We thank the reviewer for taking the time to review this paper. We have addressed their
comments, and believe that they have led to a substantial improvement of the manuscript.
Below, the reviewers comments are reproduced in green, our answers are in black.

My main concern is that the authors describe their approach as a "model". To my
understanding a model is something that uses a theoretical approach with known physical
relationships that is used to predict experimental results. These predictions are then
compared to the experimental results and, based on this, model parameters can be
adjusted. What has been done here is a parameterization. Different variables that are
known (or assumed) to have an influence on CDNC are correlated to the observed

CDNC, and an empirical parameterization is built from this. For example, in panel a) of
Figure 5, the "N_act predicted" is simply the number of CCN (particles larger than 90

nm) that are linearly correlated to the observed CDNC (here called N_act). In section

5.1 the authors seem to realize it and use the wording "statistical relationships". No
physical explanations (e.g. from Kohler theory) for the factors in equation (2) can be

given. Thus, | would strongly suggest replacing "model" by "parameterization” in the

whole manuscript.

As similar potential for confusion exists with the word “parameterisation”, we have instead
added “statistical” in many places throughout the abstract and text, so that it is always clear
that this is not a physics based model. “statistical model” is a common and correct term for
equations such as those used here. To maintain the readability of the paper, we have not
preceded “model” with “statistical” in cases where there no potential for misunderstandings
exists.

Specific comments

Page 15477, lines 22-25:

Removal of anthropogenically influenced data: How were these data identified? Particle
number concentrations? CO levels? Please specify.

We have now added the following text to this part of the manuscript:

“In recent years, outdoor tourism activities around the JFJ have increased, resulting in more
frequent local pollution events. Data that is likely affected by construction activities, snow
groomer operation and other local anthropogenic influences (mainly cigarette smoke) have
been removed from the data sets. As the JFJ is characterised as a background site, sudden,
short-lived fluctuations in the size distribution can be interpreted as local pollution (Herrmann
et al., 2015). Therefore the affected data were identified by visual inspection of the aerosol
size distribution spectra.”

Page 15479, lines 3 — 12:

Why are different definitions for cloud conditions used? The difference is justified with
different SMPS operation conditions (simultaneously scanning total and interstitial vs
sequentially scanning both inlets), but the cloud conditions do not depend on the SMPS
scanning time.

Essentially, we had to apply a stricter definition of “cloudy” to the campaigns where the
SMPS scanning time was longer (sequentially scanning), to ensure that the JFJ was not
within patchy cloud, which may have led to cloud-free periods during the SMPS scanning
time. We now state this explicitly in the text:

“This more stringent criterion was used to avoid the inclusion of cloud-free periods in the
longer (12 minute) SMPS scanning time. On the other hand, using the criterion of Hammer
et al. (2014), which was found to be adequate for excluding cloud-free periods during the 6
minute scan time, allowed the inclusion of more data from the 2010 and 2011 campaigns.”

Page 15480, Line 15:
"The height of the JFJ above the cloud base (calculated from the total water content



and temperature measured at the JFJ):" This reads as if it was clear to everyone how the
height above cloud base is calculated, but | must admit that | don’t understand how this is
done. Also the calculation of the air temperature at cloud base seems to be a very simple
approach. Please be more specific and mention the uncertainties in these calculations.
This part now reads:

“The height of the JFJ above the cloud base is calculated by using the total water content
and temperature measured at the JFJ, calculating, under the assumption of a moist
adiabatic temperature lapse rate (6 K/km), the temperature (and therefore the distance
below the JFJ) at which the partial pressure of water in the air mass decreases below the
saturation vapour pressure. This approach is described in detail in Hammer et al. (2014),
and implicitly assumes that a minimal amount of water is lost from the air mass via
precipitation between the cloud base and the JFJ.”

Page 15484, line 25:

One of the most interesting aspects here is the CCN size threshold of 90 nm that seems

to work best. The authors mention that they tried 70 and 80 nm (but why not 100, see

line 19 on page 154787?). | would suggest including a graph showing the results for 70,

80, 90 and 100 nm (predicted N_act only from CCN without the other variables)

We have included this analysis and plot as suggested by the referee, in section 5.1, showing
that the skill of the model to predict the observed number of droplets is not highly dependent
on the size used as cut off criteria for the number of potential CCN in the range 70-100nm.
However, as the model performs slightly better with a potential CCN cut off of 80nm, we
adopt this value, and have re-calculated the model fit and adjusted the plots accordingly,
throughout the manuscript.
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We thank the reviewer for taking the time to review this paper. We have addressed their
comments, and believe that they have led to a substantial improvement of the manuscript.
Below, the reviewers comments are reproduced in green, our answers are in black.

1. The authors state in abstract (line numbers 12-13) that “: : :we expect that this model

is applicable to warm, free tropospheric clouds over the European continent.”. Similarly,
at the end of the Introduction (line numbers 80-81) it is stated that “: : :allows the
construction of relationships which are applicable to a wide range of conditions.” and

at the end of Conclusions section (line numbers 477-478). “: . : we expect Equation 2

and Equation 3 [derived parameterizations for CDNC] to be broadly applicable to the
European free troposphere.”

However, the authors present no evidence to justify these claims. To address this, |

would recommend that the authors compare, if possible, their results to previous cloud
droplet observations on free troposphere in order to see how the derived parameterization
compares against other data sets. Second, a comparison should be made

with numerical or semi-empirical, established CDNC parameterizations such as those
developed by Abdul-Razzak and Ghan (2000), Nenes et al. (2003) and Kivekéas et
al.(2008) by initializing these parameterizations with “typical” free tropospheric aerosol.
This would give insight into the applicability and limitations of the derived parameterization.
Also, such comparison is needed as one of the real advantages of the parameterization
over some of these numerical schemes derived here is computational

efficiency. In order to further strengthen the manuscript, the authors should also discuss
what new their results bring anything else new on the table compared to previous cloud
parameterizations.

Ongoing work with the JFJ data has shown that the air at the JFJ during summer is
influenced by the boundary layer up to around 80% of the time. We have therefore removed
the statements about the model being applicable to the free troposphere, and state rather
that it is applicable to the remote troposphere, with boundary layer influence.

The reviewer has made an excellent suggestion regarding comparing our statistical model
with a numerical model. To this end, we have taken the time to collaborate with Prof. Nenes,
who has kindly simulated the number of cloud droplets in our data set with his
parameterisation. A comparison is now presented in the results section, as well as in the
discussions and conclusions. In summary, the parameterisation of Prof. Nenes performs
similarly to the statistical model, which is a very good result when one considers that the
statistical model has been fitted to the observational data set used. We intend to continue
this collaboration by applying both models to other data sets, representative of different
atmospheric regions. This will however be the topic of a future study.

2. The authors should discuss more extensively about some of the limitations of their
approach. First, does the topography of the site limit the applicability of the derived
parameterization? For example, is there any information on the formation mechanisms

of the sampled clouds — are they formed orographically or via convective activity? If

they are formed through former mechanism, how it would impact the applicability of

the derived parameterization (in large scale models, for example, clouds are often
assumed to be formed via convection)? Related to this, the derived parameterization
contains a parameter that is specific to the measurement site: vertical distance of the

site from the cloud base, H (see equation 2). To me, it seems that this contradicts with

the authors claim on the general applicability of their statistical model, and therefore

this issue should be discussed.

We have extended the section describing the measurement site (see below), pointing out
that previous studies have found the JFJ to be representative of both convective/orographic
and stratiform cloud situations; depending on conditions and wind direction. Further, the
injection of boundary layer air into the free troposphere during summer does indeed appear
to be enhanced by the topography. However, these injections of boundary layer air mostly



influence the number of aerosol, and the statistical model represents the number of cloud
droplet residuals satisfactorily over a wide range of residual numbers.

In addition, we have performed a sensitivity analysis with the Nenes parameterisation, giving
information on the range of conditions under which our statistical model should be valid. This
analysis is included in the discussion section of the manuscript, and shows that the droplet
activation at the JFJ is in an aerosol limited regime, which supports our findings that the
number of droplets can be accurately modelled based on only the number of aerosol
particles larger than 80nm.

“While measurements at JFJ often sample the free troposphere, in summer the air masses
are mostly influenced by injections of boundary layer air, due to convective events (Lugauer
et al., 1998; Nyeki et al., 1998) and frontal systems (Zellweger et al., 2003). On average
during summer, a boundary layer influence is detected at the JFJ around 80% of the time,
dropping to around 60% in spring or autumn, or lower than 40% in January (Herrmann et al.,
2015). The latter study also showed that the large degree of boundary layer influence is
partly due to the effect of the alpine topography on air flow.”

The vertical distance from the cloud base is however not specific to the JFJ, as it is
calculated for each data point, based on the water content of the air mass and the
temperature at the JFJ. Assuming a moist adiabatic lapse rate within the cloud, the cloud
base is then the altitude below the JFJ where the saturation vapour pressure of water is
equal to the partial pressure of water. This approach is now clarified in the manuscript:

“The height of the JFJ above the cloud base was calculated by using the total water content
and temperature measured at the JFJ, assuming a moist adiabatic temperature lapse rate (6
K km™) and thus calculating the temperature (and therefore the distance below the JFJ) at
which the partial pressure of water in the air mass decreases below the saturation vapour
pressure. This approach is described in more detail in Hammer et al. (2014), and implicitly
assumes that a minimal amount of water is lost from the air mass via precipitation between
the cloud base and the JFJ. The height of the JFJ above the cloud base was included as a
predictor variable as it determines the amount of condensed water at the altitude of the
measurements, and it is also related to the age of the cloud, during which scavenging or
coagulation processes may occur.”

Second, eq. 2 implies linear dependence of CDNC on the CCN concentration. Is

it expected that such relationship holds on warm clouds formed on free tropospheric
aerosols in general?

We acknowledge that there are restrictions on the linearity of the relationship between the
number of CCN and the number of cloud droplets. However these limitations mostly apply to
situations with either very high particle numbers, or very low updraft velocities. We have
tested if such a dependence is expected in our measurements, using the Nenes
parameterisation. This aspect of the work is now discussed thoroughly in the manuscript:

“A linear dependence of the number of cloud droplets on nCCN implies that there is not a
strong competition for water vapour during most of the activation phase of cloud droplet
formation. Whether or not this occurs depends on the CCN number, the slope of the CCN
spectrum, vertical velocity, the degree of external mixing, the presence of giant CCN (sea-
salt, dust) and temperature (e.g. Rissman et al., 2004; Reutter et al., 2009; Ghan et al.,
1997; Morales Betancourt and Nenes, 2014). A good indicator of linearity is expressed by
the partial sensitivity of the droplet number to the number of aerosol, dNd /oNa (also known
as the Aerosol-Cloud Index, ACI) for a given set of aerosol and cloud formation conditions.
The closer the ACI is to unity, the less competition effects are present, linearity applies and
vice versa. The ACI can be calculated either numerically with a parcel model (Reutter et al.,
2009) or with a parametrization adjoint (Rissman et al., 2004; Moore et al., 2013; Morales



Betancourt and Nenes, 2014). The latter is used here to establish the degree to which
linearity holds for the conditions at the JFJ. The results of this calculation are shown in Fig.
15. In panel a, it can be seen that the ACI increases from near zero at low updraught
velocities, to around 0.4 at updraught velocities of approximately 1 ms™ and higher (note that
the updraught velocities shown in Fig. 15 have been corrected by a factor of 0.25, as
described in section 5.2). This suggests that the form of the relationship between the number
of droplets and nCCN does not change at updraught velocities higher than approximately 1
ms™. Therefore while the updraught has only a small influence on the number of cloud
droplets under these conditions, it does slightly influence the relationship between the
number concentration of aerosol and the number of droplets. Panel b of Fig. 15 shows the
sensitivity of the droplet number to nCCN as a function of nCCN. Here it can be seen that
the sensitivity does not display any obvious trend with increasing nCCN, supporting our
choice of a linear relationship between the number of droplets and nCCN.

