENECCNC, and (iv)
vertical CCN profiles derived from ground-based lidar remote sensing and observed by helicopter-borne in-situ measurements.

In order to estimate the CCN concentrations in the example-year1985mid 1980’s over Europe, the aerosol concentrations
from the 2013 simulation were scaled based on 1980s-emisston-estimates—emission estimates for Germany of the year 1985.
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The derived CCN fields for +985-the mid 1980’s scenario were compared to the 2013 simulation and the observations of the
year 2013.

The manuscript is structured as follows. First, the applied CTM COSMO-MUSCAT as well as the different observation
techniques are introduced and necessary assumptions are described. In section 3, the results of the comparison of CCN number

concentrations obtained from the different methods are discussed. Conclusions and a summary can be found in section 4.

2 Methods
2.1 Model description
2.1.1 COSMO-MUSCAT

For this study, the chemistry transport model system COSMO-MUSCAT (Wolke et al., 2012) was used. It consists of the
meteorological model COSMO (COnsortium for Small scale MOdelling), which is the operational forecast model of the
German Weather Service (DWD), and the chemistry transport model MUSCAT (MUltiScale Chemistry Aerosol Transport).
COSMO is driven by initial and boundary data from GME re-analysis (the global model of DWD operational in 2013, Majewski
et al., 2002). After a spin-up phase for COSMO of 24 hours, both models run coupled online for 48 hours. To ensure to-stay

that the meteorology stays close to the real meteorological conditions, the medel-system—is-meteorological fields are then

re-initialized for the next simulation cycle. The trace gas and aerosol fields are kept from the last time step of the previous
cycle to ensure a continuous simulation. The online coupling has the advantage that the meteorological fields from COSMO

are forwarded to MUSCAT in every time step. The meteorological fields drive the chemical transformation and atmospheric
transport treated in MUSCAT for several gas phase and aerosol species. Transport processes include advection, turbulent
diffusion, sedimentation, dry and wet deposition. MUSCAT is based on mass balances, which are described by a system
of time-dependent, three-dimensional advection-diffusion reaction equations. Emissions of anthropogenic primary particles
and precursors of secondary aerosols are prescribed using emission fields from EMEP (European Monitoring and Evaluation
Programme, EMEP, 2009). Emissions of natural primary aerosols (Saharan desert dust, primary marine aerosol particles) are
computed within the model (e.g., Heinold et al., 2011), using meteorological fields (surface wind speed, precipitation) from

the model itself in addition to information on surface properties.
2.2 Model setup

The study presented here is part of the High Definition Clouds and Precipitation for advancing Climate Prediction (HD(CP)?)
project. The main objective is to improve our understanding of clouds and precipitation, using a model for very high resolution
simulations. In the ICON-LEM (ICOsahedral Non-hydrostatic Large Eddy Model; Zingl et al., 2015; Dipankar et al., 2015;
Heinze et al., 2017), which is the model used in HD(CP)Q, there is no online aerosol transport scheme, which indicates the

need of prescribing the aerosol and CCN concentrations in order to be considered for aerosol-cloud interaction.



In order to provide time varying 3D fields of CCN concentrations for ICON-LEM, model simulations with COSMO-
MUSCAT covering most of Germany have been carried out for the time period of two intensive measurement campaigns during

HD(CP)?: HOPE. These-The resulting cloud properties in the ICON-LEM simulation using the derived CCN fields from this
study are analysed and discussed by (Costa-Surds et al., 2020). The HOPE campaigns cover the time periods between April

5 3 to May 31 and September 1-30, 2013 (see section 2.3). Data from the measurement site Melpitz, Germany, were used for
comparison during both campaigns. In addition, lidar-based CCN concentrations were available during the spring campaign in
Jiilich, Germany.

The model domain investigated in this study is displayed in Fig. 1 and covers the area between 6-15°E and 48.25-54°N. The

horizontal resolution was set to 7 km. In the vertical, the model treats 50 layers up to a height of 22km. As lateral boundary

10 conditions for the trace gases and aerosol species, modeled fields of atmospheric chemical composition originating from a

coarser simulation on a European domain are utilized. This coarser surrounding simulation is driven by reanalysis data for
meteorology (reanalysis product of DWD using the GME model) and atmospheric chemical composition (CAMS (Copernicus Atmosphere

The temporal resolution for the model output was set to 1h. Besides the standard meteorological model output from COSMO,

MUSCAT provides the mass concentrations of several gas phase and aerosol species.

55°N

Figure 1. Model domain over Germany, which was used in this study (white area). The red star marks the research station Melpitz (12.93°E,
51.53°N) and the blue square the measurement site Jiilich (50.88°N, 6.41°E).
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2.2.1 Aerosol particle number estimation and CCN parametrization

Using the aerosol bulk scheme of COSMO-MUSCAT, the mass concentrations for the species considered are simulated. In
order to compare the model results with in-situ particle measurements and to calculate number concentrations of CCN, particle
number size distributions (PNSD) have to be estimated from those mass concentrations. For each species of the anthropogenic
aerosol (ammonium sulfate (AS), ammonium nitrate (AN), sulfate (SU), organic (OC) and elemental carbon (EC)) and sea salt
(SS), individual log-normal size distributions are assumed. The size distribution of the mineral dust (DU) particles follows a
sectional scheme (Heinold et al., 2011). A log-normal size distribution is explicitly defined with the three parameters diameter
or radius (d or r, respectively), standard deviation (o) and total number concentration (V). For the externally mixed aerosols,
the total number concentration of each species is calculated from the modeled mass of the aerosol species assuming an individ-
ual geometric mean radius and standard deviation. The choice of these parameters defines the aerosol number size distribution
and is a critical source for uncertainty of aerosol and CCN number concentrations. Within the HD(CP)? framework, literature
values, aerosol mass spectrometer (AMS) measurements, and particle number size distribution measurements in the diameter
range 10nm to 10 um from the TROPOS site Melpitz, Germany (Poulain et al., 2011), which is representative for central
Europe (e.g., Spindler et al., 2012; Engler et al., 2007), were used to define the parameters for the log-normal distributions.
Adding up the different size distributions of all considered species gives the total particle number size distributions. The cal-
culations have been compared to observational data and showed a good agreement to the observed total size distribution at
Melpitz between 50 and 200 nm (Hande et al., 2016), which is mestretevant-a very relevant size range for estimating CCN in
the supersaturation range investigated in this study (0.1-0.7 %). The geometric mean radius, standard deviation and density for
characterizing the particle number size distributions of the individual aerosol species is listed in Tab. 1, mostly according to the
values used in Hande et al. (2016).

The number size distributions of the aerosol species was now used to calculate the number of activated particles under certain
conditions. The calculation of the CCN number concentration in this study follows the parameterization of Abdul-Razzak and
Ghan (2000) for multi-modal aerosol distributions, which relates the particle number size distribution and composition to the
number of activated particles as a function of supersaturation. The individual aerosols compete for the available liquid water,
determining the maximum supersaturation, which apart from the aerosol composition and individual size distributions depends
on the updraft velocity. Abdul-Razzak et al. (1998) describe the parameterization for a single log-normal mode of aerosol
particles (only for a single species), whereas Abdul-Razzak and Ghan (2000) developed an extended approach for multiple
soluble and insoluble aerosol species, representing a multi-modal aerosol size distribution. The parameterization uses the
hygroscopicity parameter « of each considered aerosol species. The « values used in this study can be found in Tab. 1 as well.
x was defined first in Petters and Kreidenweis (2007) as a single parameter to describe the relationship between the particle
dry diameter, its hygroscopicity, and the CCN activation. In several laboratory studies, « has been determined experimentally.
Highly hygroscopic particles can have a x > 1, while for totally hydrophobic particles « = 0. Petters and Kreidenweis (2007)
reported « for a number of different compounds, e.g., ammonium sulfate being about 0.6 in the supersaturation regime. Further

studies investigated « for other substances like sea salt (e.g., Niedermeier et al., 2008), coated soot (e.g., Henning et al., 2010)



10

15

20

25

30

and secondary organic aerosol (e.g., Wex et al., 2009; Duplissy et al., 2011) or in dependence on the mixing state of the particles
(Wex et al., 2010).

The same methed-size distributions as applied in this study to derive CCN concentrations from the modeled aerosol mass as
apphedﬂfrﬂm&smdybwa&were utilized in a related study of the HD(CP)2 project to-parameterize-the- CCN-coneentrations-as—a

Hande et al. (2016). They evaluated the aerosol size
distribution at Melpitz and found good agreement in the ECN-sizerange-size range between 50-200 nm. We therefore assume

that the applied method generally produces realistic CCN concentrations since the critical size of activation usually falls within
this range for the supersaturations applied in this study and aerosol particles in this range are usually more numerous than
larger particles. However, the ambient aerosol size distribution varies in time and space and therefore the assumption of a

spatially and temporally constant size distribution for the different aerosol species is a source of uncertainty. For the example

of 1 pgm™ ammonium sulfate aerosol, using the assumptions given in Tab. 1, the number of activated aerosols is 215 cm™>
at supersaturation of 0.2 %. By varying the geometric mean radius of the assumed size distribution by +/- 10 %, but keeping.
the total mass constant, the CCN concentration varies by +/- =135 %. Widening the distribution using o=1.7 instead of 1.6 leads
to decrease of ~25 % in CCN number concentration at 0.2 % supersaturation since the total particle number decreases due to

In order to evaluate these assumptions, the modeled CCN number concentrations were compared to measurements close to
the ground for the TROPOS super-site Melpitz. For this purpose, the same supersaturations as applied in the CCN number
concentration measurements with a cloud condensation nucleus counter (CCNC, Henning et al., 2014) were applied to the

simulated particle number size distributions (see section 2.3.1).
2.2.2 Estimation of peak aerosol in 1985the mid 1980’s

In order to allow for sensitivity studies on the impact of anthropogenic pollution on CCN concentrations, a scenario to estimate
aerosol concentrations for-the-year1+985-over Central Europe in the mid 1980’s was developed. Due to the maximum emissions
of aerosols and precursor gases in Europe during the +980s1980’s, the year 1985 was taken as a reference year to-compare
to-modern-conditionsfor the emissions. In the early 1990s, environmental protection became much more important ;-se-and
efficient emission reduction strategies were developed. Furthermore, many aerosol and precursor sources simply disappeared
after the liquidation of several industry sites in Eastern Germany and the former East-bloc countries after the political change
in 1990.

The calculations for +985-the mid 1980’s were carried out offline with the model run from 2013 as a basis. The annual
emissions of sulfur dioxide and ammonia during the years 1985 and 2013 (see Tab. 2) were utilized for these estimations
(Hausmann, 2017, Umweltbundesamt (UBA, German Federal Environmental Agency), personal communication). The scaling
factors derived in order to estimate the aerosol concentrations in—+985-for the mid 1980’s scenario based on the present day
simulation are summarized in Tab. 3. The model implementation of the formation of ammonium sulfate ((NH4)2SOy4) and am-
monium nitrate (NH4NO3) is described by Hinneburg et al. (2009) and follows Simpson et al. (2003). Particulate ammonium

sulfate can be formed in the atmosphere from sulfuric acid (formed after oxidation of SO5) and ammonia. In the model, first



Table 1. Physical and chemical aerosol properties used in this study. The values for the particle radius and standard
deviation of the size distribution follow Poulain et al. (2011), Spindler et al. (2012) (non-dust species) and Heinold

et al. (2011) (mineral dust). Several laboratory and model studies served as basis for the ~ values used in this study

ammonium sulfate: Ghan et al. (2001),

Petters and Kreidenweis (2007); ammonium nitrate: Duplissy et al. (2011); sulfate: Petters and Kreidenweis (2007); OC: Ghan et al. (2001)

Wex et al. (2009); sea salt, dust, and EC: Ghan et al. (2001)).

2

Species K c r(um) p (kgm™?)
Ammonium sulfate 051 1.6 0.05 1.77
Ammonium nitrate 054 1.6 0.05 1.725
Sulfate 1 1.6 0.05 1.8
Sea salt 1 1.16 1.8 0.065 22
Sea salt 2 1.16 1.7  0.645 22
EC 5x1077 1.8  0.03 1.8
oC 0.14 1.8 0.055 1.0
Mineral dust 1 0.14 20 0.2 2.65
Mineral dust 2 0.14 20 0.6 2.65
Mineral dust 3 0.14 2.0 1.75 2.65
Mineral dust 4 0.14 20 5.25 2.65
Mineral dust 5 0.14 20 1595 2.65

Table 2. Annual emissions of dust, sulfur dioxide and ammonia for entire Germany during-for the years 1985 and 2013 in Mt as provided by
Umweltbundesamt (German Federal Environmental Agency, UBA, Hausmann, 2017, personal communcation). So called dust also includes
e.g., soot and resuspended material besides the natural mineral dust. The table also includes the factors, by which the concentrations in 2013

are scaled with-in order to estimate the concentrations #-+985-for the mid 1980’s scenario.