These results correspond with previous studies. For example, Reutter et al. (2009) found the
number of cloud droplets to be directly proportional to the particle number concentration
when the ratio of updraught velocity to particle number concentration was high, but found
under low ratios, the number of cloud droplets formed was only dependent on the updraught
velocity. The lower limit of the regime where the number of cloud droplets depends on the
number of particles was found to be an updraught to particle number concentration ratio of
10 ms™ cm?), which, for a CCN concentration of 800 cm™, requires a vertical wind speed of
only 0.8 ms™. Examining Figs. 1 to 4, it can be seen that almost all of the north western wind
cases, and most of the south eastern wind cases have vertical wind speeds higher than 1
ms™ (if the wind speeds in Figs. 1 to 4 were corrected by a factor of 0.25, as was done for
the microphysical modelling, 67% would still be above 1 ms™). Therefore, based on the
study of Reutter et al. (2009), a direct dependence of the number of droplets on the number
of potential CCN would be expected. The study of Partridge et al. (2012) showed that under
relatively clean conditions, the details of the aerosol number size distribution determined the
number of cloud droplets, however when the accumulation mode particle concentrations
were above approximately 1000 cm™, the chemical composition of the particles played the
major role in determining the number of cloud droplets. Partridge et al. (2012) also found that
the importance of the particle chemistry increases relatively to that of the particle sizes at
lower updraught velocities. Under conditions where the aerosol population is externally
mixed, the number of cloud droplets formed may also not be directly dependent on the
number of CCN, as changes in the relative abundance of particles with differing
hygroscopicities will influence the formation of cloud droplets. Nevertheless Dusek et al.
(2006) found that there was little change in the activation diameter of particles (less than
20nm) when comparing polluted and background air masses at a non-urban site. These
studies support the idea that for cloud formation at remote sites such as the JFJ, with
updraught velocities above approximately 1.0 ms™, and relatively low aerosol number
concentrations, the number of cloud droplets formed should be dependent on the number
and size of the aerosol present.”
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Figure 15 The sensitivity of the modelled droplet number to the updraught velocity (corrected
by a factor of 0.25, following Hammer et al. 2015, panel a) and to the number of particles
larger than 80nm (panel b).

Third, as stated in Section 3: “The present study utilises data collected during four

summer campaigns, in 2002, 2004, 2010, and 2011". The considered data set is thus
limited to the summer season. Do the characteristics of the cloud droplet activation
observed at the site depend strongly on the season? And does this limit applicability

of the derived parameterization?

We thank the referee for this comment.The number of potential CCN depends on the
season, as boundary layer influence is much more frequent during the summer. However,
the analysis shows that the presented statistical model performs similarly for low numbers of
potential CCN (below 100 per cubic cm), as well as numbers up to around 800 per cubic cm.
In this study we only include summer campaigns, and we filter out data where the plateau
value of the activated fraction at higher aerosol diameters indicates that glaciation may have
taken place. In partially glaciated clouds, the number of droplets is also influenced by the
Wegener—Bergeron—Findeisen process, with some droplets evaporating over time. This is
not accounted for in the statistical model. We now include a statement to this effect in the
conclusions (and in the introduction):

“It should be noted that the statistical model is based only on data collected during summer
campaigns, and that periods with partially or fully glaciated clouds have been excluded from
the data set (as described in Sect. 4.1). During such periods the number of activated aerosol
is also influenced by water uptake by ice particles, changing the relationship between the
number of CCN and the number of cloud droplets. The statistical model is thus considered
valid only for liquid clouds.”

3. Usage of English in the manuscript should be improved considerably. Some of the

issues with language are pointed out below, but I'd suggest that somebody with an excellent
command of the language would review the usage of English in the manuscript.

The two native English speakers on the author list have carefully revised the manuscript. We
thank the reviewer for the detailed review and numerous corrections provided in the
technical comments, which have been implemented as suggested.

Minor and technical comments

1. Introduction, line numbers 33-34. The studies of Abdul-Razzak and Ghan (2000) and
Kivekas et al. (2008) should be cited here. Also, Petters and Kreidenweis (2007) did
notpresent a parameterization for CDNC but for the impact of the particle hygroscopicity
to CCN activation. Finally, I'd move the content of lines 26-34, i.e. description various
CDNC parameterizations, to the end of the Introduction following the discussion on the



experimental CCN and cloud formation studies.

We now also cite the two studies suggested by the referee. We note that we did not mean to
imply that Petters and Kreidenweis presented a CDNC parameterisation, rather that they
describe a parameterisation of the chemical composition and mixing state on the water
uptake. We have removed the citation from this paragraph to avoid confusion (the paper is
still cited elsewhere). The text of lines 26-34 has been shifted as suggested.

2. Introduction, lines 36-37. The studies of the Henning et al. (2002) and Verheggen

et al. (2007) cited here did not consider CCN but only cloud droplet formation.

The sentence containing these citations now reads “Previous ground-based studies have
investigated statistical relationships between cloud droplet or CCN number concentration,
aerosol properties and environmental variables”, rather than just referring to “CCN
concentration, aerosol properties and environmental variables...”

3. Introduction, fourth, fifth and sixth paragraphs. Here previous studies on CCN
activation and cloud droplets formation are discussed in mixed order. I'd reorganize
the discussion so that the CCN studies are treated first, followed by the cloud formation
studies.

The paragraphs have been re-arranged accordingly

4. Line number 61. I'd write “: : :the mechanisms through which: : :” instead of “: : :the
way which: : ", for example.

Done

5. Line number 64. “: : :particles and thus their activation into cloud droplets...” instead
of “: : . aerosol droplets and thus activation to form droplets: : :”, for example.

This now reads “..surface active compounds may influence surface tension and thus the
activation of aerosol particles to form cloud droplets”

6. Line number 101. “: : :is influenced: : ", instead of “: : :will be influenced: : :".
Done

7. Line number 179. “. Without entrainment, all particles above a particular size will be
activated.”. This is strictly true only for internally mixed aerosols. Otherwise, particle
population may contain a mixture of large, non-hygroscopic and hygroscopic particles
so that the former particles do not activate, leading to a non-monotonic activation curve.
See answer to point 8.

8. Line numbers 179-181. The definition of the activation diameter given here is extremely
confusing. To me, it does not even sound right — critical diameter cannot be

defined solely based on “critical diameter of the least hygroscopic particle” as the patrticle
dry size plays a role too. Please clarify.

The definition has been improved and now reads:

“Without entrainment, in theory all particles above a particular size will be activated during
cloud formation, if the aerosol is internally mixed (as is generally the case at remote sites
such as the JFJ). This size is known as the activation diameter, and depends on the peak
supersaturation reached within the air parcel. The activation diameter of the aerosol was
calculated for each measurement time, following Hammer et al. (2014). In atmospheric
measurements, the fraction of activated particles increases between approximately 0 and 1
over a small range of diameters, rather than making a sharp transition at a particular
diameter. Therefore the activation diameter is defined as that at which half the particles are
activated and half are unactivated.”

9. Line numbers 216-218. Another definition is given here for activation diameter.



Please define the concept in consistent and precise manner.
This second definition has been edited and shifted together with the text in the previous
comment (8).

10. Line 235. What is “potential CCN"? Please clarify.

We have added the following clarification:

“..here, a potential CCN is considered to be an aerosol particle that may act as a CCN when
subjected to supersaturations with respect to liquid water ”

11. Lines 243-247. This sentence should be split into two or more sentences.
We have split this sentence into three sentences.

12. Section 4.3. Please give a short description of the applied statistical method as it

would benefit understanding the results of this study. Also, in line no. 274, there is a
guestion mark in parenthesis following “: : :developed by: : :”.

A detailed description has been added. The question mark was a typographical error which
has been removed accordingly.

13. Line numbers 278-279. The end of the sentence (*: : :to investigate its general
applicability”) can be omitted.

We believe that we need to motivate why we performed these additional calculations, but
have now changed the end of the sentence to say “...to identify any features in the data
which may be particular to these subsets.”

14. Line number 293. The expression “: : :is not complete,” is not fitting in this context.
This now reads “...during which not all particles larger than 80nm are activated....”

15. Line numbers 293-294. “: : :activation appears to be lower: : :”. See the previous
comment.
This now reads “....the fraction of particles that are activated appears to be lower.....

16. Line number 307. Parenthesis should be removed from the end of the line.
Done.

17. Line number 323, equation 2. According to this equation increasing ozone levels

lead to increases in CDNC, while increasing [CO] decreases CDNC. Is there any physical
explanation for these trends? Also, the derived parametrization does not contain

any variable that would directly reflect the particle chemical composition. Does this limit
applicability of eq. 2 as cloud droplet concentrations depend, at least to some extent,

on the chemical composition of CCN?

The contribution of [CO] to the explained variance is low, nevertheless piecewise analyses
indicates [CO] as explanatory variable at the 99% level.

CO is frequently used as a tracer of anthropogenic emissions, therefore the negative
correlation of [CO] with CNDC may indicate that more recent anthropogenic influence on an
air mass implies lower particle hygroscopicity, and thus lower numbers of activated aerosol.
Conversely higher levels of O; may indicate more photochemically processed air, and thus
more hygroscopic aerosol.

18. Section 5.2. Is there any explanation as for the worse performance of the
parameterization against data from SE wind sector?

Although slight differences in performance occur, the statistical model does not perform
significantly worse in the SE case than in the NW case. In the revised version of the figures
(using an 80nm cut off as the CCN definition; this change was made based on an analysis
suggested by the other reviewer), the performance in the NW and SE cases is even more
similar . The slightly poorer performance (error values) in the SE case stems mainly from SE



data from 2002. In these data, the number of cloud residuals is actually often equal to, or
slightly higher than, the number of aerosol larger than 80nm, forcing and underestimate of
the number of activated aerosol. This is because compared to other years, the aerosol size
distribution is shifted towards smaller sizes. The main source of the larger errors is from
times when the number of activated aerosol was high (above about 600 cm™®). As can be
seen from figure 4, most of the SE data in 2002 with high cloud residual numbers was
collected over a few days (day 3 to 6), during a period with unusually high CO levels. This,
combined with the number of aerosol, may imply an unusually high influence of the BL,
possibly an injection of aerosol which has not yet undergone as much secondary growth as
during other time periods.

19. Line number 340. “: : :in order to see: : :”, instead of “: : :to see: : :".
We did not add “in order” at this point.

20. Line number 348. Remove comma from “: : :cloud droplets, to a: : "
Done

21. Line numbers 351-352, sentence “Therefore there appears to be no systematic
bias introduced by considering both wind directions in the model together.”. However,
according to Fig. 5C the parameterization tends to under predict observed CDNC when
CDNC >500 /cm3. Please explain.

In the revised version of the figures, very little difference in model performance appears
between NW and SE wind cases. Also the drop in model skill at CDNC above 500 has
improved.

22. Line number 356. What does “compact correlation” mean?
We now write that the modelled and measured values are well correlated and we quantify
this statement by providing the R values.

23. Line number 360. “; : : to which: : :” instead of “: : :by which: : :".
Done

24. Line numbers 369. “(Fig. 8).”

Fixed

25. Line numbers 370. See comment 22 above.
Changed to “good correlation”

26. Line numbers 370-373, sentence starting with “In this case: : :”. | do not understand
how good performance of the tuned parameterization against data from 2002 campaign
implies that the underestimation of CDNC is not due to saturation effect. Please clarify.
In the new figures, no significant underestimation at high droplet numbers occurs; the
discussion has been adapted accordingly.

27. Line number 378. What does “without replacement” mean in this context?

Sampling without replacement means that within a set of size N (in our case N=100 x 4 =
400) randomly sampled data points each data point is allowed to be drawn only once.
Sampling without replacement has the advantage of avoiding sampling biases as sampling
is truly random by construction. A potential disadvantage of sampling without replacement is
that samples drawn might not be representative of the entire population (a disadvantage also
emerging for samples with replacement), thus to overcome this problem in practice relatively
large sample sizes are drawn and statistical investigations utilize multiple samples.

The text in the paper has been changed to the following:

“As a further way to assess the general applicability of the proposed linear model, we
| sample 100 data points at random_(without replacement; i.e. individual data points are



allowed to be drawn only once to avoid a sampling bias e.g. Friedman 2015) from each year
of data, and the R and error values were calculated with (i) the general model and (ii) the
models fitted to each sampled set of 400 observations (i.e., 100 observations from each
year) separately. To ensure for statistically robust results this analysis was performed for a
set of 1000 random samples, and the results are summarized in Fig. 13.”

28. Line numbers 400-404. The sentence starting with “Further: : :” should be split into
two or more sentences.
We have split this sentence into two sentences.

29. Line numbers 405-408. Here it is concluded that ”: : :temperature dependent influences
of surface active compounds do not play a significant role in cloud droplet

activation.”. This is based on the lack of correlation between CDNC and cloud base
temperature. | would argue that such effects (or their absence) cannot be inferred from
ambient data series as the key parameters, such as exact chemical composition of

CCN, that determine the cloud droplet activation process cannot be controlled in
atmospheric measurements. Also, such effects could also be masked by changes in CDNC
due to other temperature-related factors.