1985 2013 ratio 1985/2013

dust (incl. soot)  2.65 0.35 7.7
SO, 7.73 041 19
NH3 0.86 0.74 1.2

ammonium sulfate is formed until either ammonia or sulfuric acid is consumed. In case there is still ammonia left after this
reaction, ammonium nitrate can be formed as well. As can be seen from Tab. 2, almost 20 times more SO, was emitted in Ger-

many during the +980s-1980’s compared to 2013, whereas NH3 emissions remained almost unchanged. For this reason, there



10

15

20

25

30

was much more sulfuric acid available in the atmosphere than necessary for the transformation of the total available ammonia
to ammonium sulfate. In 2013, SO, and NHj3 react to ammonium sulfate until SO is consumed leading to the formation
of 0.85 Mt ammonium sulfate. fa+985For the mid 1980’s conditions, in the implemented scheme, first NH3 is consumed
and in total 3.32 Mt ammonium sulfate are formed. This results in a scaling factor for ammonium sulfate of 3.9. In this SO,
limited regime in 2013, there would not be any NHj3 left to produce ammonium nitrate. The inhomogeneous distribution and
the time-dependent formation would still enable nitrate formation in reality. However, since assumed density, size distribution
and hygroscopicity of ammonium sulfate and ammonium nitrate are similar, exchanging part of the ammonium sulfate with
ammonium nitrate and vice versa would not introduce strong changes to the calculated CCN number concentration, which
is the aim of this study. This is why, the production of ammonium nitrate was set to zero for the +985-mid 1980’s scenario.
The ammonium sulfate formation leaves 6.1 Mt SO5 unconsumed. Half of this excess SO left after ammonium sulfate for-
mation in +985-the mid 1980’s is assumed to be oxidized to sulfuric acid. Sulfuric acid is assumed to entirely partition to the
particulate phase and is therefore accounted for as sulfate. The approach described above is also encouraged by the serious
acid rain problem in the +980s-1980’s (e.g., Seinfeld and Pandis, 1998, p. 1030ff). Since no excess sulfate is present in the
2013 simulation, we calculate the 1985-sulfate-coneentration-sulfate concentration for the mid 1980’s scenario based on the
2013 ammonium sulfate concentration. The ratio between the formed sulfate in +985-the mid 1980’s scenario (4.68 Mt) and
the formed ammonium sulfate in 2013 (0.85 Mt) results in a scaling factor of 5.3. Since no emission data for elemental carbon
1985-for the 1980’s were available, the particle concentrations were assumed to be twice as high as in 2013. This is only
justified by the fact that aerosol concentrations in the +980s-1980’s over Central Europe were higher than today mainly caused
by combustion processes for heating and energy production. Organic carbon, sea salt and dust are supposed to result mostly
from natural sources and thus remain unchanged for the +985-mid 1980’s scenario.

Due to lack of observational data of aerosol size distributions in the +980s-1980’s in the study region to generalize size
distributions ef-the-2010s-and-1980sduring this time, for this study the same size distributions for +985-the mid 1980’s scenario
and 2013 were assumed. Since the size distribution is crucial in order to translate modeled aerosol mass into particle numbers
and finally derive CCN numbers, this assumption is likely an important source of uncertainty, which is difficult to quantify
reliably.

The above scaling approachim

instead of conducting actual simulations for the 1980’s, implies that any observed differences between mid 1980’s and 2013
aerosol and CCN concentrations are due to changes in the emissions only and are not caused by differences in meteorological
conditions. However, the results have to be interpreted carefully and represent-only-a-rough-estimate-for-the1980s-but-may
be-can only represent a rough, general estimate of the mid 1980’s conditions, and hence are not representative for the specific

conditions in-spring-and-fall-1985—of a particular year or period of the 1980’s. The results of the comparison of the number
concentrations in 2013 and +985-the mid 1980’s are presented in section 3.
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Table 3. Assumptions for the estimation of the aerosol conditions for the +986s-1980’s over Germany.

2013 +985:mid 1980’s scenario

Ammonium sulfate ~ AS2013  AS2013-3.9

Ammonium nitrate  AN2g13 0

Sulfate SU2013  AS2013-5.3
EC EC2013 ECz013-2
ocC OC2013 0OCz013

Sea salt SS2013  SS2013
Mineral dust DU2013  DU2013

2.3 Measurements during HOPE

The present study utilizes observational data from the extensive measurements conducted during the two HOPE campaigns
(April 3 to May 31 and September 1-30, 2013) at the TROPOS research station Melpitz and the measurement site near
Jiilich, Germany. At Melpitz additonal long-term measurements of in-situ aerosol PNSD, CCN concentrations and chemical
composition of the aerosol particles are available. The rural-background site Melpitz (12.93°E, 51.53°N, 86 m a.s.l.) is located
in Germany, ~40 km east of Leipzig in the East German lowlands. The site at a meadow is surrounded by agricultural land. It
is representative for a large area in Central Europe and long-term studies with consideration of marine or continental air mass
inflow enables the investigation of the influence of different spatially distributed emission sources and long-range transport
on particulate matter (PM) concentrations (Engler et al., 2007; Spindler et al., 2013). The Melpitz site is integrated in the
infrastructure network ACTRIS (Aerosols, Clouds, and Trace gases Research Infrastructure Network, www.actris.eu) and
EMEP (Co-operative Programme for Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in Europe
Torseth et al., 2012). From the spring campaign at Jiilich only the lidar measurements were used to derive vertical profiles of
CCN concentrations.

The idea behind the HOPE campaigns was to gain a comprehensive dataset of observations for evaluation of the new
German operational forecast model ICON at the scale of a couple hundred meters (ICON-LEM). The campaign focused on
the convective atmospheric boundary layer, especially the connection of clouds and precipitation. Technically, HOPE aimed
at combining most of the surface flux and mobile ground-based remote-sensing observations available in Germany within a
single domain for the purpose of describing the vertical structure and horizontal variability of wind, temperature, humidity,
aerosol particles and cloud droplets in a high temporal and spatial resolution.