The text has been changed to “The cloud base temperature was not found to be significantly
correlated with the cloud droplet number over the combined data set, therefore we find no
evidence that temperature dependent influences of surface active compounds play a
significant role in cloud droplet activation”

30. Line number 444. See comment no. 22 above.
Changed to “good correlation”

31. Table 2, page 21. The description of the table was hard to understand, please
clarify.
The table has now been removed from the manuscript.

References

Friedman A. (2015): Statistics for Library and Information Services : A Primer for Using Open
Source R Software for Accessibility and Visualization, Rowman and Littlefield, ISBN 978-1-
4422-4993-6.

Hammer, E., Bukowiecki, N., Gysel, M., Juranyi, Z., Hoyle, C. R., Vogt, R., Baltensperger,
U., and Weingartner, E.: Investigation of the effective peak supersaturation for liquid-phase
clouds at the high-alpine site Jungfraujoch, Switzerland (3580ma.s.l.), Atmos. Chem. Phys.,
14, 1123-1139, doi:10.5194/acp-14-1123-2014, 2014.

Lugauer, M., Baltensperger, U., Furger, M., Gaggeler, H., Jost, D., Schwikowski, M., and
Wanner, H.: Aerosol transport to the high Alpine sites Jungfraujoch (3454masl) and Colle
Gnifetti (4452masl), Tellus B, 50, 76—92, doi:10.1034/j.1600-0889.1998.00006.x, 1998.

Nyeki, S., Li, F., Weingartner, E., Streit, N., Colbeck, I., Gaggeler, H. W., and Baltensperger,
U.: The background aerosol size distribution in the free troposphere: an analysis of the
annual cycle at a high-alpine site, J. Geophys. Res.-Atmos., 103, 31749-31761,
doi:10.1029/1998jd200029, 1998.

Zellweger, C., Huglin, C., Klausen, J., Steinbacher, M., Vollmer, M., and Buchmann, B.:
Inter-comparison of four different carbon monoxide measurement techniques and evaluation
of the long-term carbon monoxide time series of Jungfraujoch, Atmos. Chem. Phys., 9,
3491-3503, doi:10.5194/acp-9-3491-2009, 2009.



Summary
11.03.2016 10:52:47

Differences exist between documents.

New Document: Old Document:
acp-2015-337-discussions-typeset_source- acp-2015-337-discussions-typeset_source-
version4 version4_old_version

38 pages (1.99 MB) 25 pages (2.86 MB)

11.03.2016 10:43:04 11.03.2016 10:43:04

Used to display results.

Get started: first change is on page 1.

No pages were deleted

How to read this report

IEGIANGEHE indicates a change.

Deteted indicates deleted content.
[ indicates pages were changed.
indicates pages were moved.

file://INoURLProvided[11.03.2016 10:52:48]



4 Chemical and physical influences on aerosol activation in liquid
clouds: a study based on observations from the Jungfraujoch,
Switzerland
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Technology, Ueberlandstrasse 129,8600 Duebendorf, Switzerland
fNOW at: Grolimund + Partner — Environmental Engineering, Thunstrasse 101a, 3006 Bern, Switzerland |

(Correspondeniceltos) C. R. Hoyle (christopher.hoyle @psi.ch)

Abstract. A simple §tafistical model to predict the number of aerosols which activate to form cloud droplets in Warm'clouds has
been established, based on {€gessionianalysisiof data from four summertime Cloud and Aerosol Characterisation Experiments
(CLACE) at the ligh=alfitudesite Jungfraujoch (JFJ). It is shown that @9 % of the observed variance in droplet numbers can
be represented by a model accounting only for the number of potential CCN (defined as number of particles larger than
6780 nm in diameter), while the mean errors in the model representation may be reduced by the addition of further explanatory
variables, such as the mixing ratios of O3, CO and the height of the measurements above cloud base. The Stafistical model has
@ similar ability to represent the observed droplet numbers in each of the individual years, as well as for the two predominant
local wind directions at the JFJ {(fi6fthWwest and Southeast)? Given the central European location of the JFJ, with air masses in

summer being representative of the free troposphere with regular boundary layer in-mixing via convection, we expect that this |
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1 Introduction

Aerosols have a well-documented and pronounced influence on the microphysical and therefore radiative properties of clouds
(e.g., Twomey, 1974, 1977; Albrecht, 1989; Hu and Stamnes, 1993). The properties of atmospheric aerosol particles thus
have a strong potential to affect local and regional climates. However, the influence of aerosols on clouds remains the single

largest uncertainty hampering the calculation of future climate scenarios (Boucher et al., 2013). @0 reduce this uncertainty, an

roved understanding of the aerosol properties and environmental conditions that allow parts of the aerosol population to
cloud condensation nuclei (CCN) and form cloud droplets is required.

ious ground-based studies have investigated statistical relationships between €l6udIdfopIENoH CCN AUMbBEE concentra-
sol properties and environmental variables (e.g., Henning et al., 2002; Dusek et al., 2006; Verheggen et al., 2007,
1., 2010, 2011; Anttila et al., 2012). Based on around 22 days of data from the Taunus Observatory in central
sek et al. (2006) determined that the concentration of CCN (as measured at different supersaturations in a CCN
ely dependent on the measured particle size distribution, with the CCN concentration increasing with increasing

er, and chemical composition of the aerosol playing a secondary role.

Kohler, 1936; McFiggans et al., 2006; Petters and Kreidenweis,

ctal.. 2009). Recently, it has been suggested that this may lead
influence om aerosol activation (INEfi€s) et al., 20025 Chiristensen and Peers2012)) Nevertheless, the works
Dusek et al. (2006)randJuranyiletial) (2010, 2011) suggest that the relatively small variations in chemical
aerosol in areas away from sources may play a smaller role in determining CCN activity of the aerosol than
size distribution.
ne month of data from a remote site in northern Finland, Anttila et al. (2012) determined that the highest
ith activated aerosol number occur with the number of available CCN, which was defined as the total number
reater than 100 nm in diameter, and that the number of droplets formed did not strongly depend on updraught
set of regimes where the number of cloud droplets formed depends on updraught velocities (at low ratios of
t to aerosol number), and where the number of cloud droplets depends more on the number of aerosol (at high ratios of
ht to aerosol number) were described by Reutter et al. (2009), based on cloud parcel model studies. At the Jungfraujoch
enning et al. (2002) determined that in clouds with liquid water contents above 0.15 g m™3, aerosol (Pafticles larger than
0 nm in diameter were typically activated to form cloud droplets. Verheggen et al. (2007) investigated relationships between
environmental variables and activated fraction, defined as the fraction of total particles, larger than 100 nm in diameter, that
have been activated to form cloud droplets. The latter study based its analysis on one summer and two winter campaigns, and
found that the activated fraction increased with increasing liquid water content and decreased with decreasing temperature
below 0°C, as clouds began to glaciate. Also using data from the Jungfraujoch site, Jurdnyi et al. (2010, 2011) found that

with knowledge of the average chemical composition of aerosol, a very high degree of correlation could be found between the
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number of activated aerosol predicted by the x-Kohler approach (Petters and Kreidenweis, 2007) and the observed number of
activated particles measured at different supersaturations in a CCN counter.

Although both Dusek et al. (2006)fandWuranyietial) (2010, 2011) have found that with a known aerosol size distribution,
one can obtain good correlations between the predicted and observed number of droplets at a particular supersaturation in

a CCN counter, the peak supersaturation reached in an air parcel is not generally a known quantity. It is also not possible to say

pw well the number of droplets predicted in this way corresponds with the number of droplets in a cloud which has formed

- time ago. Although several studies exist where a good degree of closure was achieved between predicted and observed
the order of 20% difference betweeen calculated and observed droplet numbers, e.g, Fountoukis

etal.. 2005; Conant et al.. 2004),a simple method of predicting cloud droplet numbers based on easily

y been recognised that the number and the size of aerosol particles strongly influences the number of CCN, and that

ysol number concentrations, clouds will be composed of a greater number of droplets (Kohler, 1936; Fitzgerald

ran, 1973; Twomey, 1974, 1977). SeveraliSimple parmetisations onienumberoneloud droplets as A ction

been suggested for both continental and maritime locations, (Kohler;
and stratocumulus clouds.

more advanced parametrizations were developed, allowing for the influence of the aerosol size distribution,
ity, and the chemical composition and mixing state of the aerosol to be accounted for when calculating aerosol

1 activation to form cloud droplets (e.g., Abdul-Razzak and Ghan, ZOOMarahona and Nenes, 2007; Fountoukis
5; Kumar et al., 2009; Nenes and Seinfeld, 2003). (Alparametrisation was also developed by Kivekds) ct al.

A
ndy, data from four summer measurement campaigns carried out at the Jungfraujoch between 2002 and 2011

develop simple statistical models of the relationship between the number of observed cloud droplets and various
lental factors, as well as the aerosol number size (distribution; in liquid’clonds? Using such an extensive data set

>d over a period of nearly ten years allows the construction of relationships which are applicable to a wide range @f

2 Measurement site

The Jungfraujoch (JFJ) high alpine measurement site is located at 3580 m a.s.1., @top) an exposed crest in the Bernese Alps,

Switzerland, and is accessible by train throughout the year. The site is engulfed in cloud approximately 40 % of the time
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(Baltensperger et al., 1998; Nyeki et al., 1998) and local emissions are minimal with the exception of occasional construc-

tion activities. Aerosol measurements have been carried out at the JFJ since he'€arly 19705 (Bukowieckiretral; 2016); with
(continuous'measurements'since™1986 (Baltensperger et al., 1991, 1997) and the site has been part of the Global Atmosphere

Watch (GAW) programme since 1995, (eviewionlisaerosolobservationsanthe RS providedbyBukowieckiieual2016))

The location of the station makes it suitable for continuous monitoring of the femote’continental troposphere. The topogra-

around the measurement site defines two predominant local wind directions, southeast or northwest. To the southeast, the
ch Glacier gradually slopes away from the JFJ at an approximate angle of 15°. In contrast, the northwestern side drops
at an average slope of approximately 46°. This difference in topography causes updraught velocities to be higher in
approaching the station from the northwest than from the southeast, with median peak supersaturations of around

esentative of cumulus@forographic)clouds) and 0.22 % (representative of shallow layer GEStFatiform clouds) being
e respective wind directions (Hammer EEaISROIISUgANER <! ., 1998)Thereforedepending onconditionsiand

opography surrounding the JFJ site and the long-term measurements performed there provide substantial op-
t only investigating how relationships between environmental variables change between years, but also what
g topography to the north and south has, through its influence on the vertical wind velocity. Furthermore, the
erosols in air coming from the south @8 influenced by different source regions than air coming from the north.
ion values, updraught velocity, aerosol hygroscopicity and cloud droplet number concentration were studied
who found that all these quantities showed statistically significant differences between the two wind
k was extended by Hammer et al. (2015)3 who quantified the influence of updraught velocity and particle
oncentration on peak supersaturation.

ements made at the JEJN6ften sample the free troposphere, in summer the air masses are {068ty influenced

boundary layer air, due to convective events (Lugauer et al., 1998; Nyeki et al., 1998) and frontal systems

. 2003). On average during summer, a boundary layer influence is detected at the JFJ around 80% of the time,

bservatory is also one of 16 stations of the Swiss National Air Pollution Monitoring Network. As part of this oper-
nuous in-situ observations of about 70 different trace gases are performed by Empa, the Swiss Federal Laboratories

rials Science and Technology.

Data collection

Data used in this study were collected as part of the Cloud and Aerosol Characterisation Experiments (CLACE). The CLACE
measurements have been conducted at the JFJ since 2000. They are a series of intensive winter and summer campaigns designed

to investigate the chemical, physical and optical properties of aerosols as well as their interaction with clouds (Henning et al.,
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2002; Verheggen et al., 2007; Sjogren et al., 2008; Kammermann et al., 2010; Juranyi et al., 2010, 2011; Hammer et al., 2014):
The present study utilises data collected during four summer campaigns, in 2002, 2004, 2010, and 2011 (Table 1).

The following description refers to the basic experimental setup during all CLACE campaigns. The particles and hydrome-
teors were sampled via a total and an interstitial inlet which were installed through the roof of the laboratory (Hammer et al.,
2014)% The total inlet sampled all the particles that had a diameter of less than 40 um, including the hydrometeors, at wind
speeds up to 20 S (Weingarther ct al., 1999). The condensed water of the particles and hydrometeors was evaporated
by heating up the top part of the inlet to approximately 25 °C so that all particles were dried (and therefore residual aerosol
particles contained in cloud droplets were set free) while reaching the instruments in the laboratory. The interstitial inlet only
sampled particles smaller than 1 and 2 um diameter using a size discriminator of PM; (during CLACE2002) and PM, (during
CLACE2004, CLACE2010 and CLACE2011) respectively. Thus, only non-activated particles (i.e. particles that did not act
as CCN, and were thus not contained in cloud droplets) passed this inlet. The transition to laboratory temperatures (typically
20 to 30 °C) resulted in the drying of the particles at a relative humidity less than 10 %. The difference between the number
of aerosol sampled through the total inlet and the number sampled through the interstitial inlet gives the number of aerosol
which were activated to form cloud droplets, n,. It has been shown by Henning et al. (2002), in a comparison with Forward
Scattering Spectrometer Probe (FSSP) droplet measurements, that this value can be used as a proxy for the number of cloud
droplets. Therefore this is the approach that we adopt in the present study.

Downstream of the inlets, a Scanning Mobility Particle Sizer (SMPS) was used to measure the total and interstitial aerosol
size distribution, respectively. The SMPS measured particles in the size range of 16 to 600 nm. One scan required 6 min.
During CLACE2002 and CLACE2004, the SMPS was installed behind a pinch valve to switch between the two inlets after
each scan (i.e. 6 min). The data in 2002 and 2004 is therefore at 12 min resolution. For CLACE2010 and CLACE2011, two
SMPS measured simultaneously behind each inlet so that a higher time resolution (approximately 6 min) could be achieved.
Each SMPS €onsisted of a differential mobility analyser (DMA), a bipolar charger to obtain charge equilibrium (krypton
source, 8°Kr) and a condensation particle counter (CPC) (Wiedensohler et al., 2012). During cloud-free periods, the interstitial

and the total SMPS should measure the same aerosol number size distribution. For the campaigns where two SMPS measured
simultaneously, the out-of-cloud particle size distribution showed differences of up to 10 % for particles with diameters between
20 and 600 nm (Hammer et al.,2014)2 This is within the typical uncertainty for this type of measurements (Wiedensohler et al.,
2012). To account for these differences between the two units, the interstitial number size distributions (for each campaign
specific instrument) were corrected towards the total aerosol size distribution. A size and time dependent correction factor was
determined by comparing the total and interstitial number size distributions during all cloud-free periods (Verheggen et al.,
2007).

To monitor the cloud presence, the liquid water content (LWC) was measured using a particle volume monitor (PVM-100;
Gerber, 1991), which measures the LWC by forward light scattering.

A measurement of the horizontal wind speed and direction was provided by the Rosemount Pitot tube anemometer, which
is mounted on a 10 m mast as part of the SwissMetNet network of MeteoSwiss. Likewise, temperature measured at the site as

part of the SwissMetNet network was used.
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In recent years, outdoor tourism activities around the JFJ have increased, resulting in more frequent local pollution events.

Data that is likely affected by construction activities, snow groomer operation and other local anthropogenic influences (ff@ifil§)

CigaretESHOKEFOIliChiEEal201S) have been removed from the data sets. AASEEHIISChATACIEriSeaSAbACKEOWNAISIEE)
sudden, short-lived fluctuations in the aerosol size distribution can be interpreted as local pollution (Herrmann et al., 2015).
‘Therefore the affected data were identified by visual inspection of the aerosol size distribution spectra.

In-situ trace gas measurements of O3 and CO were conducted as part of the Swiss National Air Pollution Monitoring

Measurements were recorded at 10 min intervals throughout all study periods, using a UV absorption
e for O3 (Thermo Environmental Instrument, TEI49C), and non-dispersive IR absorption photometry (NDIR) for CO
PMA360, APMA370) (Gilge et al., 2010; Zellweger et al., 2009).

two SMPS were operating simultaneously (CLACE2010, CLACE2011), ., as a function of dry particle
calculated directly from the difference between the total and the interstitial particle number size distributions.
two years (CLACE2002 and CLACE2004), the SMPS was switched between the total and the interstitial
the total measurement was faken to be the first measurement, with the interstitial measurement
ing @ used to calculate n,,. The two scans inside this 12 min period were assumed to represent the same
tions.

de cloud periods that were influenced by the entrainment of dry air, as well as to exclude mixed phase clouds,

ivated particles was analysed as a function of particle diameter. Without entrainment, (fifi€6%¥) all particles

v size will be activated during cloud formation, if the aerosol is internally mixed (as is generally the case at
This Sizeiskiowsas the activation diameter, @ididepends ontiie peak supersaturationieached

ribed below, for the aged aerosol found at the JFJ, the critical diameter lies around 80=100nm. Entrainment and
of air into the cloud will lead to non-activated particles larger than the activation diameter co-existing with activated
les and therefore the maximum activated fraction above the activation diameter will be less than one. Similarly, the
er water vapour pressure over icg particles in mixed phase clouds will lead to evaporation of droplets and deactivation of
aerosol, reducing the activated fraction above the activation diameter. A threshold of 0.9 was defined, and all measurements
with maximum activated fractions of less than this threshold were assumed to be influenced by entrainment or partial glaciation

of the cloud and thus excluded from the analysis.
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The data were also filtered to remove any data points that were measured outside of clouds, in patchy cloud, or on the
edges of clouds. This was achieved based on the measured LWC. For the campaigns that had two SMPS scanners operating
simultaneously (CLACE2010 and CLACE2011), the criterion follows Hammer et al. (2014); where cloud was defined to be
present when the 30th-percentile of the 10s LWC values’ distribution during one 6 min scan period was higher than 5 mg m~3.
For the other campaigns which had only one SMPS system operating (CLACE2002 and CLACE2004), creating a 12 min
olution data set, the €Fitefia used was that of Henning et al. (2002) and Cozic et al. (2008), which defined cloudy conditions

LWC was higher than 20 mg m 3 for more than 85 % of an hourly period. (PHiSlfforeStrifgenticriteriavasuseditoavoid

content (TWC) was calculated by adding measured LWC to calculated gas phase water (GPW), except during
here it could be determined directly from a dew point measurement in air sampled through the total inlet. In
r than CLACE2010, such dew point measurements were not available and the GPW was calculated, using the
ature, under the assumption that the in-cloud relative humidity was 100 %.

sified according to wind direction (north and south), in order to determine if different factors influence the
ending on the origin of the aerosol particles.

s of this study, an estimate of the updraught velocity (w,) at cloud base was calculated, similarly to Hammer

the local topography and the horizontal wind speed measured at the JFJ (vi)) using:

1,

clination angle of the flow lines at the cloud base. These values were oo = 46° for the northern terrain and
southern terrain (for further details see Hammer et al., 2014)3 This equation is based on the assumptions that
the updraught strictly follow the terrain on either side of the JFJ research station, and that there is neither

gence nor divergence of the flow lines between the cloud base and the JFJ.
of predictor variables

t predictor variables either measured at the JFJ, or calculated for the cloud base, were included in the statistical
hese were height of the JFJ above cloud base, updraught velocity, number of available potential CCN particles

er referred to as ncen, see definition below), air temperature at the cloud base, CO and Os.

¢ height of the JET above the cloud base was calculated by using the total water content and temperature measured at

distance below the JFJ) at which the partial pressure of water in the air mass decreased below the saturation vapour pressure.
‘This approach is described in detail in Hammer ct al. (2014), and implicitly assumes that & minimal amount of water is lost
(ot the @iFMass Via'precipitation between the €loudbase and theJEI) The height of the JFJ above the cloud base was included
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as @predictorvariablelas)it determines the amount of condensed water at the altitude of the measurements, and it is also related
to the age of the cloud, during which scavenging or coagulation processes may occur.

The updraught velocity, estimated as described in Sect. 4.1, was chosen as it is known to influence the peak supersaturation
achieved during cloud formation, and therefore the activation diameter of the aerosol and the activated fraction of a particular

aerosol size distribution.

The ncey is estimated from the measured aerosol size distributions. As described in Sect. 1, the aerosol number size distri-
is known to play an important role in defining the number of cloud droplets formed, with larger particles more likely to
ated, and the smallest particles rarely playing a role in cloud formation. Therefore, it is necessary to choose a minimum
above which a particle can be considered a potential (CCNI(hére; a'potential  CCNVis considered torberan aerosol)
As described above, at aerosol
entrations larger than approximately 100 cm ™3, Henning et al. (2002) found that the activation diameter at the
100 nm. Further, Hammer et al. (2014) reported that there is a systematic difference in the activation diameter
ir masses approaching the JFJ from the north (87 nm) and from the south (106 nm). Here we have chosen @
The relatively low value was chosen so as not to exclude
ant sizes of aerosols.
ature at cloud base (calculated from the temperature at the JFJ) was chosen to account for any temperature
on water uptake to the aerosols which may influence @ctivation:"However, the cloud base temperature was
ribute significantly in the linear regression models for the years 2010 and 2011 (i.e., the years with most
was thus excluded by backward-elimination of explanatory variables for final model selection. Likewise,
tionship between air pressure and n,e was found.

o chemical tracers CO and O3 were included in the analysis to account for the history of the air parcels.
imary pollutant and Oj is produced photochemically as a secondary pollutant from precursors such as volatile
nds and nitrogen oxides, both of these can act as tracers of anthropogenic emissions or of biomass burning
audt et al., 2001; Liang et al., 2004; Yashiro et al., 2009; Zhang et al., 2006, 2009; Gilge et al., 2010), and
is study they are used as indicators of the degree of influence of polluted air masses, in an attempt to determine
important effect on particle activation at the JFJ. Ozone at the JFJ may be influenced by stratospheric intrusions,

Lmodelling study (Cui et al., 2009) has suggested that this is the case for less than 20 % of the year, making such

Statistical analysis

In order to determine if and how environmental and chemical factors can be related to the number of cloud droplets (i.e.
the number of activated aerosol, n,.), we chose a simple multiple linear regression model for the analysis. Multiple linear
regression is a commonly used statistical method for explanatory and theory-testing purposes, thus it is appropriate to use in
assessing how the environmental and chemical variables contribute to the prediction of n, (Johnson et al., 2004; Tonidandel

and LeBreton, 2011). It is likely that several of the predictor variables selected for this analysis will be cross-correlated, thus
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traditional regression indices (p value, regression coefficients) will fail to appropriately partition the predictor variables into |
A respective contribution to the overall R? of the model (Tonidandel and LeBreton, 2011). Nevertheless, active research in the
statistical sciences has led to a set of tools for the assessment of the relative importance of individual covariates in linear
regression models in the presence of correlated explanatory variables. A widely used approach, first proposed by Lindeman
6 etald (1980), hence referred to as LMG, but better known in the sequential additive version proposed by Kruskal (1987), allows
assigning shares of “relative importance” to a set of regressors in a linear model (Gromping, 2007). Here we use the LMG
method, in its implementation in the relaimpo package, developed by Gromping (2006) available for the scientific computing

language R (R Core Team, 2014), to assess the relative importance of individual explanatory variables in a simple linear

regression model for the cloud droplet numbers in svarm tropospheric clouds.

%

i

In the following we propose simple linear regression models developed based on 4 years of observations from the JFJ,

B0 Switzerland. Additionally the (BESEpErfofmifig) regression model was run for subsets of the data corresponding to the different
years, and wind QiFeCHioNSH Ko identifyraiy Reatures i e data which \Were particula to HESEubSEIs? The aim of this analysis
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was to determine whether a single statistical model can be constructed which will be generally applicable for the prediction of

the number of cloud droplets for all years and wind directions.