Additionally, during the fall campaign, in-situ observations with the helicopter-borne platform ACTOS (Airborne Cloud
Turbulence Observation System, Siebert et al., 2006) were combined with aerosol and cloud properties observed with remote
sensing at the LACROS (Leipzig Aerosol and Cloud Remote Observations System, Biihl et al., 2013) supersite. This dataset

allows for the investigation of the relationship between tropospheric clouds and aerosol conditions.
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Detailed information on the meteorological conditions during the two campaigns can be found in Macke et al. (2017), Tab.
3 and 4. The weather situations during the spring campaign changed from a few high-pressure systems with high-level cirrus
clouds, interrupted by several frontal passages (warm and cold fronts) at the beginning of the campaign, and followed by more

shallow convective clouds later on. The fall period was dominated by low-level overcast clouds.
2.3.1 In-situ CCNC measurements - ground-based and airborne

Ground-based in-situ measurements with the CCNC are operational in Melpitz since August 2012 (Schmale et al., 2017) and
the results were available for model evaluations within this study. The ambient CCN number concentration at Melpitz station
was determined by means of size segregated activation measurements as described in detail in Henning et al. (2014), following
the ACTRIS SOP (standard operating procedures, Gysel and Stratmann, 2013). Briefly, the set-up is as follows, downstream

of the aerosol inlet and the drier unit, an aerosol flow of 1.5 L min—*!

is size-selected with a DMPS system (Differential
Mobility Particle Sizing system) and afterwards divided between a condensation particle counter (1 L min~' working flow,
CPC 3010, TSI Aachen Germany) and a cloud condensation nucleus counter (0.5 L min—! working flow, CCNC, CCN-100,
Boulder, USA). With the CCNC, a stream-wise thermal gradient cloud condensation nucleus counter (Roberts and Nenes,
2005), the supersaturation-dependent activation of the particles is investigated at 0.1, 0.2, 0.3, 0.5, 0.7 and 1 % supersaturation.
The ratio between the CCN number and the total particle number as counted by the CPC (condensation nuclei, CN) gives the
activated fraction (AF) of the particles. The AF was corrected for multiply charged particles up to three charges by subtracting
their apparent fraction from the AF using the charge equilibrium (Wiedensohler, 1988). This multiple charge corrected AF is
calculated for each particle diameter and results in a size dependent activation curve for each supersaturation. This curve is fitted
with a sigmoidal function describing the activation curve with the four parameters lower activation limit, upper limit, sigma (o)
and the critical diameter (D). Multiplying the activation curve (CCN/CN) with the ambient size distribution integral results in
the ambient CCN number concentration at the given supersaturation. One measurement per supersaturation is available every
two hours.

During the fall measurement campaign of HOPE also the helicopter-borne measurement platform ACTOS was deployed in
Melpitz. The experimental set-up and the flight characteristics are described in detail by Diising et al. (2018). Within this study
we use the vertically resolved in-situ data of the light weight mini cloud condensation nuclei counter (mCCNc, custom built
by Gregory C. Roberts, working principal as described by Roberts and Nenes, 2005), which has been applied successfully on
ACTOS before (e.g., Wex et al., 2016). The miniCCNc measured the CCN number concentration at a supersaturation of 0.2 %.

Vertical profile measurements are available for 8 flights between September 12 -27, 2013.
2.3.2 Daily PM;, sampling at Melpitz site

Particles with aerodynamic diameter up to 10 um (PM1¢) were sampled daily at the Melpitz site. PM-High-Volume quartz filter
samples for PM;( were collected using a High-Volume sampler (DIGITEL DHA-80, Walter Riemer Messtechnik, Germany),
having a sampling flux of about 30m>h~'. The filter type is a MK 360 quartz fibre filter (Munktell, Grycksbo, Sweden).

The measurement techniques to determine the particle mass, water soluble ions and carbonaceous particles are described by

11



10

15

20

25

30

Spindler et al. (2013, 2012). The particle mass determination was performed gravimetrically. The conditioned filters (72 hours
at 20°C and 50 % relative humidity) were weighted with a microbalance as tare (blank) and after sampling of particles as gross
weight. Main water-soluble ions (NO3~, SO3~, C1—, Nat, NH*t, K+, Mg?*, Ca?*) were analyzed by ion chromatography.
The determination of organic and elemental carbon (OC and EC) was performed by a two-step thermographic method using
a carbon analyzer (behr Labor-Technik, Germany). OC was vaporized at 650°C for 8 minutes under nitrogen atmosphere and
catalytically converted to CO5 and the remaining EC was combusted further in 8 minutes with O at 650°C. The formed CO-
was than quantitatively determined by a non-dispersive infrared detector (modified German standard VDI method 2465 part
2).

2.3.3 CCN concentrations derived by lidar measurements

During the HOPE campaigns, PollyXT lidar systems (Engelmann et al., 2016) were used to measure automatically and continu-
ously the vertical state of the atmosphere in terms of aerosol particles and clouds. Lidar observations were performed in Melpitz
(fall campaign) and Jiilich (spring campaign) with the 12 channel-multiwavelength-polarization lidar PollyXT_OCEANET.
Hourly averaged profiles of the particle backscatter and extinction coefficient as well as the particle depolarization ratio were
calculated automatically for the whole measurement period as described in Baars et al. (2016). As the particle depolarization
ratio was close to zero (indicator for spherical particles) for the whole period, one can conclude that no dust intrusion was
occurring during the intensive field campaigns. Thus, the CCN concentration profiles were calculated following the continental
aerosol branch in Mamouri and Ansmann (2016).

For this approach, the lidar-derived particle backscatter profiles are converted to extinction profiles by using a lidar ratio of
50 sr as a typical value for continental sites (Baars et al., 2017). The aerosol number concentration profiles for particles with a

dry radius > 50 nm (nsg) are calculated using

n50,c,dry(z) = C60,c0,§“ (Z)

with cgg =25.3 cm ™3 and X,=0.94 (see Mamouri and Ansmann (2016) for details). Finally, the CCN concentration at super-
saturations < 0.2 % is estimated by multiplying n5¢ with an enhancement factor of f=1. The uncertainty of this estimation is at

a factor of 2-3 according to Mamouri and Ansmann (2016).

3 Results

3.1 Aerosol optical thickness

The simulations described in this work were also evaluated by Costa-Sur6s et al. (2020). They present a comparison of aerosol
optical thickness (AOT) over the North and Baltic Sea as observed by the AVHRR (Advanced Very High Resolution Radiometer)
instrument onboard of different NOAA satellites and modeled by COSMO-MUSCAT. The observational platform represents
a good opportunity to evaluate the modeled aerosol load for both 2013 and the1980’s conditions since the data set dates back
to 1981, The modeled and observed AOT were shown to agree well for both the 2013 period and the mid 1980’s conditions
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(using the observational example of the year 1985). The observed median AOT values over the Baltic sea for 1985 and 2013
were 0.30 and 0.14, respectively, and over the North Sea 0.25 and 0.14. The modeled values were 0.30 and 0.11 for the Baltic
Sea and 0.22 and 0.09 for the Baltic Sea. It can therefore be concluded that the model, using the assumptions discussed in this
work, is able to represent the average aerosol loads of 2013 and particularly the 1980’s.

3.2 Composition of CCN

As described above, number concentrations of CCN over Germany for two time periods of the year 2013 have been calculated
offline from aerosol particle number concentrations based on simulated mass concentrations of 7 different compounds: am-
monium sulfate, ammonium nitrate, sulfate, organic and elemental carbon, sea salt and mineral dust. Similarly, representing
a peak aerosol scenario over Europe, aerosol concentrations have been calculated for-+985-representative for the mid 1980’s
based on the simulations for the year 2013 (see section 2.2.2). Furthermore, the CCN parameterization has been applied to
observed particle mass concentrations. The modeled CCN number concentrations were compared to ground-based in-situ mea-
surements by a CCNC, and to vertical profiles derived from lidar and helicopter-borne in-situ observations. Table 4 lists the
total number concentration of CCN and the contribution of the individual compounds as average values for the simulated time
period. Nowadays, the contribution of ammonium nitrate and ammonium sulfate are almost balanced. Due to the assumption
that ammonium nitrate was not formed in the +986smid 1980’s scenario, there is no contribution from ammonium nitrate to
CCN in the1985-casethis time period. The concentration of ammonium sulfate in the atmosphere was far higher than today
(see also section 2.2.2), resulting in almost no ammonia being available for the formation of ammonium nitrate. Instead, much
more sulfuric acid could form during this time period.

Comparing the two different methods of estimating todays CCN concentrations, differences can be seen especially for
ammonium sulfate, organic carbon and mineral dust. The dust concentrations resulting from the gravimetrical methods are
usually higher than simulated, because they result from the difference of the total gravimetric mass and the sum of the masses
of the individual species and are not directly measured. This is why the error is quite large due to losses of the other species
during the analytical processes. Furthermore, they may contain other undetected material than only mineral dust and also re-
emitted soil dust, which is not included in the emission data used in the model simulations. The difference in CCN from OC

is partly due to the absence of secondary organic aerosol (SOA) in the model approach. SOA generally can contribute a large
fraction to the total concentration of organic aerosol mass (Jimenezet-al;-2009)-and-also-at Melpitz-SOA-isknown-to-comprise

a-major-fraction-with an average contribution over Europe ranging from ~20 to more than 50 % (Jimenez et al., 2009). Also at

Melpitz in summer, organic matter is the major fraction (59 %) of the PM; aerosol and is strongly influenced by SOA (Poulain
etal., 2011).

Fig. 2 shows the time series of derived CCN from the model simulation (upper panel) and from gravimetrical aerosol mea-
surements (lower panel) for both the spring and fall period in comparison to the CCNC measurements at a supersaturation
of 0.2 %. The same plot for a supersaturation of 0.3 % is shown in Fig. Al in the supplement. On average (see Tab. 4), CCN
concentrations derived from modeled and observed aerosol mass deviate from the CCNC measurements by a factor of around

1.2 (16 % underestimation) and 1.4 (37 % overestimation), respectively. Taking into account the uncertainty due to assumptions
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Table 4. Average CCN number concentration (m™®) and average contribution (%) of the considered species to the total CCN number
concentration at ground level for a supersaturation of 0.2 % at the HOPE site Melpitz for the two 2013 campaigns and the corresponding
periods i#+985-of the mid 1980’s scenario. The values were calculated from aerosol mass concentrations modeled with COSMO-MUSCAT
and from aerosol mass concentrations observed by gravimetrical measurements. In addition, the average in-situ measured CCN number

concentration is shown for comparison.

Data base / scenario N_CCNy 29, m™> AS AN SU EC OC SS DU
Modeled aerosol mass concentrations (+985mid 1980’s) 5.2 x 10° 36 0 64 0 04 03 0.001
Modeled aerosol mass concentrations (2013) 9.4 x 108 51 46  0.007 0 23 1.6 0.008
Measured aerosol mass concentrations (2013) 1.5 x 10° 35 53 0 0 74 03 4.0
Direct observation of CCN with CCNC (2013) 1.1 x 10°

in converting observed or modeled aerosol mass into number, the used CCN parametrization is concluded to work reasonably

well -Differences i the upper panels on average. However, as can be seen in Fig, 2a and b the performance of the model differs
between the two time periods with the tendency to underestimate CCN concentrations in the spring period and overestimate it
in the fall period (see also Fig. 3). In order to evaluate the applied method of deriving CCN concentrations from aerosol mass
and its assumptions, the size distributions and the activation parameterization are applied to gravimetrical measurements of
aerosol mass (Fig. 2¢ and d). The CCN concentrations derived from the gravimetrical measurements catch better the peaks in
the first half of the spring episode and do not show the strong under- and overestimation, respectively, for the two periods as
seen for CCN derived from the modeled aerosol mass. Since the activation parameterization is applied to both the modeled
and observed aerosol mass, differences in the derived CCN concentrations between the upper and the lower panel of Fig. 2

correspond directly to uncertainties in the actual aerosol simulation with the atmospheric transport model. Particularly in the
first half of the spring episode, ammonium nitrate and ammonium sulfate concentrations and thus their contribution to the
CCN number concentration were clearly underestimated —(see also Hande et al. (2016) Fig. 2). However, during the fall period
the model often overestimates the concentration of ammonium sulfate and partienlarly-ammontumnitrate-(up-to-factor-of-5)

ammonium nitrate and hence the CCN concentrations. In particular ammonium nitrate is sometimes strongly overestimated
by up to a factor of 5. Deviations in ammonium nitrate might arise due to uncertainties of both modeling and observation.

The emission of ammonia is depending on agricultural activity (e.g., manuring). Hence, the magnitude and timing of observed
ammonium nitrate concentration peaks cannot be represented by the model, which uses monthly emission estimates. Since
nitrate is volatile, high temperature within the sampling unit can lead to partial evaporation from the filters.

An interesting episode occurred between day-of-year (doy) 255 and 257 (September 12-14, 2013) in the fall period, resulting
in clearly overestimated CCN number concentrations in the model. This was caused by a smal-surfacetow-which-was-centered
above-small-scale low pressure system, which moved south-eastward over the measurement station ea-doy 255 and then moved
continued eastward. The location of this surface-tow-low pressure system was not correctly simulated in-the-medel-and the
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corresponding precipitation in North-western Germany and The Netherlands on doy 254 and thus-255 was underestimated.