5 Results

In total, 2399 data points were included in the analysis, with the majority being from 2010 (1087) and 2011 (896). Data was
limited in 2002 (206 points) and 2004 (210 points) compared to that in 2010 and 2011 since there were more episodes of

trainment or partially glaciated clouds, where data was excluded from this analysis. (Theé2002'campaign was telatively short

e time resolution of the measurement data set was lower in 2004 and 2002 than in later years, as described above, yielding

ta points. In Figs. 1 to 4, time series of the predictor variables are shown for each campaign. In these plots, it can be
he data sets include a wide range of conditions with respect to meteorology and air parcel composition. In the upper
e plots, ncen is plotted together with 7, In 2011 and 2010 (Figs. 1 and 2) there are episodes of relatively high
which @6trall'patticles) larger than 80nm @revactivated, as shown by the lower n, numbers. Additionally, the
appears to be lower when the wind is from the southeast (red symbols in the bottom
ts). In 2004 however (Fig. 3), nccn is generally fairly low, with, in a few cases, larger n,, than CCN, indicating
s below the chosen cut off diameter for potential CCN are being activated. In 2002 (Fig. 4), there is a broad
lues, and activation appears to be high in almost all cases, regardless of wind direction or updraught velocity.
oncentrations of CO and O3 (second panel) appear to be fairly well €otrelated with'eéachiother; except around
2 campaign (overall R = 0.65). There does not appear to be an appreciable link between wind direction and
tration. The temperature range is similar for all the data sets, with temperatures generally between 270 and
e of warmer temperatures in the first half of the 2010 campaign corresponds with relatively high CO and
so higher aerosol number concentrations. The cooling after day 20 is accompanied by a marked reduction in
increase in the fraction of aerosol which are activated to form cloud droplets. As can be seen in the bottom
ot, the updraught velocities are generally lower when the wind is from the southeast than when it is from the
istent with the findings of Hammer et @N(2014))

al relationships for combined data

ed number of cloud droplets is plotted against the observed number (1), for a variety of §tafistieal model formu-
Fig. (5). In panel a, only nccy is used to predict the number of cloud droplets. Already here a good relationship is
ith a correlation (R) of (0895 however the intercept in the model leads to an unphysical cut off at low modelled num-
ncluding the updraught velocity improves the model slightly, while the R value remains the same, the root mean squared
or (RMSE) reduces slightly from 597 to 6879 Further jmprovements are found by including all fivelselected explanatory)
(Variables'(panel'€); and, in panel d, by using all variables as well as the log of the updraught velocity rather than the updraught
velocity itself. (TheTatterstatistical model was found to [pf6Vide the best representation of the observed number of droplets,
with an R value of 02915 RMSE of 5472 and a mean error (ME) of 3812
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The @tafistiéal model presented in panel d of Fig. 5 provides a simple and reasonably accurate way of predicting the number
of cloud droplets formed based on only a few explanatory variables. The number of activated aerosol (considered equivalent to

the number of droplets) predicted by this model is given by:

Naet = 0.57ncen + 2.5803 + 0.03H — 1.0CO + 28.48log(w) — 41.28, ®

where w is the estimated updraught velocity at cloud base in ms~!, CO and O3 are mixing ratios in ppb, and H is the height

the JFJ above the cloud base in meters (H must be greater than zero).

1e model considering only the number of CCN, as shown in panel a of Fig. 5, is:
+43.27 (6)

e analysis was performed with reductions in the minimum size of aerosol considered to be CCN to (703790 and

however this did not improve the model 8Kill in relation to the results obtained when counting only aerosol

nm o determine neen. In fact, there was little variation in the model skill when these different size criteria were

oted that at very low nccn, the Stafistieal model may return negative values for the number of droplets, which
bhysical. However, this only applies to a very small number of points (16 of the 2399 points presented here),

compromise the general applicability of the proposed model.

(2015). Pressure and temperature at cloud base are also used, calculated in the same way as for the statistical model.

A comparison of the predicted number of cloud droplets and the number of observed cloud residuals is shown in Fig. 7. The

agreement between the modelled and observed data is excellent, with an R value of 0.86, RMSE of 67.2 and an ME of 42.8.

‘The errors for Eq. (5). in panel d of Fig. 5 are only slightly lower than this. The & and error values for the microphysical
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5.3 Difference between wind directions

It was observed by Hammer et al. (2014)) that the number and properties of aerosol in air parcels approaching the JFJ from the

utheast was different from those in air approaching from the northwest. Further, they found that the activation diameter of
les differed €6fsidefably) between the two wind directions. Therefore the total data set used here was divided according
direction, and the StafiSti€al model given by Eq.({(5) was applied, to see if i ability to reproduce the observed number
s differed between the two wind directions. This comparison is Shewn in Fig. 82 The R #alues for the northwestern
ion @fd the Southeastern wind direction @€ the’same (0:9);bit the RMSE and ME are both substantially lower f6®
(RMSE of @913 vs. 67 and ME of 3415 vs. @9@)) In the northwesterly case it can be seen
shifts from a slight overestimation of the observed number of cloud droplets to a slight underestimation, with

ceurring at about 150 drops cm ™. (HiEAmESOUEAstEmCaseappearsIorCloselyaollowa e ine)

appears to be no systematic bias introduced by considering both wind directions in the model together.

the microphysical parametrization simulations, separated by wind direction, are shown in Fig. 9. Here it
he @umMbEF of droplets jn the forthwestern wind

between years

ow representative the model in Eq. (§) is for data from different years, the results were broken up into data
shown in Fig. @0 For 2002, 2010 and 2011, the fmodelled'datatisiwell'correlated with the observed number of
however the slope varies between different years. While the data from 2011 lies along
e, the 2010 data seems to be composed of two different groups of points with different slopes, below and above
ately 300 drops@=2) It is not surprising that the R and error values are better for 2010 and 2011, as these years
by far the most data points & which the model was fitted. The R for 2002 (0.95) was the highest of all years, however
of the data points are below the 1: 1 line and the RMSE was highefthafi'for) the Gtheryearsi(82:7)) The data collected
ring 2004 is 1&88 well fit by the model (R of 0765 RMSE of @7:2)) However, as there were so few data points in 2004, and
these were mostly at low droplet numbers, it is difficult to say if this is due to the data sampled, or if the conditions were

fundamentally different during 2004.

Again, the results of the microphysical parametrization are shown, this time separated by year, in Fig. 1. The RMSE
for the 2002 data is higher than for the statistical model (124 vs. 82.7), and the microphysical parametrization was found
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The differences between the years were also investigated by re-fitting the StafiSti€al model to each individual year of data
Naturally, this results in higher values of R, and smaller errors. For example, in 2002 a (good cotielation is seen,
of 0.96, and an RMSE of only §3I5) In 2002} it can also be seen that the model underestimation of points above
cm ™2 seen in previous plots is not due to a saturation effect, as {lielobservedidopletimbericanibeipredictedioven
nge of meen With one set of parameters. The model representation of 2004 is improved when the model is fitted to
ta, however the R value is still only (02833 lower than for the other years. This appears to be related to the overall
ccn observed in 2004. Both 2010 and 2011 are well represented by models fittéd specifically to these data.

way to assess the general applicability of the proposed linear model, (WelSampléd) 100 @ataipoifitsiat random
data points are allowed to be drawn only once to avoid a sampling bias e.g. Friedman,
year of data, and the R and error values were calculated with (i) the general model and (ii) the models fitted to
of 400 observations (i.e., 100 observations from each year) separately.(To'€nsure for Statistically robustresults)
performed f6raiseior 1000 fandom Samples; and the results are Summarizéd in Fig. @39 Due to the small
ints in 2004 (210) and 2002 (206), the samples for these years did not differ greatly. In Fig.@3)it is apparent
ly fittéd models for the 1000 subsets perform slightly better than the simultaneously applied general model
ever given the small differences in both R and error values between the individual and general models,
overlap of the inner quartile ranges in both R and error values, the general model can be considered to be

a set and applicable over a wide range of observed conditions.

above shows that the number of cloud droplets can be reasonably well predicted by a single Stafistical model,
he ncen, the log of the updraught velocity, the height above cloud base and the mixing ratios of CO and Os. The
on of each variable to the variance explained by Eq. (8) is shown in Fig. I4) along with error bars, denoting the
the contributions of each variable in the random sampling analysis described in the previous section. The range of the
eters included in Fig. @4 is relatively small, indicating that the contribution to the explained variance is similar regardless
the sample taken from the data set.

By far the greatest contribution to the explained variance is from nccen, however including additional explanatory variables
does improve the model with respect to absolute biases| The O3 and CO mixing ratios contributed around 10 and 4 % respec-
tively of predictive ability to the model, suggesting that for sites such as the JFJ, which are located relatively far from direct

emissions sources, the chemical history, or source region of the air mass is not greatly relevant in predicting the activation
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the [Microphysical parametrization presented in this study are compared with two existing
those of Jones (1994) and Martin et al. (1994), both of which used ncen to predict the number of cloud

ould be formed. The Martin et al. (1994) parametrisation is given by:
x 107*A% 4+ 0.5684 — 27.9 @

umber of aerosol in the size range 100 nm—-3.0 um in diameter. We use the version suggested for use in
es (their Eq. 12), as the version for continental air masses (their Eq. 13) produces a very poor representation
f observed droplets at the JFJ (not shown). This is possibly because the maritime parametrisation is more
or air masses with relatively low aerosol number concentrations, as encountered at the JFJ. The maritime
is described as being valid over the range of aerosol number concentrations of 36 to 280 cm 3.

1994) parametrisation is derived from a combination of the continental and maritime parametrisations of Martin

and should therefore be valid over the range of aerosol number concentrations of 36 to 1500 cm 3. It is given by:

375(1 —exp[—2.5 x 1073 A])

e modelled cloud droplet number concentration is plotted against the measured values for Egs. (§) and {(6)) as well as

gainst the models of Martin et al. (1994) and Jones (1994)rand the microphysical'parametrization, in Fig. @63 Comparison of
Eqs. (8) and ((6)) with the other models considered shows that, although all fi¥® models provide a similar degree of explained

variance (between 74% and (83%)j error values are highef for the Jones (1994) and Martin et al. (1994)f6deISN THENicTos

@ndiVIartiaeral (1994) models. While all fivé models show a(g66d €otielation) between modelled and measured cloud droplet
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numbers, the model of Martin et al. (1994) has a too shallow slope, resulting in a general underestimation of the observed
values. Both the Jones (1994) and Martin et al. (1994) models have included a saturation effect at higher nccn which limits
the number of cloud droplets formed, similarly to the effect described by Reutter et al. (2009). No such saturation effect is
observed at the JFJ, however it cannot be ruled out that such an effect may occur at higher aerosol number concentrations than

those presented here.

7. Conclusions

Using data from four summertime CLACE campaigns performed at the high altitude research station at the Jungfraujoch, we
have shown that the number of cloud droplets formed in warm clouds can be rather accurately represented by a simple statistical
model (Eq. S)iproducingasinilardegiee of aseuacy to thatachievediwithamicophysical paramegiizations The majority of
the variance in the observed droplet numbers is explained by the number of potential CCN, which is defined in this study as
the total number of particles with a dry diameter greater than 8@nm. Using the number of (potential) CCN alone, 79 % of the
observed variance is explained (Eq. )3 With the addition of further explanatory variables, such as CO and O3 mixing ratios,
and the height above cloud base, the RMSE and ME errors can be slightly reduced.

Although tuning the GfafiStical model to each year of data separately produces slightly improved results, Eq. (§) represents
the observed droplet numbers from the individual years quite adequately. Likewise, the model is applicable to data from both
of the predominant wind directions’attheJEJ; and although there is more variability in the models ability to predict the number
of droplets formed during southeasterly wind conditions, there appears to be no substantial bias.

In contrast to previous studies where such models were constructed (e.g. Martin et al., 1994; Jones, 1994), no evidence for
a saturation effect of high CCN numbers was observed, rather the number of droplets formed increased continually with ncen.
(StEh a saturation effect iSiéXpectedto) occur at higher aerosol number concentrations, fof/éXamplecloser to @erosolSourcesior

in more polluted environments.

It should be noted that the statistical model is based only on data collected during summer campaigns, and that periods with
partially or fully glaciated clouds have been excluded from the data set (as described in Sect. 4.1). During such periods the
number of activated aerosol is also influenced by water uptake by ice particles, changing the relationship between the number
of CON and the number of cloud droplets. The statistical model is thus considered valid only for liquid clouds.