This region represents one of the main ammonia sources and hence is important for the formation of ammonium nitrate and
sulfate in the atmosphere. Due to the lack of precipitation in this region, wet deposition of aerosol particles and precursors
was missing, resulting in an overestimation of aerosol mass concentration and hence aeresol-and-CCN number concentration.
The airmass rich in particularly ammonium nitrate travelled during doy 254-25 towards the measurement site at Melpitz.
The underestimated wet deposition represents a likely cause for the overestimation seen during the three days. However,
other potential causes such as wrong emission or overestimated formation cannot be ruled out. Since also the gravimetrical
observations show a strong peak during these three days, it can be concluded that the overall situation (emission. formation,
transport) is still model reasonably.
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Figure 2. Simulated and measured CCN number concentrations in Melpitz at a supersaturation of 0.2 % during the two HOPE campaigns
(April to May and September 2013). The upper panel (a and b) shows the CCN number concentrations resulting from the simulated aerosol
concentrations, the lower one (c and d) the CCN numbers resulting from measured aerosol concentrations using the same CCN parametriza-
tion. The colors represent the contributions to CCN of different species. The blue crosses indicate the CCN number concentrations using
the CCNC. Please note the different time resolution for the observations, as well as the different scale for the CCN number concentration in

plotd.
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3.3 Comparison to in-situ CCN measurements

For a more evident comparison of the absolute CCN number concentrations, Fig. 3 displays the derived and measured CCN
number concentrations at a supersaturation of 0.2 % as a scatter plot for both episodes. As already seen in the time series
plots in Fig. 2, the model tends to underestimate the CCN numbers of the in-situ CCN measurements in the spring episode
(on average by 29 %). For the fall episode, an overestimation of 37 % was found (20 % without the outliers of the two days
discussed above). In contrast, the CCN number concentration estimated from the gravimetrically measured aerosol masses
tends to overestimate the direct measurements in both periods (50 % in spring, 15 % in fall). Together, Figs.2, 3, and A1
show that the model underestimates the observed CCN concentration at least partly due to an underestimation of aerosol mass,
mainly ammonium nitrate and ammonium sulfate, in the spring episode and overestimates the CCN concentration because of
an overestimation of these aerosol species in the fall episode.
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Figure 3. Comparison of derived and measured CCN number concentrations in Melpitz at a supersaturation of 0.2%. Red triangles show
results from the aerosol simulations, blue stars from applying the CCN parameterization to the gravimetrically measured aerosol mass

concentrations. The colored lines are the linear regressions. The slope of the fits are given at the regression lines.

In Fig. 4 the ratio of the number concentrations of CCN (N_CCN) and the total aerosol particles (N_CN) larger than a certain
size is shown as comparison between simulation and observation. The upper panels display the fractions for a supersaturation
of 0.2 % and particles larger than 110 nm for both episodes, the lower panels for a supersaturation of 0.3 % and particles larger
than 80 nm, respectively. A ratio of exactly 1.0 means, that as many particles would activate at the respective supersaturation
as aerosol particles with a diameter larger than the threshold diameter of 110 nm (N_CNjj9nm) and 80 nm (N_CNgopp, ), re-
spectively, are present in the atmosphere at this time. For the rural observation site Melpitz, this ratio is usually close to 1.0
for 0.2 % and 110 nm, as well as 0.3 % and 80 nm (S. Henning, 2017, personal communication), which is why these two size
threshold values were chosen. The N_CCNj 59, to N_CNjj9,m ratios compare very well (on average 1.03 (observation) and
0.98 (model), respectively), but the model tends to overestimate the N_CCN 3¢, to N_CNggpn, ratios for both episodes (on

average, 0.93 (observation) and 1.26 (model), respectively). This can be the result of the model either overestimating the CCN
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concentration or underestimating the aerosol particle number in the size range larger than 80 nm in diameter. For both 0.2 %
and 0.3 % supersaturation, the model underestimate-underestimates the CCN concentration in total for both periods by a similar
magnitude of 13 and 11 %, respectively (see also Figs. 2 and A1). The size distributions used to convert modeled aerosol mass
to number were developed with data at Melpitz. Akheﬂgk&wwef&shew@wable to represent the average total par-

ticle number concentration areund-at 100 nm

Overath-the(Fig. 3c in Hande et al., 2016). For particles larger than 110 nm, the observed total particle number concentrations
is in-agreement-to-observationsfor-particlestarger-than1H0-(underestimated by 10 %underestimation). However, the number

concentration of particles larger than 80 nm is underestimated by 35 %. Hence, the underestimated modeled number concen-

tration of aerosol particles in the size range between 80 and 110 nm in diameter is likely the main reason for the different

behavior between the N_CCN 59, to N_CNy;9,n, ratio and the N_CCNg 39, to N_CNggyp, ratio. From Fig. 4, it can be seen

that there is no difference in the comparison to the observation between the spring and the fall episode. Hence, the different
under- and overestimation of the CCN concentration between the spring and the fall episode seen in Figs. 2, 3, and Al is more

likely linked to uncertainties of the modeled aerosol mass than the assumptions made to derive CCN.
Fig.5 shows the average N_CCN-to-N_CN ratio for five different supersaturations between 0.1 and 0.7 % for a cut-off

diameter of 40 nm. It can be seen from this graph, that at a low supersaturation of 0.1 %, only very few particles activate,

whereas almost all particles activate at a high supersaturation of 0.7 %. In the model, more of the available aerosol particles

activate at the respective supersaturation, which is most pronounced in the medium range of supersaturations —In-thisregion-the

and 0.5 %. The assumed size distributions are known to lack of particles much smaller and much larger than 100 nm, Hence,
for very low and high supersaturations, both the number of particles and the CCN concentration are underestimated similarly.
For supersaturations in between, for which the critical size of activation is in the size range where the assumed size distribution
matches the average observations quite well (i.¢., around 100 nm), the modeled CCN concentration is less underestimated on
average.

3.4 Evaluation of the vertical structure of CCN

In order to evaluate the vertical distribution of the CCN concentrations and investigate its change since the +98651980’s, the
modeled vertical profiles are compared to measurements. Fig. 6 compares the simulated and observed vertical profiles of the
CCN number concentration for the two periods in 2013. Fig. 6a shows the comparison to CCN derived from lidar observation
during the spring period at Jiilich, and Fig. 6b the comparison to the in-situ observations by the helicopter-based platform
ACTOS during the fall period at Melpitz. Displayed are the median values as well as the 0.25- and 0.75-quantiles. For the
spring period and close to the ground, the average CCN number concentration is overestimated by less than 50 %, which is
in the range of the observation uncertainty of up to a factor of 2-3. However, up to a height of ~1.3 km, marking the average

height of the boundary layer, the overestimation increases up to a factor of ~2. Nevertheless, the displayed 0.25-0.75 quantile
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Figure 4. Comparison of the modeled and observed activated fraction (N_CCN/N_CN) at a supersaturation of 0.2 % (a and b) and 0.3 % (c
and d), respectively. As number of total CN, the number concentration of CN>110nm (a and b) and >80nm (c and d), respectively, was

used.

range still overlaps in the boundary layer. Above, the observed and measured-modeled CCN concentrations start to decrease
considerably, but clearly more strongly in the lidar observations. The model seems to transport too much aerosol mass into the
free troposphere. In contrast to the model, the CCN number concentration derived from the lidar are on average negligible at
heights above 4 km. Nevertheless, the variability of the observed CCN number concentrations is higher in the free troposphere.
This is mainly an expression of increased detection uncertainty. The comparison to the in-situ observations by ACTOS during
the fall period displayed in Fig. 6b reveals a stronger overestimation also close to the ground by a factor of ~2. Also for this
comparison, the modeled CCN number concentration does not as strongly decrease with height above the boundary layer
(~1.5km), hence increasing the overestimation. Note, that the larger variability of the median with height and the smaller
0.25-0.75 quantile range is caused by the smaller sample size of only 8 distinct cases compared to the 48 days with several
hours of lidar observations during the spring period. Furthermore, the ACTOS observation have a general uncertainty of only
~10 %. This, therefore, manifests the tendency of the model to overestimate the average CCN concentrations in the boundary

layer by up to a factor of 2 and higher above the boundary layer. The general overestimation could be reduced by assuming
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Figure 5. Simulated and observed fraction of CCN number concentration to the total number concentration of particles with a diameter larger

than 40nm (N_CCN/N_CN) as a function of supersaturation.

different aerosol size distributions, which are used to convert modeled aerosol mass into number. However, the utilized size
distributions were derived from data at Melpitz and any other size distribution would therefore be less justified. It can be
expected that the size distribution is not constant in time and in space as currently applied. Simulations that treat the aerosol in
a size-resolved manner including aerosol microphysics are a useful tool to provide more insight into the temporal and spatial
variability of the aerosol size distribution and hence the CCN number concentration. However, due to the increased degrees
of freedom and similar assumptions, such as the size distribution during the emission, the results are not necessarily more
accurate. Overall, although the model tends to overestimate the average CCN concentrations, the modeled present day-CCN
number concentration is in-line with the observations, whereas the estimated profile for the 1980s-1980’s is far outside today’s

observational range (cf. Figs. 6 and 7). This indicates the influence of anthropogenic air pollution on the CCN number.
3.5 Present day and historic vertical CCN profiles

For each of the two periodsand-the-full domain, a temporally and spatially averaged vertical profile of the CCN concentration
was calculated for the year 2013 and the year1985-emission-mid 1980’s scenario, which is displayed together with the 0.05,
0.25, 0.75 and 0.95 quantiles in Fig. 7a - d. For the calculation, a vertical velocity of 1 ms~1 was assumed. Heneein-This is an
to the previous analysisthe-supersaturation depends-, the applied supersaturation, and hence the critical size of activation, is not
fixed but now result from the competition of the aerosol particles for the available water vapor. Therefore, the supersaturation
and critical size of activation depend on the aerosol composition and varies-spatialty-and-temporatty-vary temporally and
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Figure 6. Comparison of the simulated vertical profiles of CCN number concentration (red) to profiles derived from observations (blue) of
(a) lidar (04/05 2013) at Jiilich, Germany, and (b) ACTOS (09/2013) at Melpitz, Germany. The CCN number concentrations were calculated
or measured for a supersaturation of 0.2 %. The shading depicts the range between the 0.25- and the 0.75-quantile. On 48 and 8 different
days, 335 and 27 model profiles (instantaneous hourly output), which matched the time of observations, could be taken into account for the

spring and fall period.

spatially. The shape and values of the profiles show no major differences for the spring and fall episode. Close to the ground,
where aerosol particles are emitted, the number concentrations of CCN are higher than in the free troposphere. With increasing
height, the number of aerosol particles and thus also that of CCN is decreasing. This is the case for both the 2013 and +985-the
mid 1980’s scenario. In 2013, the concentrations are almost constant up to a height of 1 km (around 1.0 x 10° m~?) due to the
well mixed boundary layer and decrease above (Fig. 7a, db). This is less pronounced in the year+985-simutations-mid 1980’s
scenario (Fig.7c, d), in which the concentrations close to the ground are much higher (around 3 x 10° m~3) and decrease
almost immediately with height. At the top of the uppermost simulated layer (8 km), similar concentrations of 5 x 107 to
1 x 108 m™3 were found for both, the present day and peak aerosol scenario. Due to different aereset-vertical distribution of

the aerosol constituents, the aerosol composition and, hence, aerosol hygroscopicity between1985-and-2043deviates between

the mid 1980°s and 2013. Therefore and since Fig. 7 presents the CCN concentration for a fixed vertical velocity leading to
variable supersaturations, the shape of the CCN profiles in the two scenarios differs.

Based on the CCN profiles, a scaling factor for the CCN concentration was calculated, which varies with height (Fig. 7e, f).
This scaling factor describes the mean-tempeoral-trend-of-the-difference in CCN number concentration between the past peak
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aerosol in the 19806s-mid 1980’s and present day conditions in Europe and are-is useful for sensitivity studies. The difference
in the height-dependeney-of-the-vertical profile of the CCN number concentrations between the 2013 and 1985-simulations-the
mid 1980’s scenario is the reason for the curvature in the plot of the scaling factor at around 1 km height (Fig. 7e, f), because
at this height, also the concentrations in the 2013 simulations start to decrease. Close-to-the-ground;-a-factorof-around-two-was
found-The efficacy of pollution reduction policies and the breakdown of industrial production in the former East-bloc countries
at the end of the 1980s-becomes—evident—inrelativeterms—1980’s becomes evident in terms of CCN. Close to the ground, a

factor of around 2 was found. The relative difference between mid 1980’s and 2013 is most pronounced in the height between
2 and 5 km, where a scaling factor of up to afaecter-of-3.5 was found. In the upper troposphere, the scaling factor decreases to

around one, which means there is no difference between the 1986s-1980’s and present day concentrations.
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Figure 7. Spatial and temporal averaged vertical profile of the CCN number concentration as computed by COSMO-MUSCAT for the spring
and fall period in 2013 (a and b), the estimation for the respective +985-mid 1980’s peak aerosol scenario (c and d) and scaling factor (SF) for
the two scenarios (SF=N_CCNrys5-1980s / N_CCN2013; € and f). For the calculation of the CCN number concentration, a vertical velocity

of 1 ms™! was assumed.
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4 Summary and conclusions