Due to the location of the JFJ station pn the alpine divide, with air masses approaching from both the north and the south, we
expect Egs. (8) and((6))to be broadly applicable to the temote European €oiitifiental troposphere; however with'aboundary layer
influence. Indeed, these equations should be generally applicable to conditions where droplet activation occurs in the aerosol

(ifmitedifegiifie’ While such empirically derived relationships have their limitations, and may not remain valid under substan-

tially perturbed atmospheric conditions, they provide a simple and computationally efficient way to calculate the number of

cloud droplets in warm ElowdsyWhemappropriatelysapplieds
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Figure 9. The number of cloud droplets calculated by the microphysical parametrization, separated by wind direction, compared to the
number of observed cloud droplet residuals.
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Figure 102 The modelled droplet numbers (Eq. () plotted against the observed number of residuals for each year separately.
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Figure @23 As for Fig. 10) however the model was re-calculated to provide the best fit for each year individually.
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(BiglreN3) A box plot of the R*, RMSE and ME values for the application of the general model (Eq.@)to 1000 random samples of 100 data

points from each year. The red boxes show the range of £ and error values when Eq. (5) s applied to the sampled data, while the blue boxes

Figure 142 The contribution of each of the model variables in Eq.{(§)to the explained variance. The error bars show the spread of the variation

of the contribution values in the random samples from Fig. 3%
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Figure @62 A comparison of the model developed in this Study; and the'microphysical parametrization;) with the performance of two existing
models, those of Martin et al. (1994) and Jones (1994), which are based only on nccen.
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Chemical and physical influences on aerosol activation in liquid
clouds: @n empirical study based on observations from the
Jungfraujoch, Switzerland
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Correspondence-to; C. R. Hoyle (christopher.hoyle @psi.ch)

Abstract. A simple @mpifical model to predict the number of aerosols which activate to form cloud droplets in @Wwatm; free
tropospheric cloud has been established, based on data from four summertime Cloud and Aerosol Characterisation Experiments
(CLACE) campaigns at the Jungfraujoch (JFJ). It is shown that @6% of the observed variance in droplet numbers can be
represented by a model accounting only for the number of potential CCN (defined as number of particles larger than 90nm in
diameter), while the mean errors in the model representation may be reduced by the addition of further explanatory variables,
such as the mixing ratios of O3, CO and the height of the measurements above cloud base. The model has similar ability
to represent the observed droplet numbers in each of the individual years, as well as for the two predominant local wind
directions at the JFJ (forth"West and South'€ast)) Given the central European location of the JFJ, with air masses in summer
being representative of the free troposphere with regular boundary layer in-mixing via convection, we expect that this model is

applicable-to-warm;free-tropospheric-clouds-over the European-continent:

1 Introduction

Aerosols have a well-documented and pronounced influence on the microphysical and therefore radiative properties of warm
clouds (e.g., Twomey, 1974, 1977; Albrecht, 1989; Hu and Stamnes, 1993). The properties of atmospheric aerosol particles
thus have a strong potential to affect local and regional climates. However, the influence of aerosols on clouds remains the
single largest uncertainty hampering the calculation of future climate scenarios (Boucher et al., 2013). In"6rdef'to reduce this
uncertainty, an improved understanding of the aerosol properties and environmental conditions that allow parts of the aerosol

population to act as cloud condensation nuclei (CCN) and form cloud droplets is required.
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It has long been recognised that the number and the size of aerosol particles strongly influences the number of CCN, and that
at higher aerosol number concentrations, clouds will be composed of a greater number of droplets (Kohler, 1936; Fitzgerald
and Spyers-Duran, 1973; Twomey, 1974, 1977).(Several'simple parametriSations of the GUMBEF of cloud droplets @Safunction

of the aerosol diameter and total aerosol number have been put forward for both continental and maritime locations, (Kohler!
1936; Raga and Jonas, 1993; Jones, 1994; Martin et al . 1994), mainly for stratus and stratocumulus clouds.

‘Subsequently, more advanced parametrisations were developed. allowing for the influcnce of the aerosol size distribution;
water uptake and activation to form cloud droplets (e.g.. Barahona and Nenes, 2007; Fountoukis and Nenes, 2005 Kumar et al..
2009: Nenes and Seinfeld., 2003; Petters and Kreidenweis, 2007).

Previous ground-based studies have investigated statistical relationships between CCN concentration, aerosol properties and
environmental variables (e.g., Henning et al., 2002; Dusek et al., 2006; Verheggen et al., 2007; Jurdnyi et al., 2010, 2011;
Anttila et al., 2012). Based on around 22 days of data from the Taunus Observatory in central Germany, Dusek et al. (2006)
determined that the concentration of CCN (as measured at different supersaturations in a CCN counter) is largely dependent on
the measured particle size distribution, with the CCN concentration increasing with increasing particle diameter, and chemical
composition of the aerosol playing a secondary role, Examining one month of data from a remote site in northern Finland,
Anttila et al. (2012) determined that the highest correlations with activated aerosol number occur with the number of available
CCN, which was defined as the total number of particles greater than 100 nm in diameter, and that the number of droplets
formed did not strongly depend on updraught velocity.

A set of regimes where the number of cloud droplets formed depends on updraught velocities (at low ratios of updraught to
aerosol number), and where the number of cloud droplets depends more on the number of aerosol (at high ratios of updraught to
aerosol number) were described by Reutter et al. (2009), based on cloud parcel model studies. At the Jungfraujoch site, Henning
etal. (2002) determined that in clouds with liquid water contents above 0.15 g m~3, aerosol Jarger than 100 nm in diameter was
typically activated to form cloud droplets. Verheggen et al. (2007) investigated relationships between environmental variables
and activated fraction, defined as the fraction of total particles, larger than 100 nm in diameter, that have been activated to
form cloud droplets. The latter study based its analysis on one summer and two winter campaigns, and found that the activated
fraction increased with increasing liquid water content and decreased with decreasing temperature below 0 °C, as clouds began
to glaciate. Also using data from the Jungfraujoch site, Jurényi et al. (2010, 2011) found that with knowledge of the average
chemical composition of aerosol, a very high degree of correlation could be found between the number of activated aerosol
predicted by the xk-Kohler approach (Petters and Kreidenweis, 2007) and the observed number of activated particles measured

at different supersaturations in a CCN counter.

Various studies have investigated the way in which the chemical composition of aerosol influences its water uptake and
(activation; and hiow this'¢an'be accounted Tor(€.g) Kohler, 1936; McFiggans et al., 2006; Petters and Kreidenweis, 2007). I
‘addition, surface active compounds may influence the surface tension of aerosol droplets and thus activation to form droplets
(Shulman etal., 19967 Shilling et al., 2007, King et al., 2009).|Recently; ithas been suggested that this may lead o a temperaturé
(influencelon aerosollactivation (Christensen and (Petters; 2012)) Nevertheless, the works of, for example, Dusek et al. (2006);
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Jurdnyi-et-al (2010, 2011) suggest that the relatively small variations in chemical composition of aerosol in areas away from
sources may play a smaller role in determining CCN activity of the aerosol than variations in the size distribution.

Although both Dusek et al. {2006) and Juranyi et al. (2010, 2011) have found that with a known aerosol size distribution, one
can obtain good correlations between the predicted and observed number of droplets at a particular supersaturation in a CCN
counter, the peak supersaturation reached in an air parcel is not generally a known quantity. It is also not possible to say how
well the number of droplets predicted in this way corresponds with the number of droplets in a cloud which has formed some
time ago. A simple method of predicting cloud droplet numbers based on more easily quantifiable parameters would therefore
be useful.

In this study, data from four summer measurement campaigns carried out at the Jungfraujoch between 2002 and 2011
are used to develop simple statistical models of the relationship between the number of observed cloud droplets and various
environmental factors, as well as the aerosol number size @istribution? Using such an extensive data set collected over a period

of nearly ten years allows the construction of relationships which are applicable to a wide range of Condifions:

2 Measurement site

The Jungfraujoch (JFJ) high alpine measurement site is located at 3580 m a.s.1., Below an exposed crest in the Bernese Alps,
Switzerland, and is accessible by train throughout the year. The site is engulfed in cloud approximately 40 % of the time
(Baltensperger et al., 1998; Nyeki et al., 1998) and local emissions are minimal with the exception of occasional construction
activities. Aerosol measurements have been carried out at the JFJ since 1988 (Baltensperger et al., 1991, 1997) and the site
has been part of the Global Atmosphere Watch (GAW) programme since 1995. The location of the station makes it suitable
for continuous monitoring of the €@ troposphere. The topography around the measurement site defines two predominant
local wind directions, southeast or northwest. To the southeast, the Aletsch Glacier gradually slopes away from the JFJ at an
approximate angle of 15°. In contrast, the northwestern side drops steeply at an average slope of approximately 46°. This
difference in topography causes updraught velocities to be higher in air masses approaching the station from the northwest
than from the southeast, with median peak supersaturations of around 0.41 % (representative of cumulus clouds) and 0.22 %
(representative of shallow layer clouds) being reached for the respective wind directions (Hammer et al., 2014a):

The unique topography surrounding the JFJ site and the long-term measurements performed there provide substantial op-
portunity for not only investigating how relationships between environmental variables change between years, but also what
effect the differing topography to the north and south has, through its influence on the vertical wind velocity. Furthermore, the
composition of aerosols in air coming from the south Will'be influenced by different source regions than air coming from the
north. Peak supersaturation values, updraught velocity, aerosol hygroscopicity and cloud droplet number concentration were
studied by Hammer et al. (2014@)3 who found that all these quantities showed statistically significant differences between the
two wind sectors. This work was extended by Hammer et al. (20145); who quantified the influence of updraught velocity and

particle composition and concentration on peak supersaturation.
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While measurements made at the [Station"mostly) sample the free troposphere, in summer the air masses are fegularly in-
fluenced by injections of boundary layer air, due to convective events (Lugauer et al., 1998; Nyeki et al., 1998) and frontal
systems (Zellweger et al., 2003).

The JFJ observatory is also one of 16 stations of the Swiss National Air Pollution Monitoring Network. As part of this oper-
ation, continuous in-situ observations of about 70 different trace gases are performed by Empa, the Swiss Federal Laboratories

for Materials Science and Technology.

3 Data collection

Data used in this study were collected as part of the Cloud and Aerosol Characterisation Experiments (CLACE). The CLACE
experiments have been conducted at the JFJ since 2000. They are a series of intensive winter and summer campaigns designed
to investigate the chemical, physical and optical properties of aerosols as well as their interaction with clouds (Henning et al,,
2002; Verheggen et al., 2007; Sjogren et al., 2008; Kammermann et al., 2010; Juranyi et al., 2010, 2011; Hammer et al., 2014a):
The present study utilises data collected during four summer campaigns, in 2002, 2004, 2010, and 2011 (Table 1).

The following description refers to the basic experimental setup during all CLACE campaigns. The particles and hydrom-
eteors were sampled via a total and an interstitial inlet which were installed through the roof of the laboratory (Hammer
et al., 2014a)) The total inlet sampled all the particles that had a diameter of less than 40 um, including the hydrometeors,
at wind speeds up to 208~ (Weingartner et al., 1999). The condensed water of the particles and hydrometeors was evap-
orated by heating up the top part of the inlet to approximately 25 °C so that all particles were dried (and therefore residual
aerosol contained in cloud droplets svas set free) while reaching the instruments in the laboratory. The interstitial inlet only
sampled particles smaller than 1 and 2 um diameter using a size discriminator of PM; (during CLACE2002) and PM, (during
CLACE2004, CLACE2010 and CLACE2011) respectively. Thus, only non-activated particles (i.e. particles that did not act
as CCN, and were thus not contained in cloud droplets) passed this inlet. The transition to laboratory temperatures (typically
20 to 30 °C) resulted in the drying of the particles at a relative humidity less than 10 %. The difference between the number
of aerosol sampled through the total inlet and the number sampled through the interstitial inlet gives the number of aerosol
which were activated to form cloud droplets, 1. It has been shown by Henning et al. (2002), in a comparison with Forward
Scattering Spectrometer Probe (FSSP) droplet measurements, that this value can be used as a proxy for the number of cloud
droplets. Therefore this is the approach that we adopt in the present study.

Downstream of the inlets, a Scanning Mobility Particle Sizer (SMPS) was used to measure the total and interstitial aerosol
size distribution, respectively. The SMPS instrument measured particles in the size range of 16 to 600 nm. One scan required
6 min. During CLACE2002 and CLACE2004, the SMPS was installed behind a pinch valve to switch between the two inlets
after each scan (i.e. 6 min). The data in 2002 and 2004 is therefore at 12 min resolution. For CLACE2010 and CLACE2011, two
SMPS measured simultaneously behind each inlet so that a higher time resolution (approximately 6 min) could be achieved.
Each SMPS (€onsists of a differential mobility analyser (DMA), a bipolar charger to obtain charge equilibrium (krypton source,

85Kr) and a condensation particle counter (CPC) (Wiedensohler et al., 2012). During cloud-free periods, the interstitial and
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the total SMPS should measure the same aerosol number size distribution. For the campaigns where two SMPS measured
simultaneously, the out-of-cloud particle size distribution showed differences of up to 10 % for particles with diameters between
20 and 600 nm (Hammer et al.,2014@)3 This is within the typical uncertainty for this type of measurements (Wiedensohler et al.,
2012). To account for these differences between the two units, the interstitial number size distributions (for each campaign
specific instrument) were corrected towards the total aerosol size distribution. A size and time dependent correction factor was
determined by comparing the total and interstitial number size distributions during all cloud-free periods (Verheggen et al.,
2007).