The CCN number concentrations from different simulation estimates and observation techniques were compared for two pe-
riods of the HOPE field experiments in Germany in spring and fall 2013. Based on simulations of the mass concentrations
of different aerosol species (ammonium sulfate, ammonium nitrate, sulfate, organic carbon, elemental carbon, sea salt, and
mineral dust) using the regional chemistry-transport model COSMO-MUSCAT, the CCN number was computed offline using
a state-of-the-art parameterization for cloud droplet activation. The resulting CCN number concentrations were compared to
direct CCN measurements with a CCN counter, CCN number concentrations derived from applying the activation parame-

terization to gravimetrically measured aerosol mass concentrations, and vertical profiles derived from lidar observations and

helicopter-borne in-situ measurements. In addition, CCN number concentrations for-the-eorresponding periods-in-the-year 1985
representative for the mid 1980’s, when the anthropogenic air pollution in Central Europe was highest, for the two periods were
computed based on the COSMO-MUSCAT simulations of the year 204 3;-as-exemplary-yearfor-the 1980s-when-anthropogenie
air-potution-in-Central- Hurope-had-peaked—2013. Comparing the results for the years-year 2013 and +985-the mid 1980’s

scenario allows to investigate the impact of anthropogenic air pollution and the potential of the applied reduction measures on
the atmospheric CCN budget.

At the ground and averaged over the full investigation period, the model-derived CCN concentration (for a supersaturation
of 0.2 %) were about 16 % lower than the directly measured CCN concentrations and 37 % lower than the CCN concentrations
derived from aerosol mass measurements. Hence, model and observation agree well for the longterm average. However, the
deviations were different for the individual periods with 29 % underestimation of the measured CCN concentrations by the
model in the spring period and 37 % overestimation for the fall period. Discrepancies between observed and modeled CCN
concentrations likely resulted mostly from uncertainties in the modeled aerosol mass and composition as well as the assump-
tions for the conversion from particle mass into number size distributions, which do not allow for the necessary flexibility
to consider weather and tranport-related heteregeity—heterogeneity. The comparison of the ratio of the CCN number con-
centration and the total particle number of particles larger than 110 nm in diameter shows a good agreement between model
and observation for 0.2 % supersaturation. However, for supersaturations between 0.2 % and 0.7 % and smaller threshold sizes
to define CN (e.g., particles larger than 40 nm), the model overestimates the activated particle fraction. Since the assumed
prescribed size distributions were developed to correctly predict the average number of accumulation mode particles, which
are the most relevant for deriving CCN number concentrations, the number of particles smaller than ~100nm is very likely
underrepresented. As a non-linear process, aerosol activation depends strongly on the current ambient aerosol size distribution,
which can vary considerably both temporally and spatially. Hence, the application of fixed size distributions in order to convert
modeled aerosol mass to number concentrations is a source of uncertainty, which only for longterm averages might cancel out.

At the measurement station --Melpitz, Germany, the model-derived average CCN concentration for the year1+985-mid 1980’s
scenario was more than 5 times higher than for the year 2013. The underlying aerosol load of the 1980’s scenario is expected
to be reasonable since a comparison of modeled to satellite-based AOD (Costa-Surds et al., 2020) showed good agreement on
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average. Again, the application of fixed prescribed parameters for the number size distributions likely is a source of uncertainty
since the aerosol size distribution in 2013 and +985-the 1980’s were not necessarily similar.

Within the boundary layer, the simulated vertical profiles of the present-day CCN concentration are within the variability
range of the CCN derived from lidar measurements but do deviate from the in-situ helicopter-borne CCN measurements outside
their 0.25-0.75 quantile range (and up to a factor of 2 for the median). The strong decrease of the observed CCN concentrations
above the boundary layer could not be met by the model, hence strongly overestimating the CCN concentration in the free
troposphere. The +985-stmutationmid 1980’s scenario, however, has much larger CCN number concentration far outside the
variability range of the present-day observations.

By comparing the CCN concentrations modeled for the year 2013 and 1985the mid 1980’s scenario, the effect of strict
emission reduction policies and reorganization of industrial production in Eastern Europe after 1990 becomes apparent. A
domain and time averaged vertically resolved scaling factor for the CCN concentration between the year 2013 and year+985
the mid 1980’s was computed, which is well suited for application in model sensitivity studies, in particular for studies that
do not consider aerosol transport and chemistry explicitly. The scaling factor for estimating the CCN concentrations during
the +980s-1980’s from current simulations is not vertically homogeneous. Close to the ground, a scaling factor of 2 was
determined, increasing to 3.5 between 2 and 5 km height. Towards the upper troposphere at around 8 km height, the scaling

factor decreases again to 1.

distribution-The vertical variability of the CCN scaling factor is caused by the changed chemical composition of the aerosol
particles-and-thus-the-CCN-distributiondue to the 1980’s emission estimates. Especially the height range of up to 5 km, where a

very high CCN number concentration during the +986s-1980’s was found, is important for cloud and precipitation formation in

the mid-latitudes (e.g., Lebo, 2014; Marinescu et al., 2017). A significantly higher number of CCN points to large differences
in the cloud droplet number concentration and thus the radiative properties of the clouds as well as the precipitation probability
during that time. The analysis of the radiative impacts including effects on cloud cover and albedo effects should be subject of

future studies.

Data availability. Data used in this manuscript can be provided upon request by email to the corresponding author, Christa Genz

(christa.genz@idiv.de).
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Figure A1l. Simulated and measured CCN number concentrations in Melpitz at a supersaturation of 0.3 % during the two HOPE campaigns
(April to May and September 2013). The upper panel (a and b) shows the CCN number concentrations resulting from the simulated aerosol
concentrations, the lower one (c and d) the CCN numbers resulting from measured aerosol concentrations using the same CCN parametriza-
tion. The colors represent the contributions to CCN of different species. The blue crosses indicate the CCN number concentrations using

the CCNC. Please note the different time resolution for the observations, as well as the different scale for the CCN number concentration in

plot d.
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