To monitor the cloud presence, the liquid water content (LWC) was measured using a particle volume monitor (PVM-100;
Gerber, 1991), which measures the LWC by forward light scattering.

A measurement of the horizontal wind speed and direction was provided by the Rosemount Pitot tube anemometer, which
is mounted on a 10 m mast as part of the SwissMetNet network of MeteoSwiss. Likewise, temperature measured at the site as
part of the SwissMetNet network was used.

In recent years, outdoor tourism activities around the JFJ have increased, resulting in more frequent local pollution events.
Data that is likely affected by construction activities, snow groomer operation and other local anthropogenic influences have
been removed from the data sets.

In-situ trace gas measurements of O3 and CO were conducted as part of the Swiss National Air Pollution Monitoring
Network? Measurements were recorded at 10 min intervals throughout all study periods, using a UV absorption technique
for O3z (Thermo Environmental Instrument, TEI49C), and non-dispersive IR absorption photometry (NDIR) for CO (Horiba
APMA360, APMA370) (Gilge et al., 2010; Zellweger et al., 2009).

4 Data analysis
4.1 Data processing

For years where two SMPS were operating simultaneously (CLACE2010, CLACE2011), n,, as a function of dry particle
diameter, could be calculated directly from the difference between the total and the interstitial particle number size distributions.
For the remaining two years (CLACE2002 and CLACE2004), the SMPS was switched between the total and the interstitial
inlet) the total measurement was @ssumed to be the first measurement, with the interstitial measurement immediately following
used to calculate n,e. The two scans inside this 12 min period were assumed to represent the same conditions.

In order to exclude cloud periods that were influenced by the entrainment of dry air, as well as to exclude mixed phase
clouds, the fraction of activated particles was analysed as a function of particle diameter. Without entrainment, all particles
above a particular size will be @ctivated> This §iZe) the activation diameter, ([€6rfespondsito) the ritical diameter of the 1€ast
hygroscopic particle) at the highest'supersaturation encountered duiring) the €loudformation? As described below, for the aged
aerosol found at the JFJ, the critical diameter lies around 90=I00nm. Entrainment and mixing of air into the cloud will lead
to non-activated particles larger than the activation diameter co-existing with activated particles and therefore the maximum

activated fraction above the activation diameter will be less than one. Similarly, the lower water vapour pressure over ice
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particles in mixed phase clouds will lead to evaporation of droplets and deactivation of aerosol, reducing the activated fraction
above the activation diameter. A threshold of 0.9 was defined, and all measurements with maximum activated fractions of less
than this threshold were assumed to be influenced by entrainment or partial glaciation of the cloud and thus excluded from the
analysis.

The data were also filtered to remove any data points that were measured outside of clouds, in patchy cloud, or on the
edges of clouds. This was achieved based on the measured LWC. For the campaigns that had two SMPS scanners operating
simultaneously (CLACE2010 and CLACE2011), the criterion follows Hammer et al. {2014@); where cloud was defined to be
present when the 30th-percentile of the 10s LWC values’ distribution during one 6 min scan period was higher than 5 mg m~3.
For the other campaigns which had only one SMPS system operating (CLACE2002 and CLACE2004), creating a 12 min
resolution data set, the €fitefion used was that of Henning et al. (2002) and Cozic et al. (2008), which defined cloudy conditions
if the LWC was higher than 20 mg m 3 for more than 85 % of an hourly period.

Total water content (TWC) was calculated by adding measured LWC to calculated gas phase water (GPW), except during
CLACE2010 where it could be determined directly from a dew point measurement in air sampled through the total inlet. In
campaigns other than CLACE2010, such dew point measurements were not available and the GPW was calculated, using the
ambient temperature, under the assumption that the in-cloud relative humidity was 100 %.

Data was classified according to wind direction (north and south), in order to determine if different factors influence the
CCN quality depending on the origin of the aerosol particles.

For the purposes of this study, an estimate of the updraught velocity (w,) at cloud base was calculated, similarly to Hammer

et al. (2014@)) from the local topography and the horizontal wind speed measured at the JFJ (vlk;) using:
Wae = EAN(EDNTY;, (1)

where « is the inclination angle of the flow lines at the cloud base. These values were o = 46° for the northern terrain and
o = 15° for the southern terrain (for further details see Hammer et al.,20144); This equation is based on the assumptions that
the flow lines of the updraught strictly follow the terrain on either side of the JFJ research station, and that there is neither
sideways convergence nor divergence of the flow lines between the cloud base and the JFJ.

The (@fy activation diameter of the @erosol was calculated fofeachimeasurenent time; following Hammer et al. (2014a)"As
the activation diameter is not sharply defined, rather the proportion of activated particles increases between approximately 0
and 1 over a small range of diameters, the activation diameter is defined as that at which half the particles are activated and

half are unactivated.
4.2 Selection of predictor variables

Six different predictor variables either measured at the JFJ, or calculated for the cloud base, were included in the statistical
analysis. These were height of the JFJ above cloud base, updraught velocity, number of available potential CCN particles

(hereafter referred to as nccn, see definition below), air temperature at the cloud base, CO and Os.
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The height of the JFJ above the cloud base (caleulatedfrom-the-total - water-content-and-temperature-measured-at-the JEJ)
was included, as it determines the amount of condensed water at the altitude of the measurements, and it is also related to the
age of the cloud, during which scavenging or coagulation processes may occur.

The updraught velocity, estimated as described in Sect. 4.1, was chosen as it is known to influence the peak supersaturation
achieved during cloud formation, and therefore the activation diameter of the aerosol and the activated fraction of a particular
aerosol size distribution.

The ncen is estimated from the measured aerosol size distributions. As described in Sect. 1, the aerosol number size distri-
bution is known to play an important role in defining the number of cloud droplets formed, with larger particles more likely to
be activated, and the smallest particles rarely playing a role in cloud formation. Therefore, it is necessary to choose a minimum
diameter, above which a particle can be considered a potential €CND As described above, at aerosol number concentrations
larger than approximately 100 cm 3, Henning et al. (2002) found that the activation diameter at the JFJ is around 100 nm.
Further, Hammer et al. (2014@) reported that there is a systematic difference in the activation diameter for aerosol in air masses
approaching the JFJ from the north (87 nm) and from the south (106 nm). Here we have chosen 90mm? The relatively low value
was chosen so as not to exclude potentially important sizes of aerosols.

The air temperature at cloud base (calculated from the temperature at the JFJ) was chosen to account for any temperature
dependent effects on water uptake to the aerosols which may influence (@ctivation; however the cloud base temperature was
found not to contribute significantly in the linear regression models for the years 2010 and 2011 (i.e., the years with most ob-
servational [@data)and was thus excluded by backward-elimination of explanatory variables for final model selection. Likewise,
no significant relationship between air pressure and n,, was found.

Finally, the two chemical tracers CO and O3 were included in the analysis to account for the history of the air parcels.
While CO is a primary pollutant and O3 is produced photochemically as a secondary pollutant from precursors such as volatile
organic compounds and nitrogen oxides, both of these can act as tracers of anthropogenic emissions or of biomass burning
events (e.g. Staudt et al., 2001; Liang et al., 2004; Yashiro et al., 2009; Zhang et al., 2006, 2009; Gilge et al., 2010), and
therefore in this study they are used as indicators of the degree of influence of polluted air masses, in an attempt to determine
if this has an important effect on particle activation at the JFJ. Ozone at the JFJ may be influenced by stratospheric intrusions,
however a recent modelling study (Cui et al., 2009) has suggested that this is the case for less than 20 % of the year, making

such events relatively rare.
4.3 Statistical analysis

In order to determine if and how environmental and chemical factors can be related to the number of cloud droplets (i.e.
the number of activated aerosol, n,.), we chose a simple multiple linear regression model for the analysis. Multiple linear
regression is a commonly used statistical method for explanatory and theory-testing purposes, thus it is appropriate to use in
assessing how the environmental and chemical variables contribute to the prediction of n,, (Johnson et al., 2004; Tonidandel
and LeBreton, 2011). It is likely that several of the predictor variables selected for this analysis will be cross-correlated, thus

traditional regression indices (p value, regression coefficients) will fail to appropriately partition the predictor variables into
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respective contribution to the overall R? of the model (Tonidandel and LeBreton, 2011). Nevertheless, active research in the
statistical sciences has led to a set of tools for the assessment of the relative importance of individual covariates in linear
regression models in the presence of correlated explanatory variables. A widely used approach, first proposed by Lindeman
and'Gold (1980), hence referred to as LMG, but better known in the sequential additive version proposed by Kruskal (1987),
allows assigning shares of “relative importance” to a set of regressors in a linear model (Gromping, 2007). Here we use
the LMG method, in its implementation in the relaimpo package, developed by Gromping (2006) available for the scientific
computing language R (R Core Team, 2014), tg assess the relative importance of individual explanatory variables in a simple
linear regression model for the cloud droplet numbers in @Watmy ff€e tropospheric clouds.

In the following we propose simple linear regression models developed based on 4 years of observations from the JFJ,
Switzerland. Additionally the regression model was run for subsets of the data corresponding to the different years, and wind
directions to investigate its general applicability.

The aim of this analysis was to determine whether a single statistical model can be constructed which will be generally

applicable for the prediction of the number of cloud droplets for all years and wind directions.

5 Results

In total, 2399 data points were included in the analysis, with the majority being from 2010 (1087) and 2011 (896). Data was
limited in 2002 (206 points) and 2004 (210 points) compared to that in 2010 and 2011 since there were more episodes of
entrainment or partially glaciated clouds, where data was excluded from this analysis. (Additionally; the time resolution of
the measurement data set was lower in 2004 and 2002 than in later years, as described above, yielding fewer data points. In
Figs. 1 to 4, time series of the predictor variables are shown for each campaign. In these plots, it can be seen that the data sets
include a wide range of conditions with respect to meteorology and air parcel composition. In the upper panels of the plots,
ncen is plotted together with n,e. In 2011 and 2010 (Figs. 1 and 2) there are episodes of relatively high nccyn, during which
activation'of 'CCN larger than 90nm [iSTAct'complete) as shown by the lower n, numbers. Additionally, @ctivation appears
to be lower when the wind is from the southeast (red symbols in the bottom panel of the plots). In 2004 however (Fig. 3),
ncen 1s generally fairly low, with, in a few cases, larger n,e than CCN, indicating that also particles below the chosen cut off
diameter for potential CCN are being activated. In 2002 (Fig. 4), there is a broad range of nccy values, and activation appears
to be high in almost all cases, regardless of wind direction or updraught velocity. In all years, the concentrations of CO and O3
(second panel) appear to be fairly well €otrelated; except around day 12 of the 2002 campaign (overall R = 0.65). There does
not appear to be an appreciable link between wind direction and CO or O3 concentration. The temperature range is similar for
all the data sets, with temperatures generally between 270 and 280 K. An episode of warmer temperatures in the first half of
the 2010 campaign corresponds with relatively high CO and Og values, and also higher aerosol number concentrations. The
cooling after day 20 is accompanied by a marked reduction in nccen, and also an increase in the fraction of aerosol which are
activated to form cloud droplets. As can be seen in the bottom panel of each plot, the updraught velocities are generally lower

when the wind is from the southeast than when it is from the northwest, consistent with the findings of (Hammer ct@l:;2014a):
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5.1 Statistical relationships for combined data

The modelled number of cloud droplets is plotted against the observed number (n,), for a variety of model formulations, in
Fig. (5). In panel a, only nccy is used to predict the number of cloud droplets. Already here a good relationship is found, with
a correlation (R) of 0:87; however the intercept in the model leads to an unphysical cut off at low modelled numbers. Including
the updraught velocity improves the model slightly, while the R value remains the same, the root mean squared error (RMSE)
reduces slightly from 647 to 63129 Further small improvements are found by including all ghé'Vatiables) and, in panel d, by
using all variables as well as the log of the updraught velocity rather than the updraught velocity itself. ThiS model was found
to b@ the best representation of the observed number of droplets, with an R value of (0:88) RMSE of 60:6 and a mean error
(ME) of @122t

The model presented in panel d of Fig. 5 provides a simple and reasonably accurate way of predicting the number of cloud
droplets formed based on only a few explanatory variables. The number of activated aerosol (considered equivalent to the

number of droplets) predicted by this model is given by:
Taet = 0.61ncen + 2.1203 + 0.04H — 0.58CO + 26.63log(w) — 57.38, (@))

where w is the estimated updraught velocity at cloud base in ms~!, CO and O3 are mixing ratios in ppb, and H is the height
of the JFJ above the cloud base in meters (H must be greater than zero).

The model considering only the number of CCN, as shown in panel a of Fig. 5, is:
Naet = 0.62ncen + 46.89 3)

The same analysis was performed with reductions in the minimum size of aerosol considered to be CCN to 80 and Z0nm
(fot'showi); however this did not improve the model in relation to the results obtained when counting only aerosol larger than
90nm to determine nccy. It should be noted that at very low ncen, the model may return negative values for the number of
droplets, which is obviously un-physical. However, this only applies to a very small number of points (16 of the 2399 points

presented here), and thus does not compromise the general applicability of the proposed model.
5.2 )i Difference between wind directions

It was observed by Hammer et al. (2014d)) that the number and properties of aerosol in air parcels approaching the JFJ from
the southeast was slightly different from those in air approaching from the northwest. Further, they found that the activation
diameter of particles differed between the two wind directions. Therefore the total data set used here was divided according
to wind direction, and the model given by Eq.{2) was applied, to see if thefmodel’s ability to reproduce the observed number
of droplets differed between the two wind directions. This comparison is (plottéd) in Fig. 62 The R ¥alue for the north'western
wind direction ((panel'a)'is larger than that for the South'eéastern wind direction (897¥s) 85);,-and the RMSE and ME are both
substantially lower (RMSE of 6312 vs. 79:8 and ME of 8617 vs. 55:8) Iticanalso’be seen thatimost of the Gutlying points that

the model underestimates at nccy greater than approximately 550 cm ™3, are in the south easterly wind data set. Additionally,
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the (Spread of peints-between200-and-400 droplets is-larger in the Southeastern plot'(panel'b) than in the Morth western plot

(pafiela)? In the northwesterly case it can be seen that the model shifts from a slight overestimation of the observed number

3

data in the south eastern case appears to follow the 1: 1 line on average, at least up until about 500 drops cm™* are reached.

Therefore there appears to be no systematic bias introduced by considering both wind directions in the model together.
5.3 Difference between years

To determine how representative the model in Eq.{(2))is for data from different years, the results were broken up into data for
each year, shown in Fig. 7| For 2002, 2010 and 2011, the odel'provides afairly compact correlation with the observed number
of ([dfoplets; however the slope varies between different years. While the data from 2011 lies along the 1 : 1 line, the 2010 data
seems to be composed of two different groups of points with different slopes, below and above approximately 300 drops/cm=2:
It is not surprising that the I and error values are better for 2010 and 2011, as these years provide by far the most data points
by) which the model was fitted. The R for 2002 (0.95) was the highest of all years, however @s the overall'slope was lower
than'that for20107and 20115 Most of the data points are below the 1 : 1 line and the RMSE was high'(115%6) " Further; it can
be seen that most of the points which were underestimated by the model under south east wind conditions, at 1, greater than
approximately 500 ¢ (Fig 6);lcome from 2002) The data collected during 2004 is ot well fit by the model (R of Q1673
RMSE of (54%6)1 However, as there were so few data points in 2004, and these were mostly at low droplet numbers, it is difficult
to say if this is due to the data sampled, or if the conditions were fundamentally different during 2004.

The differences between the years were also investigated by re-fitting the model to each individual year of data (Fig. @)
Naturally, this results in higher values of R, and smaller errors. For example, in 2002 a(compactrelationship is seen, with R of
0.96, and an RMSE of only 502 In #hi§i¢aseyit can also be seen that the model underestimation of points above 500 drops cm ™3
seen in previous plots is not due to a saturation effect, as the whole range of [data’for2002¢an bewell'represented with one set
of parameters. The model representation of 2004 is improved when the model is funed to only 2004 data, however the R value
is still only 0:87much lower than for the other years. This appears to be related to the overall low range of nccn observed in
2004. Both 2010 and 2011 are well represented by models faned specifically to these data.

As a further way to assess the general applicability of the proposed linear model, 100 random data points (Without feplace-
ment) Werertaken from each year of data, and the R and error values were calculated with (i) the general model and (ii) the
models faned to each sampled set of 400 observations (i.e., 100 observations from each year) separately. (ThiS analysis was
performed 1000 §mes) and the results are Summariseéd in Fig. 9. Due to the small number of data points in 2004 (210) and
2002 (206), the samples for these years did not differ greatly. In Fig. ©9j it is apparent that the individually faned models for
the 1000 subsets perform slightly better than the simultaneously applied general model (as expected), however given the small
differences in both R and error values between the individual and general models, illustrated by the overlap of the inner quartile
ranges in both R and error values, the general model can be considered to be robust for the data set and applicable over a wide

range of observed conditions.
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6 Discussion

The analysis above shows that the number of cloud droplets can be reasonably well predicted by a single model, containing
the ncen, the log of the updraught velocity, the height above cloud base and the mixing ratios of CO and O3. The contribution
of each variable to the variance explained by Eq. {2) is shown in Fig. 0 along with error bars, denoting the range of the
contributions of each variable in the random sampling analysis described in the previous section. The range of the parameters
included in Fig. @0 is relatively small, indicating that the contribution to the explained variance is similar regardless of the
sample taken from the data set.

By far the greatest contribution to the explained variance is from nccn, however including additional explanatory variables
does improve the model with respect to absolute biases. Thelack-ofa-strong dependence-on-updraught may-be-dueto-the- method
used to estimate the vertical wind speed, however as it is impractical to measure the actual wind speeds at the cloud base, this is
the-only-method-we-have-available-Further, the fact that Hammeret-al.-(2014a) found-that increasing the-estimated-updraught
by-afactor-of four-enabled-a reasonable- modelled reproduction-of the peak-supersaturations-derived from-measurements-made
during-the- CLACE2010-campaign-would-suggest-that-our-estimated-updraught-is-generally-correlated-with-the-updraught-at

cloud base;-and-therefore-the-use-of it-in-the models-developed-here-isjustified:

suggesting that for sites such as the JFJ, which are located relatively far from direct emissions sources, the chemical history, or
source region of the air mass is not greatly relevant in predicting the activation of aerosol to cloud droplets. Previously Jurdnyi
et al. (2011) and Hammer et al. (2014a)"have found that the"hygroscopicity parameter of @erosolsiobserved at the JFIsnot
highly variable) The results presented here also indicate that changes in aerosol properties, which would generally be correlated
with CO or O3 concentrations, are not large enough to substantially influence aerosol activation.

The height above the cloud base, H, contributed a small amount (around 7 %) to the explained variance. This is likely due to
the height above cloud base being a measure of the total amount of €ondensable water in the cloud, with greater €ondensable
water generally leading to more droplets.

A previous study carried out at the JFJ, by Henning et al. (2002), found that when the number of potential CCN with diameter
greater than 100 nm reduced below 100 cm ™3, the activation diameter shifted to smaller sizes, so that si gnificant numbers of
aerosol smaller than 100 nm began to activate. However, the ability of Eq,{2))to predict n4 does not deteriorate at low particle
numbers, possibly because in this work, particles larger than @0nm are considered potential CCN.

Finally, the (géneralilifieéar model presented in this study @8 compared with two existing parametrisations, those of Jones
(1994) and Martin et al. (1994), both of which used nccen to predict the number of cloud droplets which would be formed. The

Martin et al. (1994) parametrisation is given by:

Naroplets = —2.10 x 107* A% +0.5684 — 27.9 )
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where A is the number of aerosol in the size range 100 nm—-3.0 um in diameter. We use the version suggested for use in
maritime air masses (their Eq. 12), as the version for continental air masses (their Eq. 13) produces a very poor representation
of the number of observed droplets at the JEJ (not shown). This is possibly because the maritime parametrisation is more
representative for air masses with relatively low aerosol number concentrations, as encountered at the JFJ. The maritime
parametrisation is described as being valid over the range of aerosol number concentrations of 36 to 280 cm 3.

The Jones (1994) parametrisation is derived from a combination of the continental and maritime parametrisations of Martin

et al. (1994) and should therefore be valid over the range of aerosol number concentrations of 36 to 1500 cm 3. It is given by:
Naroplets = 375(1 — exp[—2.5 x 1072 A)) Q)

The modelled cloud droplet number concentration is plotted against the measured values for Eqs. (2)) and (3)) as well as
against the models of Martin et al, (1994) and Jones (1994)} in Fig. 11. Comparison of Eqgs. (2) and (3) with the other models
considered shows that, although all 66 models provide a similar degree of explained variance (between @077 and (0:76); error
values are (Vastlyincreased for the Jones (1994) and Martin et al. (1994) models. While all #6uf models show a compact
relationship between modelled and measured cloud droplet numbers, the model of Martin et al. (1994) has a too shallow slope,
resulting in a general underestimation of the observed values. Both the Jones (1994) and Martin et al. (1994) models have
included a saturation effect at higher nccn which limits the number of cloud droplets formed, similarly to the effect described
by Reutter et al. (2009). No such saturation effect is observed at the JFJ, however it cannot be ruled out that such an effect may
occur at higher aerosol number concentrations than those presented here.

In Table 2, the Jones and the Martin model are compared with Eqs. (2) and (3) in terms of the fraction of data points
which they predict within certain percentage limits of the observed n,.. The ability of the latter two equations to represent
the observed droplet numbers is especially evident when comparing the number of modelled points within 10 or 20 % of the
observed values. While Egs. (2) and (3) are able to predict approximately 47 and 42 % of the data points to within 20 % of
the observed n,. values, the Martin et al. (1994) and Jones (1994) models only place approximately 3 and 26 % of the points

within-these limits; respectively:

7 . Conclusions

Using data from four summertime CLACE campaigns performed at the high altitude research station at the Jungfraujoch,
we have shown that the number of cloud droplets formed in warm clouds can be rather accurately represented by a simple
statistical model (Eq. 2)- The majority of the variance in the observed droplet numbers is explained by the number of potential
CCN, which is defined in this study as the total number of particles with a dry diameter greater than @@nm. Using the number
of CCN alone, @6 % of the observed variance is explained (Eq.3)) With the addition of further explanatory variables, such as
CO and O3 mixing ratios, and the height above cloud base, the RMSE and ME errors can be slightly reduced.

Although tuning the model to each year of data separately produces slightly improved results, Eq. (2) represents the ob-

served droplet numbers from the individual years quite adequately. Likewise, the model is applicable to data from both of the
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predominant wind @diréctions; and although there is more variability in the models ability to predict the number of droplets
formed during southeasterly wind conditions, there appears to be no substantial bias.

In contrast to previous studies where such models were constructed (e.g. Martin et al., 1994; Jones, 1994), no evidence for
a saturation effect of high CCN numbers was observed, rather the number of droplets formed increased continually with ncen.
Although'such a saturation effect may occur at higher aerosol number concentrations, Sich'higher'concentrations are likely to
be relatively rare outside of the boundary layer.

Due to the location of the JFJ station predeminantly-in-the free-troposphere; on the alpine divide, with air masses approaching
from both the north and the south, we expect Egs. (2) and (3)) to be broadly applicable to the European {fee troposphere:
While such empirically derived relationships have their limitations, and may not remain valid under substantially perturbed
atmospheric conditions, they provide a simple and computationally efficient way to calculate the number of cloud droplets in

warm clouds:
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Table 2. The percentage of model predicted droplet numbers within particular percentage limits of the observed values for each of the models

considered.

Model 10% 20% 50%
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| | Figure 72 The modelled droplet numbers (Eq.(2) plotted against the observed number of residuals for each year separately.
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lFigure.As for Fig. @)however the model was re-calculated to provide the best fit for each year individually.

1

Figure 9] A box plot of the R?, RMSE and ME values for the application of the general model (Eq.@))to 1000 random samples of 100 data

points from each year.
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Figure @02 The contribution of each of the model variables in Eq.({(2) to the explained variance. The error bars show the spread of the variation

of the contribution values in the random samples from Fig. 9%
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Figure @10 A comparison of the model developed in this §iidy) with the performance of two existing models, those of Martin et al. (1994)

and Jones (1994), which are based only on ncen.
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